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Nuclear-spin-dependent parity violation (NSD-PV) effects arise from exchange of the Z° 

boson between electrons and the nucleus, and from interaction of electrons with the nuclear 

anapole moment (a parity-odd magnetic moment induced by electroweak interactions within 

the nucleus). These effects cause a mixing of opposite-parity levels in atoms and molecules, 

where the size of the mixing is inversely proportional to the energy difference of the mixed 

levels. We study NSD-PV effects using the rotational levels of diatomic molecules, which 

can have energy splittings that are about four orders of magnitude smaller than the typical 

1 eV atomic energy scale. We amplify observable signals from NSD-PV by about seven 

additional orders of magnitude by bringing two rotational levels of opposite parity close 

to degeneracy with a strong magnetic field. In this thesis, the experimental strategy and 

expected signal will be discussed, followed by a description of the experimental apparatus. 

In particular, two new components of the experiment will be discussed in detail: the “in

teraction region” , consisting of electrodes and optical delivery components, and our data 

acquisition system. We will then discuss our methods for measuring and nullifying nonuni

formities in the magnetic and electric fields that we apply, since such nonuniformites can 

cause systematic errors in our measurements of NSD-PV. Finally, we will present prelimi

nary results using the test system 138Ba19F. Over the long term, our technique is sufficiently 

general and sensitive tha t it should apply to measurements of the NSD-PV couplings for a 

wide range of nuclei.
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C hapter 1

Introduction

1.1 O verview

Of the fundamental interactions, only the weak interaction lacks coordinate inversion sym

metry: i.e. the lack of symmetry under f  —»• —f.  This particular lack of symmetry is 

also known as “parity violation” . Since this property is unique to the weak interaction, 

it can serve as a means to distinguish the contribution of the weak interaction from other 

interactions. For example, in an atom or molecule the electomagnetic interaction alone 

will give rise to  energy eigenstates that have definite parity. However, the presence of the 

weak interaction will give rise to energy eigenstates that are mixtures of the electromagnetic 

definite-parity states. The probability of transitions (driven by an applied electric field) be

tween these mixed-parity states will then be altered, relative to the transition probabilities 

in the absence of the weak interaction. The measurement of the weak interaction via these 

altered transition probabilities has long been a target of atomic physics.

Parity violating effects in atoms and molecules can be separated into two classes: nu

clear spin independent parity violation (NSI-PV) and nuclear spin dependent parity violation 

(NSD-PV). When an electron interacts with a nucleus, it does so with every single proton 

and neutron in the nucleus, so the net effect is the sum of each individual interaction. It is 

therefore much easier to make a measurement of NSI-PV in heavy atoms where there are 

many more nucleons to interact with. In constrast, the effects of NSD-PV from nucleons 

with opposite spin will cancel out, making it much smaller and more difficult to mea-

1



N -v V N

Z° Exchange Anapole M om ent

Figure 1.1: The Feynman diagrams for the two contributions to NSD-PV. While the Z° 
exchange diagram produces four terms, only the vector-electron, axial-nucleon (VeA^r) term 
results in NSD-PV. The anapole moment is an electromagnetic moment that arises due to 
weak interactions tha t pertub the structure of the nucleus; electrons then interact electro- 
magnetically with the perturbed nucleus.

sure. For example, there have been multiple measurements of NSI-PV across a number of 

atoms: bismuth [ , ], lead [ , ], thallium [ , ], ytterbium  [ ], and cesium [ , ].

However, only Carl Wieman’s 133Cs experiment has achieved a non-zero measurement of 

NSD-PV, with a relative uncertainty of 14% compared to 0.4% for NSI-PV [ ].

The experiment described in this thesis takes a novel approach to measuring NSD-PV. 

By using diatomic molecules instead of atoms, the NSD-PV-induced mixing of opposite 

parity states can be enhanced1 by roughly 11 orders of magnitude [ ]. This is because the

mixing is inversely proportional to the energy difference between the states, and diatomic 

molecules typically have small rotational energy splittings (compared to typical atomic 

energy splittings) due to large rotational moments of inertia in all but the lightest diatomics. 

This property of diatomic molecules allows the possiblity of measuring NSD-PV in a wide 

range of nuclear species.

1. While the NSD-PV operator is a vector in electron coordinates, the NSI-PV operator is a scalar, and 
as a result o f this, the enhancement seen in diatomic molecules only applies to  N SD-PV, not NSI-PV. See 
[ ] or appendix D. This eliminates the need to take extra steps to distinguish NSD-PV from NSI-PV in the
mixing. In the 133Cs measurement, NSD-PV and NSI-PV were distinguished by comparing results from two 
different hyperfine transitions.
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As shown in figure 1.1, there are two main sources of NSD-PV: (1) Z°  boson exchange 

between an electron and the nucleus, and (2) the nuclear anapole moment. As will be shown 

in the next section, these effects result in the same Hamiltonian except for overall constants 

that parameterize the strength of each interaction: k2 for the NSD-PV part of Z°  exchange, 

and n'a for the anapole moment. Since the Hamiltonian is the same (up to a constant) for 

each effect, a single measurement of NSD-PV results in a measurement of the sum of these 

strengths: n' =  k2 +  Kfa. with the individual strengths being indistinguishable. However, 

these strength constants have different scaling with nuclear mass2 A: k'2 is independent 

of A , but cx A2/3. Thus, the two strength constants can be distinguished by making 

measurements of NSD-PV in nuclei across a wide range of masses, a goal made more feasible 

due to the general applicability of the enhancement of NSD-PV in diatomic molecules.

1.2 Z° boson exchange

1.2 .1  F ie ld -th eo r y  H a m ilto n ia n

The Feynman diagram on the left in figure 1.1 shows an electron and nucleon (either a 

proton or a neutron) interacting through the exchange of a Z°  boson. Assuming small 

momentum transfer (i.e. q2 <C M f), application of the Feynman rules gives:

H z  = \  ( H ) 2 67m (CVe -  CUe75) e n ^  (CVn -  CA nl5) n  (1.1)

where gz  is the neutral weak coupling constant [ ], M z  is the mass of the Z°  boson, e and

n are the electron and nucleon wavefunctions, the 7 ’s are the Dirac matrices, and the C's 

are dimensionless couplings to the vector and axial parts of each vertex3. Note that the

2. This is the scaling of the strength constant in the Hamiltonian. However, the matrix element W  of 
this Hamiltonian between opposite parity states in an atom or molecule has a much more severe scaling 
with atomic number Z: W  cx Z2. This is because, as will be shown later, the weak Hamiltonian is a contact 
interaction (involving a delta function), and the electron wavefunction for S states has more overlap with 
the nucleus for higher Z. Thus, parity violation is much easier to measure in heavier atoms, for both Z°  
boson exchange and the anapole moment.

3. Standard model predictions! , ]: C 2p =  — C 2 n  =  3 ,4(1  -  4 sin2 0 w ) / 2  «  0.05, where qa ~  1.26 and
sin2 9w ^  0.23.

3



electron and nucleon contributions each have a vector part with odd parity4 (e/y^e). and 

an axial part with even parity (ey^y'^e). Multiplied out. H z  results in four terms, two of 

which have even parity, and two of which have odd parity. We only need to consider the 

parity-odd terms since they are the only ones that lead to measurable parity violation in 

atoms and molecules1:

Hzodd =  [CArC Vnn ^ e f i ^ n  +■ C VtC Aney)ienylly5n] (1.2)

In the literature [ , ], this is usually written in terms of the Fermi constant Gf -

y/2 f  gz  V 
G f  ~  1 " I A S )

Also, each term is usually written with a single coupling constant:

(1.3)

Cln = 2 CAeCVn (1.4)

C2n = 2CVeCAn (1.5)

where n = P  if the nucleon is a proton, and n = N  if the nucleon is a neutron. These 

replacements result in (1.2) becoming:

Gp
H z, od d  =  - - ^ =  [ C m e i ^ e n y V - n  +  C,2„ e 7 /xe h 7 /i7 5 n ] ( 1 .6 )

The Cm  term  is the axial-electron, vector-nucleon term (AeVn) which leads to NSI-PV and

“the weak charge” Qw- The C2n term is the vector-electron, axial-nucleon (VeA n) term

4. Under a parity transformation, a vector, having odd parity, will pick up a negative sign ( P ( V )  =  —V ) 
but an axial (or pseudo-) vector, having even parity, will not (P ( A ) =  A).  Magnetic fields and angular 
momenta are examples of axial vectors because they are the product of two vectors: B o c l x r ,  L c x r x v .  
The bilinear covariant is a vector and is an axial vector. See, for example, [ ]

5. Odd parity terms by themselves do not lead to parity violation, but a Hamiltonian with both odd and
even parts will violate parity because the Ham iltonian’s eigenfunctions will not have definite parity (i.e. only
even or only odd parity). The parity violation we measure in atoms and molecules is caused by the odd
part of the weak Hamiltonian perturbing the electromagnetic (EM) Hamiltonian (which has even parity),
resulting in even-odd mixtures of definite parity EM states. The even part of the weak Hamiltonian only
causes Em energy shift that is too small to measure [ ].

4



which leads to NSD-PV, and is the only term we are interested in:

C’2ne7^en7 #i7 5n (1.7)

1 .2 .2  R e la t iv is t ic  H a m ilto n ia n

Ultimately, we want H 2 to be expressed explicity in terms of operators that act on our 

molecule, so that we can calculate m atrix elements of this Hamiltonian between states 

of our molecule. Here we will first make a nonrelativistic approximation for the nucleus, 

leaving the electron relativistic. Many of the following steps can be found in chapter 1 of 

[ ] and in pp.622-625 of [ ].

Note tha t e and n are Dirac spinors (ip), and can be written in terms of a two-component 

spinor y (i.e. the “large component” of ip) [ ]:

We will use the following 7  matrix definitions from [ ] (where m  indicates spatial

coordinates only):

(1 .8 )

Assuming a nucleon that is infinitely heavy (relative to the electron) so that it sits motionless 

at the origin in the electron-nucleon system, the nucleon wavefunction becomes:

(1.9)

r,m

\

(

—a

0

.771

( 1 .10 )

where a m is the vector of Pauli matrices.
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Using (1.9) and (1.10), and noting tha t n =  n.̂ 70, the fi = 0 part of rryM7 5n becomes:

«7°75n =  ( 0

=  0

0 - 1

-1  0

(1 .11)

and the spatial part (i.e. n = m)  part becomes:

n7m75n =  ( 0
7  0 \  /  - _ w

v° - V

0 crm 0 - 1

- 1  0

( 1 .12)

where in the last step we have used the fact tha t the nucleon sits at the origin to write its 

probability distribution XnXn as a delta function.

W ith (1.11) and (1.12), H2 becomes:

H2 = | c 2ne7 m6C<5(r) (1.13)

Now we can see explicitly why the VeA n term is nuclear-spin dependent. This also shows 

that NSD-PV is a contact interaction, so only electron states that have nonzero overlap 

with the origin will be perturbed -  i.e. only states with L =  0. Electron states with L > 0 

have no overlap with the origin due to the centrifugal term.

For the next step, note that e =  e^ 0 and 7 °7 m = a  [ ], the vector of dirac matrices 

seen in non-field-theory treatments of relativistic quantum mechanics such as [ ]:

H 2 = e Gf
V2

C2na  ■ crn5(r) ) e (1.14)

For an electron interacting with a nucleus, as opposed to an individual nucleon, we need 

an expression in terms of the nuclear spin I  (which includes nucleon orbital momentum 

£ and the possibility of multiple unpaired nucleons). To account for this, the following
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replacement is made [ ]:

O'n —t
1/2 -  K  I

(1.15)1 +  1 /

where K  =  ( I  — l /2 ) (—l) /+1/2_f. The constants are usually grouped into a single constant

4 1  ]:
1 / 2 - K  

I  + l
(1.16)

Making these replacements and dropping the electron wavefunctions, we have a relativistic 

quantum mechanical hamiltonian:

£r Gf , cx • IH2 = -~j =k2— 5{t) (1.17)

This can in principle be used for calculating the expected m atrix elements in an atom or 

molecule, but in practice we will want to make some further nonrelativistic approximations 

before doing so.

1 .2 .3  N o n r e la tiv is t ic  H a m ilto n ia n

Consider (1.17) again, but without the electron wavefunctions dropped:

Gf  t cx ■ IH 2 =  e ( —=Kf2— — 5{r) 1 e
v/2

Note that the definition of a  is:

cx

(1.18)

(1.19)

where a  is the vector of Pauli matrices that acts on the electron spin. Also, since the 

electron wavefunction is a Dirac spinor, we can write it in the form of (1.8). W ith these, 

(1.18) becomes:

H 2 =
2 V2 I  Xe E+ m

(
<S(r)

\

y ^ (r ) E + m  J
Xe

=  ^  +  ‘ Xe

( 1 .20)

( 1 .21 )
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If we make the nonrelativistic approximation that E  as m  and drop the two-component 

electron wavefunctions ye. this becomes:

1 ,2  =  w t h  ^ ' P ) ( < T ' I ) , s ( r )  +  5 ( r ) ( < T ' p , ( 0 , ' 1 ) 1  ( 1 ' 2 2 )

1 .2 .4  M o tiv a tio n

Measurement of the VeA n term would amount to a measurement of the C2n constant seen 

in (1.7). There are actually two of these constants, one for protons (C2P) and one for 

neutrons (C2jv). Neither has ever been measured directly. To lowest order, the standard 

model predictions for these constants are [ , ]:

C2P = —C2N = 9a { 1 -  Asm2 Qw )/2  as 0.05 (1.23)

where gA «  1-26 and sin2 6w ~  0.23.

These constants can be written as linear combinations of the more fundamental C2U,d 

constants for electrons interacting with up-quarks and down-quarks, and measurements 

of these constants can probe new physics beyond the standard model [ ]. These linear

combinations differ from the naive sum of valence quarks (e.g. C2P =  2C2u — C2d) due to 

strong interaction corrections [ ], for example [ , , ]:

C2p = 0.935C2u -  0.360C2d (1-24)

C2n  = 0.85C2d ~  0.40C2u (1-25)

Electron scattering experiments at accelerator facilities are sensitive to different combina

tions of C2u,d■ The 1979 SLAC deep inelastic scattering (DIS) experiment measured the 

linear combination 2C2u — C2d with an uncertainty of ~300% relative to the standard model 

prediction [ , ]. Another DIS experiment at JLAB in 2013 measured the same linear

combination with an uncertainty of ~70% [ ]. An elastic scattering experiment at the

MIT-Bates Laboratory measured C2u — C2d to ~70% [ ].

For our experiment with diatomic molecules, we believe we can achieve an uncertainty
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Figure 1.2: A toroidal solenoid current distribution results in an anapole moment, defined 
by a delta function vector potential at the origin.

of ~20% for C2N after measuring NSD-PV in several nuclei, although relating this to C^u.d 

will introduce additional theoretical uncertainty [ ].

1.3 T he nuclear anapole m om ent

1.3 .1  T h eo ry

The right side of figure 1.1 shows a Feynman diagram for NSD-PV due to the nuclear 

anapole moment. Unlike Z° exchange, here the weak interaction occurs entirely inside the 

nucleus. The weak interaction gives rise to a nuclear anapole moment, a  parity violating 

electromagnetic moment first proposed in 1957 [ ]. The electron then interacts electro- 

magnetically with this anapole moment.

The definition of an anapole moment a  is [ , ]:

The simplest current distribution tha t results in an irreducible anapole moment is a

(1.26)
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Valence nucleon with Current loop Toroidal current
tilted spin orbiting (dipole m om ent) (anapole m om ent)

nuclear core

Figure 1.3: A toroidal current (causing an anapole moment) arises in a nucleus when a 
valence nucleon’s spin is tilted into its direction of motion by the weak interaction. The 
magnetic field that results is the same as would be caused by a  current loop plus a toroidal 
current.

toroidal solenoid, as seen in figure 1.2. The vector potential due to an anapole moment isb:

A  a(r) = aS(r) (1-27)

The delta function tells us that this is a contact interaction, just like we saw in Z°  exchange. 

The physical explanation of this is tha t a toroidal solenoid will have a magnetic field that 

exists only inside the toroid, as seen in the figure. In order for an electron’s magnetic 

moment to interact with this field, it will have to enter the toroid. For a nuclear anapole 

moment, this means that the interaction is proportional to the electron’s overlap with the 

nucleus.

The following is a conceptual explanation of how an anapole moment arises in a nucleus. 

Assume that a single unpaired valence nucleon orbits a nuclear core of paired-off nucleons. 

In the absence of the weak interaction, the valence nucleon’s spin cannot, on average, lie in 

its direction of motion. Otherwise the nucleon would have a parity-violating handedness. 

In the presence of the weak interaction, the nucleon’s spin is tilted into its direction of 

motion. Since the nucleon’s magnetic moment is parallel to its spin, this causes a circulating 

magnetic field like that caused by a toroidal current, as shown in figure 1.3, and thus an 

anapole moment. For an explicit calculation of how mixing of opposite parity states (S1/2 

and ■P1/2) tilts the spin (i.e. gives rise to a “spin helix”), see section 2.2 of Khriplovich’s

6 . For a derivation of this, see section 1.15 of ['*]



book [ ].

Assuming a simple shell model of the nucleus, with a single valence nucleon orbiting a 

closed-shell core, the nuclear anapole moment is given by [ ]:

„ = ^  9 M̂ / 3  * i_  (1.28)
y/2  10 m ^ro 1 ( 1 + 1 )

where v = p ,n  (i.e. proton or neutron), p u is the nucleon’s magnetic moment, ro =  1.2 fm, 

K  = (1+  l / 2) ( - l ) /+1/2- £, e is the orbital angular momentum of the valence nucleon, and 

gu gives the strength of the parity violating interaction between the valence nucleon and 

the paired-off core. Here we can see the dependence on A2/'3 tha t will ultimately allow us 

to distingush the nuclear anapole moment from Z° exchange.

The Hamiltonian resulting from some arbitrary vector potential is H  = \e\ot - A. We 

plug in our expression for the anapole moment’s vector potential to get its Hamiltonian:

Ha =  |e |a  • A a (1.29)

=  \e\at ■ aS(r) (1.30)

e2^  4 2 / 3  H
l 6 9l' m l/r o ^  (-f +  1)

The quantity in braces can be written as a constant, since it does not depend on the 

atomic/molecular state:

<  =  (1.32)10 m uro (I +  1)

which reduces H a to:

Ha = ^ a^ - 6 ( r )  (1.33)

Note that this looks exactly like (1.17), the relativistic Hamiltonian for Z° exchange, except 

for the strength constants k'2 and Kfa, which is why it is impossible to distingush between 

Z° exchange and the nuclear anapole moment unless we take advantage of the fact that 

Kra oc A2/3 and k'2 =  constant w.r.t A.

We can again follow the steps in section 1.2.3 to  derive the nonrelativistic Hamiltonian,
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which is exactly the same as before except for the strength constant n'a:

Ha =  ^ | y  ̂  [{a- • p ){cr • I)5(r) +  <5(r)(cr • p)(<r ■ I) (1.34)

1 .3 .2  M o tiv a tio n

Since the nuclear anapole moment is dependent on the strength of nucleon-nucleon weak 

interactions (i.e. the in (1.28)), the measurement of such moments can be used to 

measure these strengths and constrain nuclear weak interaction models [ , ]. Futhermore.

the capability of measuring the anapole moments of a large range of nuclei with our method 

allows the possibility of creating an “anapole moment table” for use in unforseen ways.

1.4 N S D -P V  in d iatom ic m olecules

1 .4 .1  W h y  u se  d ia to m ic  m o lecu les?

In the absence of the weak interaction, the electronic states of an atom or molecule are 

eigenstates of the parity operator:

^l+> =  1+) 

p \-) = - H (1.35)

The weak interaction can mix even and odd states by a small amount (5):

+)
weak int.

+ \ + )  +  6 \ ~ ) (1.36)

Using perturbation theory, the mixing is given by:

^ _  (— \Hm s d \+) _  i_W_ 
E + - E - .  A

(1.37)
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The energy splittings for an atom are on the order of 1014 Hz (i.e. about 1 eV), and we 

assume W  =  10 Hz for concreteness'. This results in the tiny value of about 10“ 13 for 

the mixing, making it extremely difficult to measure. However, (1.37) tells us tha t we can 

increase this mixing by making the energy difference between the opposite parity states (A, 

hereafter referred to as the “detuning”) smaller.

We can acheive a smaller detuning by using the rotational states of diatomic molecules. 

These states8 are labeled by the quantum number N , alternate in parity (P  =  (—1)^), and 

have rotational energies given by [ ]:

E n  «  B eN ( N  + 1) (1.38)

A large number of diatomic species can be found with rotational constant B e on the order 

of 1010 Hz, which provides an improvement of 4 orders of magnitude vs typical atoms.

We can make an estimate of typical values of B e by assuming tha t the molecule behaves 

as a rigid rotor. The energy levels of a rigid rotor are given by [ ]:

E n  = ^ N ( N  + 1) (1-39)

This implies that for the rigid rotor Be is given by h2/(2I).  Assuming a typical equilibrium 

internuclear spacing of R e ~  4ao [ ] (where ao is the Bohr radius), with nuclear masses 

m i « 3 x  10“ 23 g (i.e. oxygen or fluorine) and m 2 ~  10“ 22 g (i.e. a moderately heavy atom: 

period 4 or 5), the moment of inertia is:

7 =  - ^ - * 2 (1.40)
mi +  m2

«  10“ 45 kg • m2 (1.41)

7. The values for W  can vary quite a bit, e.g. based on nuclear mass, atomic mass, the type of valence 
nucleon, and the states that are mixed. But W  ~  10 Hz for our current molecule (137BaF) and a number of 
other candidates we considered.

8. assuming a Hund’s case (b) molecule
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Energy A

I T B Field

Figure 1.4: A conceptual illustration of level crossings caused by an applied magnetic field.
The magnetic field splits the Zeeman sublevels such tha t electron spin up states rise in
energy and spin down states fall in energy. Near a crossing, the mixing of opposite parity 
states due to NSD-PV is greatly amplified. The energy spacing of the rotational levels of 
diatomic molecules are close enough to be brought to crossing with magnetic field on the 
order of 1 T.

and the rotational constant is:

B e = ^  = 3 x  10- 5 eV (1.42)

as 1010 Hz (1.43)

If we had assumed a hydride instead of a fluoride or oxide, B e would have been 1011 Hz, an 

order of magnitude larger.

Since the values used in our estimate are applicable to a broad range of diatomic 

molecules, we can see tha t the close energy spacing that results from our estimate of Be is 

a generic feature of diatomics. So as mentioned before, this feature can be used to measure 

NSD-PV in many nuclear species.

1.4 .2  Z eem an  tu n in g

We can further shrink the detuning by applying a magnetic field [ ], conceptually shown 

in figure 1.4. The electron magnetic moment (//e) is the largest contribution to the Zeeman 

effect in molecules with an unpaired electron spin, so states with electron spin down will
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drop in energy and states with electron spin up will increase in energy. W ith a large enough 

magnetic field, we can bring the states to a crossing9, where the detuning is at a minimum. 

We call this “Zeeman tuning” . We can make an estimate of the magnetic field B required 

to bring the opposite parity states N  = 0 and N  =  1 to crossing (Bc):

magnets like those used in NMR experiments. Note that hydride diatomics would require 

a magnetic field tha t is >  20 T, i.e. a prohibitively large field10.

One factor th a t limits our ability to precisely determine (and therefore set) the detuning 

is the limited interaction time due to the finite size of our magnetic field region. In our

This is an improvement of 11 orders of magnitude over the typical atomic splitting of 1014

to be helpful, because of the finite range of tuning available with technologically accessible 

magnetic field strengths.

9. No “avoided crossing” occurs because W  is extremely small compared to our energy resolution (given 
by l/(in teraction  tim e) s» 103 Hz)

10. Although it does not currently seem possible to measure parity violation in hydrogen with diatomics,
there have been attem pts (so far unsuccessful) to measure parity violation in atomic hydrogen [ ].

(1.44)

Magnetic fields on the order of 1 T are large, but can be acheived with superconducting

experiment, we have a molecular beam with a velocity of ~600 m /s and a region of uniform 

magnetic field of ~ 6  cm, which implies an interaction time of 10~4 s and energy resolution of 

103 Hz. A second limiting factor is the imperfect uniformity of the magnetic field. Assuming 

a magnetic field uniformity of 1 part in 107 (we are actually doing better than this) gives 

the same minimum detuning as before:

A c ss 10~JBcli e «  103 Hz (1.45)

Hz. Note that we had to start with closely spaced energy levels in order for Zeeman tuning
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1 .4 .3  A  s tr a te g y  for m ea su r in g  W : S ta rk  in ter feren ce

Once we have made the detuning as small as we can, we use a measurement technique known 

as “Stark interference” to give us a signal that is first-order in W /  A  (note tha t the energy 

shift caused by H n s d  is second order in W j A). Suppose we have two opposite parity states 

(such as the N = 0 and N = 1 molecular rotational states), and we begin with only one of 

them populated. If we apply a sinusoidal electric (£) field, we can transfer population to the 

unpopulated state. In the presence of NSD-PV, and under ideal conditions, the population 

transfer (or “signal” S) will be:

0 (  cLSquj \ 2 n W  d£0ui ^
( 1 ' 4 6 )

where W  is the matrix element of the weak Hamiltonian between the two states, d is the 

electric dipole matrix element, £q is the amplitude of the sinusoidal 8  field, and a; is the 

frequency of the £  field. This expression will be derived in chapter 2.

If we do this measurement twice, each with opposing electric field directions, we can 

construct an asymmetry A  that is proportional to the weak matrix element W :

_  S(+£0) -  S j-S p )
S(+£o) +  S ( - £ 0) v ;

W  uj2 -  A 2
=  2 -j-  (1.48)

A  d£ou)

The matrix element W  can then be expressed in terms of the measured A  and the known 

quantites A,uj,d,  and £o-

However, in order to relate the measured W  to the underlying NSD-PV strengths k'2 and k'u

we must know how to calculate the matrix element W  between the two molecular rotational

states we are using.
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1 .4 .4  C a lcu la tin g  m a tr ix  e lem en ts

The nonrelativistic Hamiltonian for NSD-PV is:

H n s d  =  K*7 ‘ P)(cr ’ ^ ( r )  +  s (r )(cr ‘ P)(<r ■l )) (!-50)

where11 k' =  k'2 +  s'a. It is convenient to express this in terms of an effective Hamiltonian 

for molecular spin-rotation states within a given electronic state[ ], derived from (1.50):

&n s d  = «'Wp(n x S) • I / I  (1.51)

where n is a unit vector that points along the internuclear axis of the molecule. All of the 

angular dependence of H eJ g D is contained in the operator (n  x S) • I, while the factor Wp  

contains the radial dependence, i.e. it accounts for the integration of (1.50) over the radial 

part of the electronic wavefunction.

The two rotational states we use for our measurement come from the same electronic 

state, so Wp  is a constant for all the states we consider in a given molecule. Wp  can be 

determined with ab initio calculations of the electronic wavefunctions[ ] or with a semi- 

empirical method [ , ] which assumes tha t near the nucleus (where H eJ g D is “active” ,

due to the delta function) the molecular wavefunctions can be approximated by a sum of 

atomic wavefunctions, with a few free parameters (primarily hyperfine splittings) that are 

determined by experiment.

We will wish to evaluate matrix elements of H eJ [ D for different transitions with different 

values of angular momenta: the multiple hyperfine states in a given rotational state mean 

tha t there are several crossings to choose from when doing our experiment.

For our measurement we consider only molecules with a single valence electron in a 2£  

molecular state (analogous to an atomic 2S  state) so the electron has some overlap with the 

nucleus, which is necessary for matix elements of H n s d  to be nonzero. Assuming tha t only 

one of the two nuclei in the molecule has nonzero spin, the angular momenta present are N

11. The primes on the kappas are there to distinguish them from a very similarly defined k that appears 
in the literature
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(rotation), S  (electron spin), and I  (nuclear spin). We apply a sufficiently large magnetic 

field to  the molecules such that the angular momenta are decoupled:

| N , S , J , I , F , m F) LargC g~fie'd> \N, m,]y)\S, m s ) \ I , m I) (1.52)

In the basis of decoupled spins (as given on the right hand side of (1.52)), it is straightfor

ward to evaluate the matrix element of H €J g D, since S only acts on \S,ms) .  I only acts on 

|I , m /), and n only acts on |7V, m/v). The rotational states |JV, m ^ )  are spherical harmonics 

and n is defined as:

n =  sin 9 cos </>x + sin 9 sin <j>y +  cos 9z (1.53)

So (N',m'N \n \N ,m u)  will be an integral over 9 and <j>.

Putting this all together, the expression for the matrix element W  is:

w „
W =  m'N \(S', m's \(I', m'j\(n x S) ■ I|JV,mjv)|S,m5 >|/,m /) (1.54)

All of the quantities on the right hand side are known or can be calculated, except for k', 

so once W  is measured we can solve for k', the underlying NSD-PV strength.

1 .4 .5  C h o o s in g  an  in itia l m o lecu le

Some of the major considerations in our initial choice of molecule were:

• U npaired neutron: We wanted to make a measurement of NSD-PV with an un

paired neutron to complement the only previous measurement, in 133Cs, which in

volved an unpaired proton.

•  Single unpaired electron: Multiple unpaired electrons would increase the complex

ity (and decrease the accuracy) of the calculation of Wp.  so we restict ourselves to 

molecules with a single unpaired electron.

•  E lectron-nucleus overlap: The electron wavefunction needs to overlap the nucleus 

in order for the NSD-PV matrix element to be nonzero, due to the delta function
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dependence. For this, we consider only molecules in a 2£  state which, like an atomic 

2S  state, has some overlap with the nucleus.

•  Sm all rotational constant: The molecule’s rotational constant should be small 

enough to bring the levels to crossing with a magnetic field of less than 2 T, as that 

is what our magnet can produce. However, a rotational constant that is too small 

can result in the molecular population being thermally distributed over more states, 

reducing signal.

•  Spectroscopic data: Spectroscopic data should be available for the molecule.

•  Laser-accessible transitions: There should be laser-accessible transitions for state 

preparation and readout.

•  H eavy nucleus: The NSD-PV signal scaling with atomic number is Z2, with an 

additional scaling (where A  is nuclear mass) for the anapole moment, so NSD- 

PV will be easier to measure in heavier nuclei.

•  N atural abundance: The nuclear isotope under study should have a large natural 

abundance, as enriched samples are cost prohibitive.

Two of the molecules that satisfied these criteria were 137Ba19F and 171Yb19F. YbF 

should give a larger NSD-PV asymmetry than BaF, mainly due to a weak matrix element 

W  that is more than four times larger than that of BaF (—22 Hz vs —5 Hz), but the 

transitions in YbF required dye lasers while BaF only required diode lasers. To avoid the 

significant added cost and complexity of dye lasers relative to diode lasers, we chose BaF 

for our experiment. Tables of candidate molecules can be found in the following references:

[ , , ]•
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C hapter 2

Signal C alculations

2.1 O verview

In this chapter, we calculate first-order analytic expressions for the signal and asymmetry 

under various conditions. As first shown in section 1.4.1, the first-order analytic expression 

for the asymmetry is:
. W  cu2 — A 2

A  dS0uj  ̂ ^

where A  is the detuning between our levels of interest, u> is the angular frequency of the 

applied sine-wave 5-field, £q is the amplitude of the applied sine-wave 5-field, and d is 

the dipole matrix element between the two levels of interest. An analytic expression like 

this one is needed in order to extract the weak matrix element W  from our data: given a 

measurement of A  and known values for A ,  cj, 5o, and d, we can solve for W . However, 

(2.1) is valid only under certain ideal conditions. In this chapter, we consider a number of 

non-ideal complications that significantly change the expression for the asymmetry.

In section 2.2, we begin by presenting a review of our measurement procedure to provide 

context for the following discussions. In section 2.3, we present a derivation of the first-order 

signal & asymmetry expressions under ideal condition. In section 2.4 we will discuss how our 

signal changes based on our choices of where we perform state preparation and detection. In 

section 2.5 we will derive first-order analytical expressions for the signal and asymmetry for 

different state preparation and detection locations, and compare these expressions to exact
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numerical solutions of the Schrodinger equation to see how accurate they are. In section

2.6 we will consider how imperfect state preparation changes our measurements. In section

2.7 we will derive an expression for the shot-noise limited uncertainty in our measurement 

of W.

2.2 R eview  o f N S D -P V  m easurem ent procedure

Since the discussions in this chapter will reference many of the steps in our measurement 

procedure (introduced in section 1.4), we present here a review of this procedure:

1. Use the lowest two rotational energy levels of a diatomic molecule: they have opposite 

parity, so they are mixed by NSD-PV, and they have a small energy splitting, so the 

mixing is large compared to cases in atoms with typical atomic level splittings.

2. Apply a magnetic field large enough to bring these opposite-parity levels to crossing, 

where the detuning A is minimized and the NSD-PV-induced mixing is maximized.

3. Prepare the state of our two-level system such that one level is empty (the “detection 

state”) and the other is populated (the “non-detection state”).

4. Apply a sinusoidal f-field with amplitude So which transfers some population from 

the non-detection state to the detection state. The population transfer (or “signal”) 

will have some dependence on the weak matrix element W .

5. Measure the signal 5+, which is the population of the detection state for 5o =  +|5o|.

6 . Measure the signal again with the 5-field reversed (So =  — |5o|), yielding S - .

7. Construct the experimental asymmetry: A  =  (S+ — S - ) / (S +  +  S- ) .  We can extract 

W  from this data if we have an analytical expression for the asymmetry.
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2.3 F irst-order signal &; asym m etry calculations: ideal case

2 .3 .1  Id ea l c o n d it io n s  &: 5 -fie ld

In this section, we will derive our signal k  asymmetry under the following idealized condi

tions:

•  We perform state preparation at t  =  0, coincident with the start of the sine wave

5-field we apply for Stark interference

• We measure the population of the detection state at Te, coincident with the end of 

the sine wave 5-field

•  The molecules experience a constant field (and thus constant detuning A) for this 

entire period, from state preparation through detection

As shown in 2.1, the 5-field we apply is a single cycle of a sine wave:

5(t) =  <

0 , t < 0

5osin(u;i) , 0 < t < Te (2-2)

0 , t > Te

where Te = 2ir/to is the length of time tha t the 5-field is applied.

2 .3 .2  D ifferen tia l eq u a tio n  for d e te c tio n  s ta te  a m p litu d e

We write the state  of our two-level system as:

/
''I (<]

(2-3)

where |P+) =  ( q ) is the N  = 0 even-parity molecular rotational state, and |P_) =  ( j ) is 

the N  =  1 odd-parity molecular rotational state. The Hamiltonian in the presence of a
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t = 0
State

Preparation

t  = Te
D etection

Figure 2.1: A diagram of the timing of events in our calculation of the signal & asymmetry 
under ideal conditions. State preparation occurs at t =  0, coinciding with the start of the
5-field. Detection occurs at t = Te, coinciding with the end of the 5-field.

nonzero W  and an applied electric field 5  is:

/
H  =

0

d - E - i W

d • 5 +  i W ^

/
(2.4)

where d is the dipole matrix element between the two states, W  is the weak matrix element, 

and A is the detuning. Plugging \ip(t)) into the Schrodinger equation (and assuming A to 

be constant) gives:

Ae lAic-(t )  + ie lZitc_(f)

( d - £  + iW)e  lAtc-{t)

(d ■ 5 — iW)c+(t) +  Ae~lAtc-(t)

- ( i d  ■ 5  -  W)e~iAtc-{t)

- ( i d  • 5  +  W )eiAtc+(t)

(2.5)

(2 .6 )

(2.7)

These two differential equations can be written together as:

c±(i) =  (± W  — id ■ 5)eZRAtc=F(t) (2 .8 )
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We will use |P_) as our detection state. At t =  0, when the state is prepared, the state 

amplitudes are:

c+{t) = 1 (2.9)

c_(t) =  0 (2 .10)

We make two different first-order approximations:

•  We assume that W /A  is small enough that we can keep only terms tha t are first-order 

in W /A  (this approximation will be applied at the end of the calculation).

•  Assuming that only a small amount of population is transferred from the non-detection 

state c+{t) into the detection state c_(t), we can make a first-order approximation in 

time-dependent perturbation theory. The zeroth-order approximation is that neither

state changes at all, so c+(t) r: c+ (0) =  1. Plugging this into (2.8) gives the first-order

approximation for the detection state amplitude:

c^(t) = - ( i d - £ +  W )e i* t (2.11)

2 .3 .3  D ifferen tia l e q u a tio n  in teg ra tio n

Integrating the differential equation (2.11):

f-Te rTt
c^(Te) — —W  f  elAidt — id£o f  sin(u><)elAtdt (2.12)

Jo Jo

(2.13)-  l W  AT, n  d£0
_  A 1 2 i

e i(A+ui)Te _  j  e i ( A —uj)Te _   ̂
+oo + A oo — A

Since Te = 2tt/ oo implies elujTe = 1, this reduces to:

M W  =  ^ ( e ^ -  -  1) -  (2.14)
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2 .3 .4  T ra n sitio n  p ro b a b ility  &c s ign a l

The transition probability P  is the modulus squared of the detection state amplitude (2.14):

|c_(Te) |2 (2.15)

W  dS0uj_  A . 2 { A T e \  (  d£0uj V  , o 
m V 2 )  U 2 - A 2J A — A 2

(2.16)

where we have dropped the {W/ A )2 term per our stated approximation.

The signal S  we measure in the experiment is just the final population of the detection 

state, so under ideal conditions we would expect the signal to be:

S  =  N0P  (2.17)

where N q is the initial population of the non-detection state. Because of this simple rela

tionship, we often use “signal” to refer to either S  or P.  even though the true signal is S. 

However, we will see in section 2.6 that incomplete initial depletion of the detection state 

can significantly change the relationship between S  and P.

2 .3 .5  A sy m m e tr y

We define the asymmetry as (writing P  as a function of £q) :

V(S0) - V ( - S o )
~  V(£o) +  P (-£ o )  <2' 18)

Note that under ideal conditions (i.e. with S  = N qP,  as stated earlier), this is equal to:

i  =  (2 19)
S(£o) + S ( -£o)  ( j

This of course reduces to (2.116) when No divides out, so note that one of the advantages 

of constructing this asymmetry is to eliminate the dependence on No, at least when the 

relationship S  = N qP  holds true.
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Figure 2.2: A conceptual illustration of the relative placement of the molecular beam source, 
H-field, and 5-field in the experiment. Since the molecules are created outside of the S-field, 
we can choose to perform state preparation inside or outside of the H-field. Similarly, it 
seems that we can choose to perform detection inside or outside of the S-field, after the 5- 
field is applied. However, experimental constraints limit us to performing detection outside 
of the H-field, and also make state preparation inside the magnet challenging, for reasons 
discussed in section 2.4.2.

Plugging (2.16) into (2.18) gives us the asymmetry under ideal conditions:

A  = 2
W  lo2 -  A 2 
A dSquj

(2 .20)

2.4 S ta te  preparation &: d etection  locations

2 .4 .1  M o tiv a tio n

As briefly mentioned in section 1.4.2, the diatomic molecules we use for the experiment are 

created as a molecular beam. The molecules are created outside of the H-field and then 

proceed through the rest of the experiment where the B-field and 5-field are applied, as 

shown in figure 2.2. Initially, both of our levels of interest are populated, so we have to 

perform state preparation by emptying the detection state (as defined in section 2.2). It 

may appear tha t we should be able to perform state preparation any time before the 5-field 

is applied (i.e. at t — 0, as defined in figure 2.2), since the signal expression (1.46) implies 

that there is no population transfer when the 5-field is zero. Similarly, it may appear that
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we can measure the population of our detection state any time after Stark interference is 

completed (i.e. at t =  T.  as defined in figure 2.2). However, there is a subtle difference 

between how our states are prepared and detected when they are very nearly degenerate 

(which happens only near the center of the magnet) and when they are not (which happens 

everywhere else, including outside the magnet). The differences in state preparation and 

detection for these cases turn out to have a profound effect on the signal we seek to measure. 

The next sections discuss these issues and explain how the NSD-PV signal changes under 

conditions where the state detection and/or preparation are performed when the states are 

nearly degenerate or not.

2 .4 .2  E x p er im en ta l C o n stra in ts

State preparation is performed through optical pumping with a laser. The laser is tuned to 

excite the detection state to a higher electronic energy state, which can then decay back to 

multiple sublevels of the ground electronic state. After this decay, a small fraction of the 

molecules are returned to the detection state. If the lifetime of the higher electronic state is 

short compared with the interaction time with the laser, this process happens many times 

and the detection state is depleted. Due to the limited physical space inside the magnet that 

provides our /?-field, it is quite difficult to apply the state preparation laser there. While we 

now have the ability to apply this laser inside the magnet (see chapter 4), the engineering 

challenge this posed caused us to initially set up the experiment with the state preparation 

laser applied outside of the magnet. It was only after performing the calculations shown 

in this chapter th a t we realized the detrimental effect of preparing the state outside of the 

magnet and decided to make the significant apparatus changes required to perform state 

preparation inside the magnet.

Unlike the case with state preparation, it is actually impossible for us to perform de

tection inside of the /3-field. We measure the population of the detection state through 

laser-induced fluorescense (LIF). A laser is tuned to excite the detection state to a excited 

electronic state of the molecule: the same transition that is used to deplete the detection 

state for state preparation. The photons from the decay of the excited state are then col

lected with a photomultiplier tube (PMT). The number of photons counted by the PMT
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is then our experimental signal, since it is proportional to the population of the detection 

state. We are unable to carry out this procedure inside the 6 -field for three reasons: (1) 

the PMT is not designed to operate in a large field. (2) the PMT and light collection 

optics will not fit into the magnet we use to create the 6 -field, and (3) the presence of this 

equipment inside the magnet would have a significant negative impact on the uniformity of 

the 6 -field.

2 .4 .3  E n erg y  & p a r ity  e ig e n sta te s  in s id e  &: o u ts id e  o f  th e  6 - field

First, consider the unperturbed (i.e. W  — 0) molecular energy levels. In section 1.4.4, 

it was explained that the application of a large 6 -field decouples the angular momenta of 

these levels:

\N, S, J, I, F, m F) Liirgt: g-flol<i> |JV, m^r)|6 , m s ) |/ ,  m /) (2.21)

However, in a small 6 -field spin-rotation and hyperfine interactions couple the various 

angular momenta into states of total F  = N  + S  + I.  Thus, the W  =  0 energy eigenstates 

have different angular momentum composition inside and outside of the 6 -field. In both 

cases, since W  =  0 here, the energy eigenstates are also parity eigenstates. Hence we can 

label the “outside” states as |P °ut) and |P°ut). and the “inside” states as |P+*) and |PLn). 

where “+ ” indicates the state with N  = 0 and even parity, and ” indicates the state with 

N  = 1 and odd parity.

Next, consider the case where I f  /  0. The Hamiltonian for our two level system is:

H
^ 0 i W  .

(2 .22)
y i W  A

where the vectors for our even and odd parity eigenstates are written as |P+) =  (q) and 

|P_) =  (5)- To first order in W j A, the “outside” energy eigenstates are:

W ou t
|£ T )  =  | nM) + (2-23)

where Aout is the energy separation outside of the 6 -field and i \Voul = (P£u 11iPvsD\P "ut).
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Similarly, the “inside” energy eigenstates are:

l4 " )  =  | P i " ) + « ^ | P i " )  (2 .24)

where A in is the energy separation inside of the 6 -field and i W m = (P™|i//vsDIP 1!1) . Note 

that the unperturbed states |P ) have definite parity, but are no longer energy eigenstates. 

Conversely, the perturbed states |E) do not have definite parity, but are energy eigenstates.

In order to clearly see how the state of our two level system | xp{t)) evolves as the molecules 

enter or exit the 6 -field, it is convenient to express the state in the energy basis. Inside the 

6 -field, we can express the state of our two-level system in the ) basis:

\ ^ in{t)) =  a!p(t)|£?£) +  a“ (*)|^!?> (2.25)

and outside the 6 -field we can express it in the |6 ±ut) basis:

|^ out(t)) =  a°ut(i) |£ °ut) +  a°ut(f) |£ °ut) (2.26)

As shown in figure 2.3, when the molecules enter or exit the 6 -field, one energy basis will 

deterministically evolve into the other:

l^out^ Into g-field> 1̂

|£ in >  O nt of B-fidd^ ^ o u t )  ^  ^

The population of each energy eigenstate will be preserved, but their amplitudes will develop 

a phase determined by However, we do not know in detail how the detuning

A(t)  varies far from the 6 -field center, so we must express this in terms of an unknown 

phase (f>. Thus, we have:

< ut(t) Intog' fie-ld> e^± (4ut(f) =  a%{t) (2.29)

a£ (t) ° ut °f g' fi-eld-> e^± a£ (f) =  a ^ \ t )  (2.30)
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Figure 2.3: A conceptual plot showing tha t the “outside” energy eigenstates will determin- 
istically evolve into the “inside” energy eigenstates as the molecules enter the field. The 
reverse will happen as the molecules exit the H-field. No “avoided crossing” will occur be
cause W  is extremely small compared to our energy resolution (as first mentioned in section 
1.4.2)

However, phase terms can be dropped if they appear as the overall phase of \rp).

2 .4 .4  E ffect o f  d e p le t io n  laser  in s id e  &: o u ts id e  o f  th e  # -f ie ld

As shown in figure 2.4, the optical transition we use has a  linewidth of 7  ~  3 MHz. If 

the depletion laser excites the system outside of the B-field, where the two states have a 

separation of A ~  10 GHz and are very well resolved in energy (A >  7 ), an energy eigenstate 

will be depleted, and hence the state of the system immediately after the depletion laser 

pulse will be an energy eigenstate. By contrast, inside the B-field the two energy levels of 

our system will typically have a separation of A ~  1 kHz, and are not well resolved. Since 

the transition linewidth is wide enough (i.e. 7  »  A) to  excite both mixed-parity energy 

levels for optical pumping, it may not seem immediately clear which state will actually be 

depleted. In this situation, the state th a t is excited will be determined by parity selection 

rules: to deplete a parity-odd state we tune the laser to an even excited state, and to 

deplete a parity-even state we tune the laser to an odd excited state. Hence the state of the
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Figure 2.4: An illustration of how optical pumping addresses either an energy eigenstate 
or parity eigenstate depending on the size of the transition linewidth 7  relative to  the 
detuning A between energy eigenstates. For 7  «  A, the laser excites an energy eigenstate 
(\EoM) in this example), resulting in the state of our two-level system being an energy 
eigenstate (|̂ >) =  |£ ’°ut)). For 7  »  A, the laser excites the particular superposition of 
unresolved energy states that correspond to a parity eigenstate (|P in) in this example, since 
the excited electronic state has even parity). This results in the state of our system being 
a parity eigenstate ( | = i n n»-
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system immediately after the depletion laser pulse will be a parity eigenstate rather than 

an energy eigenstate. The fact that applying the optical pumping laser inside or outside of 

the P-field gives different results will prove to be crucially important when we later consider 

the mixed-parity energy eigenstates resulting from NSD-PV.

2 .4 .5  S ta te  p rep a ra tio n  &c d e te c t io n  for W  =  0

When W  =  0, equations (2.23) and (2.24) tell us that the parity and energy eigenstates 

are identical, i.e. |E™) =  |P™) and |jE7§.ut) =  |P£ut). In this section, we will show that this 

implies that it does not m atter where state preparation or detection is performed.

S tate  preparation for W  = 0

Suppose that we choose the odd-parity state |P~) (which is also an energy eigenstate, since 

W  =  0) as our detection s ta te1. If we prepare the state inside the B-field, then P m) will 

be depleted, and at t =  0 the state of our two level system will be:

|lT(0)> =  |P + ) Prepare inside (W  = 0) (2.31)

If we instead prepare our state outside the P-field, the state |P°ut) will be depleted, and so 

the state of our two level system immediately after state preparation (i.e. at t = tprep <C 0) 

will be:

|^ out(W )>  = \nut) (2.32)

This state will evolve into iPin) as it enters the P-field. The state at t  =  0 will then be:

|^ in(0)) =  |P |n) Prepare outside (W  = 0) (2.33)

1. The population of an energy eigenstate is preserved as it deterministically evolves into or out of the 
B-field, so in this case we don’t need to specify whether our detection sta te is the “inside” state or the 
“outside” state.
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So, for W  =  0 the state at t =  0 is the same for state preparation inside and outside the

6 -field. However, we will see there are crucial differences in the case where W  ^  0 that 

affect our ability to measure W .

D etection  for W  =  0

Since we had earlier decided tha t our detection state would be the odd-parity state j P_), 

the signal we want to measure will be the population of this state at the end of the Stark 

interference region (i.e. t = T).  Hence it is convenient to write the state of our two-level 

system inside the 6 -field in the parity basis:

| <T(i)) =  M t ) |P | n) +  M * ) I O  (2.34)

Measuring the population of the detection state at the end of the Stark interference region 

gives us:

S  oc =  \b-(T)\2 Detect inside ( W  = 0) (2.35)

To find the result of detection outside the 6 -field, we must consider how the state of our 

two-level system changes as the molecules leave the 6 -field. Since we know that the “inside” 

energy eigenstates will evolve into the “outside” energy eigenstates (see section 2.4.3), we 

must first express (2.34) in the energy basis2. To do so, we project the state of our system 

at t = T  onto the energy basis:

\ipin(T)) = 6+ (P )|P ;n) +  6_(T)|PLn) (2.36)

=  [|PVn><£+l +  |£ - > ( £ - 0  [ M T )l^ -n> +  b - ( T ) |P ln)] (2.37)

2. Since the energy and parity eigenstates are identical for W  =  0, some of these steps (such as projecting 
onto the energy basis) become trivial. However, the process is presented here with the same steps that would 
be required if the energy and parity states were not identical so that it can be easily compared with the 
W  ^  0 case that will be presented later.
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Since |£ ± ) =  | P± ). this becomes:

|^ in( r ) )  =  b+(T)\E™) +  b-(T) \E*)  (2.38)

As the molecules exit the 6 -field, the states |E±)  will evolve into

|^ out) =  fe+ (T)e^+1E™1) +  b-{T)ei4>- |P °ut) (2.39)

Since our detection state is |P-),  and since |jP_) =  |£ ’_), the signal is then the population 

of the |E - )  state:

5  oc |(£ °ut|V>out) |2 =  \b-{T)\2 Detect outside (W  = 0) (2.40)

Thus, for W  =  0, our signal is the same whether we detect inside the 6 -field or outside 

of it. In the next section, we will see that for W  ^  0 the signal is not the same for detection 

inside and outside of the 6 -field.

2 .4 .6  S ta te  p rep a ra tio n  &; d e te c t io n  for W  ^  0

When W  0, the parity and energy eigenstates are not identical, unlike the last section. 

From equations (2.23) and (2.24), we instead have:

t y o u t| ^ u . ) _ | F r ) + j _ _ | ^ ut) (223)

|E £) =  |Pi"> +  (2.24)

In this section, we will see that this implies that our choices of where to perform state 

preparation and detection will significantly change our measured signal.

State preparation for W  ^ 0

As in the last section, we use |P_) as our detection state. If we prepare the state inside the

6 -field where the two energy levels |6 ±) are unresolved (see section 2.4.4), we will deplete
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the |Pi!1) state, and at t =  0 the state of our two-level system will be a parity eigenstate:

|^ ,n(0)) =  |P™} Prepare inside (W  ^  0) (2-41)

However, if we prepare the state before the 6 -field, where the two energy levels are 

well resolved, we will instead deplete the |P °ut) state. The state of our two level system 

immediately after state preparation (at t =  tprep 0) will then be:

|V>°ut( W )  =  IE T )  (2-42)

As the molecules enter the 6 -field, the energy eigenstates |£§.ut) will evolve into |E ± ). and 

at t  =  0 we will have an energy eigenstate:

|*T(0)) =  |£Vn)

=  |P+) +  Prepare outside (W  ^  0) (2-43)

Thus, the initial conditions for the ensuing application of the 6 -field (i.e. |^ in(0))) will differ 

for these two state preparation locations. Preparing the state inside the 6 -field results in an 

initial parity eigenstate for the ensuing 6 -field application, and preparing the state before 

the 6 -field results in an initial energy eigenstate for the ensuing 6 -field application.

D etection  for W  ^  0

Here we again write the state of our two-level system in the parity basis:

|<T(t)) =  M * ) |P ;n> +  b-(t)\P™) (2.44)

Suppose tha t we again use |P!n) as our detection state. At the end of the 6 -field region 

(:t = T), the amplitude of the detection state is b-(T).  If we measure the population of the 

detection state at this time, our signal will be proportional to:

S  ex |(Pin|V>inCF) ) |2 =  |6_ (T ) |2 Detect inside (W  ±  0) (2.45)

35



Now consider what happens if we detect outside of the 6 -field. As the molecules leave the 

5-field, the “inside” energy eigenstates \E± ) will evolve into the “outside” energy eigenstates 

|P±ut). In order to see what happens to our state |'</>ln(£)) as the molecules exit the 5-field, 

we first have to write it in terms of the “inside” energy eigenstates. We can do so by 

projecting onto the |5 ± ) basis (as we did for the W  = 0 case):

| i(jin(T)) = b+{T)\P™) +  6_(T)|PLn) (2.46)

=  [|£?)(E Y n! +  l-ELn)(£L"|] [M T )|e i> >  +  M T ) |P i”)] (2.47)

Using (2.24), this becomes:

(P)) =  (b+(T)  -  i ^ 6- ( T ) )  \E™) +  ( b - ( T )  -  i ^ b +(T)^  |PLn) (2.48)

As the molecules exit the 5-field, the states |5 ± ) will evolve into |P5-ut):

( w in  \  /  Txnn \
b+(T) -  i ^ b „ ( T ) J  e ^ | 5 r >  +  ( b - (T )  -  i ^ b + ( T ) J  e » - \ P °ut) (2.49)

We had earlier decided that |P in) would be our detection state, but since our lasers can 

only address energy eigenstates outside of the 5 -field, here we have to settle for measur

ing the population of the |E °}lt) state, the closest analog of the detection state in these 

circumstances3. The signal we measure is then proportional to:

Soc |(P°ut|< ut)|2 W m
b- ( X ) - i - ^ b+{T) Detect outside (2.50)

Note th a t the signal for detection outside (2.50) would be equal to the signal for detection 

inside (2.45) if we had b+(T) = 0. We can achieve this if we deplete the population of the 

non-detection state after Stark interference is completed (i.e. at t = T ) 4. Note that this is

3. By choosing the |PI") state as our detection state, we are essentially saying that we are interested in 
measuring b~(T).  The primary component o f |£ ” ut) is b - ( T )  since W f  A  is small, so [EZut) is the closest 
analog of jPin) outside the B-field.

4. This must be done inside the B-field because we can only address the parity eigenstate \P+) when the 
two energy eigenstates \E±)  are close enough to be simultaneously addressed by the laser, as discussed in 
the previous section.

36



a different laser transition than is used for state preparation, since we deplete the detection 

state (i.e. achieve 6-(0) =  0) for state preparation. Consider again (2.46), the state after 

Stark interference, but before exiting the P-field. Depletion of the non-detection state |P+n) 

can be represented as a projection onto |P in):

£OjC0 > = [I^X^I] [Mr)|P|n> + MP)!Pin)] (2.51)
=  6_ (P )|P in) (2.52)

= M P)|PLn) -  ^ & - ( r ) i n n) (2-53)

This state5 then exits the P-field and evolves into:

win
l^proj) =  b ^ T y t - l E ™ 1) -  i — b_ ( T ) e ^ \ E l ^ )  (2.54)

Then, as before, measuring the population of the |P °ut) state gives us a signal proportional 

to:

„ „ „ Deplete non-detection state
S  oc |(P lut|^°“b >|2 =  |6_ (P ) |2 H (2.55)

& then detect outside

which is the same signal that we would measure if we performed detection inside the B-field.

Since we can only perform detection outside of the P-field, our only choice here is

whether or not to deplete the non-detection state at t =  T.  To reiterate our results, we 

have:

S  ex |6_ (P ) |2 deplete non-detection state (2.56)
2

S  oc
W m

M P )  -  i ^ b +(T) don’t deplete non-detection state (2.57)

where the detection state is |P -) , we detect outside in both cases, and the non-detection- 

state depletion occurs at t =  T.

5. As written, [ip) is un-normalized because optical pumping moves the population of the non-detection  
state into other states that are not part of our two-level system . However, this is unimportant for our 
discussion.

37



2 .4 .7  R e su lts  su m m a ry  & term in o lo g y

To summarize our results for state preparation when W  ^  0. we have:

h n o > )  =  ip ? )  +
Prepare outside 

( “Initial energy eigenstate”)
(2.58)

iv,in(o)} = m n>
Prepare inside 

( “Initial parity eigenstate”)
(2.59)

where the detection state is |P -). In section 2.5, we will calculate and compare the signal 

and asymmetry that results from these two cases. From now on, we will refer to these cases 

as either an “initial energy eigenstate” or an “initial parity eigenstate” .

To summarize our results for detection when W  ^  0, we have:

where the detection state is | jP_) , we detect outside in both cases, and the non-detection- 

state depletion occurs at t = T.  As a reminder, experimental constraints prevent us from 

performing detection inside the P-field, so the result of that case does not appear here. 

In section 2.5, we will calculate and compare the signal and asymmetry that results from 

these two cases. In our calculations, we will use the terminology “final parity projection” or 

“final energy projection” because this terminology is more descriptive of the mathematical 

steps we had to take to calculate the signal. For the case where we do not deplete the 

non-detection state, we had to project the state \ipm(t)) onto the |P ± ) energy basis (see 

(2.47)). For the case where we do deplete the non-detection state, we had to project the 

state |^ m(<)) onto the |PLn) parity state to represent depletion of the |P^n) state (see (2.51)). 

Technically, this parity projection was also followed up by an energy projection (see (2.53)), 

but this energy projection can be skipped in this case because the signal is immediately 

apparent without the energy projection (see (2.52)).

S  oc \b-(T)\2
deplete non-detection state 

( “Final parity projection”)
(2.60)

2 don’t deplete non-detection state 

( “Final energy projection”)
(2.61)
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2.5 F irst-order signal &: asym m etry calculations: non-ideal 

sta te  preparation &: d etection  locations

The results of this calculation are given by (2.102) and (2.108).

In this section and all that follow, all symbols will be the “inside” version unless other

wise specified. In particular:

|0(i)> =  |V>in(*)) (2.62)

\P± ) = |P in> (2.63)

W  = W in (2.64)

A =  Ain (2.65)

2.5 .1  In teg ra tio n  b o u n d s &: 5 -fie ld

Here we include a complication that was not considered before. The application of the 

“initial parity eigenstate” laser for state preparation inside the B-field will not, in general, 

happen at exactly the start of the Stark interference 5-field. For our calculation, we will 

assume this laser is applied some time Tji  before the start of the 5-field. as shown in figure 

2.5. Similarly, the application of the “final parity projection” laser will occur an interval 

of time T f 2 after the end of the 5-field. We refer to Tf \ and T f2 as “free evolution” times 

since the system (ideally) experiences no 5-field during these times.

As shown in 2.5, the 5-field we apply is a single cycle of a sine wave:

m

0 , t < Tfi

So sin [u(t -  Tfi)} , T f l < t < T e + Tf l  (2-66)

0 , t > Te +  Tf \

where Te = 2tt/u>. is the length of time tha t the 5-field is applied.

We integrate the differential equation (2.8) from t = 0 to t — T  = Tf i  + T e + Tf 2. but 

all dependence on Tf i  will disappear if the “initial parity eigenstate” laser is not applied, 

and similarly all dependence on Tf* will disappear if the “final parity projection” laser is
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State prep 
laser application

Final parity projection' 
laser application

Tf l & Tf2:"  Free evolution" regions 

Te: Electric field region

t = Tt = 0

Figure 2.5: A diagram of the timing of events in our calculations. If we want the initial 
state to be a parity eigenstate, we apply laser at t =  0. The molecules experience a sinuoidal 
5-field from t = Tfi to t = Tf \ + Te. If we are projecting onto a parity eigenstate after the 
5-field region, this happens a t t =  T.

not applied.

2 .5 .2  In itia l co n d itio n s

Here we calculate the detection state amplitude, population, and asymmetry for all of the 

four combinations of initial states and final projections. We perform the calculations for 

both choices of detection state, i.e. for cases where the detection state is either |P+) or |P_). 

As we will see, the signals turn out to  be independent of this choice. The ±  signs in the 

differential equation (2.8) will be carried through to  handle both cases simultaneously. We 

use c±(t) as the detection state amplitude and c^(t) as the non-detection state amplitude, 

i.e. the upper and lower signs correspond to the case where the detection state is \P+) and 

I-P-), respectively.

The state of our system at time t can be written as6:

\ m )  = c±(t)\P±) + e * AtcT (t)\P+) (2.67)

6. The two cases (± )  differ by an overall phase of e,A t, but this overall phase goes away when we take the 
modulus squared, as usual.
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The system is initially in the state:

m o ) )  = c±(0)|P±) +  M O ) ^ }  (2.68)

= 6a,El-^- \P±) + \P+) (2.69)

where we use the Kronecker delta Sa>E to allow for either an initial parity eigenstate (a = P) 

or an initial energy eigenstate (a = E).  This implies initial conditions for the c(t) functions:

iW
c±(0) =  <$a,£ —  (2.70)

cT(0) =  1 (2.71)

We make the same two first-order approximations we made for the ideal case:

• We assume that W /A  is small enough that we can keep only terms that are first-order 

in W /  A

•  Assuming that only a small amount of population is transferred from the non-detection 

state cT(t) into the detection state c±(t), we can make a first-order approximation in 

time-dependent perturbation theory. The zeroth-order approximation is tha t neither 

state changes at all, so c^(t) ~  cT(0) =  1. Plugging this into (2.8) gives the first-order 

approximation for the detection state amplitude:

c±(i) =  ( ± W  -  id ■ S)e*iAt (2.72)

2 .5 .3  D ifferen tia l eq u a tio n  in teg ra tio n

Under these conditions, we integrate the differential equation (2.72):

i W  f T rTf\+Te
C ± ( T ) =  Sa E ^ r  ±  /  W e ^ 1 dt -  ids0 /  sin[w(t -  Tf l )}e*lAtdt (2.73) A J 0 JTjl

i W
=  +  C (2.74)
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where 4>a and C are defined as:

$a =  Sa,E T  tA [  eTiAtdt 
Jo

C =  —id£o f  sin 
J t  fi

The <J>a integral is straightforward:

=  <*a.P +  eTiAT -  1

Note that a ^  E  implies a =  P,  so:

$ a ,E  — 1 =  S a ,P

and 3>a becomes:

$ a  =  e * iA T  -  5 a ,p

The C integral is a bit messier:

fT f i+ T e
C — —id£o I sin[u;(< — Tf\)\e^' dt

J t , x

i jA T  ^ e i&A+uj)Te  _  i  e i ( ^ A - u j ) T e _  j '  
e1’

i(=FA +  aj) i(=FA -  cc)

Since Te =  2tt/ u), we have e±tujTe =  1:

ei(=FA)Te _  I ei(=FA)Te _  j

j ( t A  +  w) i ( ^ A - u } )

=  ± ^ ^ e * i ± ( T ' l 2 +Tf l ) sin / ' \
a;2 -  A2 \  2 /
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2 .5 .4  F in a l s ta te  p ro je c tio n

Now that we have calculated the amplitude that results after Stark interference, we have 

to do our final projection onto either energy or parity. Our state at time T  is:

M T ) )  = c±(t )\p ±) + e^ A% ( r ) |P * ) (2.84)

Since we made the assumption tha t c^(t)  w 1 at all times, we have:

M T ) ) = c ± (T)\P± ) + e * i* T \P* (2.85)

Projecting onto a parity eigenstate (the detection state) would give us:

\P±) (P±m T))  = c± (T)\P±) (2 .86)

and since (i?±| =  (jP±| — iW /A (P ^ \ .  projecting onto this energy eigenstate would give us:

\E± )(E± \i>(T)) = ' c ± ( X ) - ™ e * * T \ Z ± ) (2.87)

so in general we can write:

|6) W (T )>  = its  a iW  c±(T) -  db,E— e I b) (2 .88)

where b = P  if we project onto the parity eigenstate and b =  E  if we project onto the energy 

eigenstate. Plug in our result for c±{T):

| b)(b\^{T)) = i W  ^  i W  rriAT— $ a +  C-<56,E— e* tAT I b)

f =FiAT r I r T iA T  , n[e^ — 0atp\ — dbtE-£ - e^  + CA
iW

I b)

[(1 -  h , E) ^ l^ T — $a,p\ “I- C lb)

(2.89)

(2.90)

(2.91)
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Since 1 — S^e  — ^b.p- this becomes:

| b)(bMT)) =
iW
~A
i W

[h,peTtAT — ^a.p] +  C I b)

*&ab +  C I b)

where $ ab is defined as:

$ a6  =  ^6 ,peTlAT — Sa ,P

(2.92)

(2.93)

(2.94)

2 .5 .5  T ra n sitio n  p ro b a b ility

Take the modulus squared of the detection state amplitude (2.93) to find the detection 

probability V:

( b m m 2

i W
A *a& +  ^  ( ^ ab-hC)  V A

= |C|2 +  ^ - ( * abC* -  KbC)

where we have dropped the ( W / A )2 term  per our stated approximation. 

Using (2.83) we find the part of the signal that is only due to the £-field:

|C|2 ± 2 d£0U T jA(TR/2+ T n )
U)2 _  ^ 2 ' sin (“ )
2d£$u)
2 _  A 2UJ

sin
AT,

(2.95)

(2.96)

(2.97)

(2.98)

(2.99)
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Using both (2.83) and (2.94) we find the Stark interference term:

_  2(1£qui . /  A  Te
{ $ a b C  — ^ a b  ) =  ^  ^ 2  _  £ 2  Sln y  2

e ± iA(Te/2+Tf l ) ^ b p e ^ i A T  _  6 a p  ̂

_ e ^iA(Te/2+ Tf l ) ^ b p e ± i A T  _  5a p j

. 4d£ouj
UP A 2

sin
A Te

X
AT

&a,p sin (  — + A T f i  ) +  6bi,p sin ^
A TP

+  AT,/  2

(2 .100)

(2 .101)

Plugging these results into (2.97) gives:

2d£()UJ
u 2 — A2

W  4d£0uj . /A T e 
4— :---- -̂----— sin

’ ■ 2 ( ATe \  
sin

A w 2 - A 2 V 2 V p  sin ( f +  A T/i ) +  5fc,psin ( ¥ + at/2)

(2 .102)

Note tha t this result does not depend on which state we use as our detection state. In our 

experiment, the interaction region was designed with equal free evolution regions: Tfi  = 

T f 2 = Tf.  In this case, we have:

V  — 2 d£oui
ou2 — A 2

sin ( ^ )  + 0W  +  4 ,p )
W  4d£0u  . / A T(
~T~~o To  smA w 2 - A 2

( A T e\  . ( A T e , 
( — ) s m ( ~  +  AI>

(2.103)

2 .5 .6  A sy m m e tr y

Next, we calculate the asymmetry (writing V  as a function of £q)\

V{£0) -  P ( - £ o )A  =
V{£o) +  V{-£o)

(2.104)
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In the numerator, only the term linear in £q survives because it changes sign with £q-

^ „ . IT %cL£quj 
V{£o) -  V ( - £ 0) = ^ U2 _ A 2 sm m

6a,p sin + A T ; i j  + 8b,P sin + A T f2 ĵ (2.105)

In the denominator, only the term quadratic in £q survives because it doesn’t change sign 

with £q:

V(£0) + V ( - £ 0) = 2

So the asymmetry becomes:

2(1£qoj 
u j 2 — A 2

sin2 I ATe (2.106)

W u i2 -  A2
A d£ou; sin(ATe/2) 8a,P sin 2 ^ +  h ,p  sin ^  +  AT/2 (2.107)

Again, our experiment has equal free evolution regions: T /i — T/2  =  T/, so we have:

W  uj2 — A 2 sin (^ j*  +  A T/)
A  = ---------- • ' T / O ' ' (Sa ,P + h,p )A d£ouj sm(ATe/2)

(2.108)

Thus, in order to measure IT, we must either start with a parity eigenstate or project 

onto one after Stark interference. Doing both will double our sensitivity to IT, and doing 

neither will eliminate our sensitivity to IT. Note that for a — b = P  and T/ =  0, this 

matches (1.48), the simplified expression for A  we gave in section 1.4.3.

2 .5 .7  C o m p a riso n  w ith  n u m erica l so lu tio n

Figure 2.6 shows plots of signal versus A / 2 n  calculated from both our first-order expression 

(2.102) and a numerical solution of the full Schrodinger equation (with no approximations 

taken). The <?-field amplitude was chosen so that we would be in the regime of small 

population transfer (£o=0.1 V/cm). We see tha t in this regime we have excellent agreement 

between our expression and the numerical solution. The overall lineshape is dominated by 

the £q term in V.  and has the expected features: the peaks are centered at roughly A =  ±oo 

(i.e. on resonance), and have a FWHM of roughly 1 /T  =  u>/2n (i.e. the width is inversely 

proportional to  the interaction time with the T-field).
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Figure 2.6: A comparison between our first-order expression for the signal and a numerical 
calculation, where So was chosen to satisfy the “small population transfer” condition. We 
have excellent agreement in this regime. Specific values used were a = P, b = P, Sq=0.1 
V/cm, v = 616 m /s (measured), uj/2n =  11.4 kHz (based on electrode dimensions and u), 
Tfi  — T f 2 =(4.57 rum)/v(based on electrode dimensions), W/2tt  =  5 Hz (expected value 
for 137Ba, up to a sign), and d/2-n =  —3360 H z/(V /cm ) (measured).
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Figure 2.7: A comparison between our first-order expression for the asymmetry and an 
exact numerical calculation, where £o was chosen to satisfy the “small population transfer” 
condition. Note th a t the A/2ir  range over which this is plotted is much smaller than in 
figure 2.6. The asymmetry continues to get smaller at larger A/27T. Below |A|/27r «  1 
kHz, W f A grows large enough to cause the first-order solution to diverge from the exact 
solution. However, we have excellent agreement above 1 kHz. All values used were the 
same as in figure 2.6, except tha t here we show results for 3 different projection conditions: 
{a = b = P}, {a = P,b = E}.  and {a =  b = E}.  Results for {a = E .b  = P}  are not shown 
because the numerical solution confirms that they are identical to {a =  P, b =  E}.  Also, 
the numerical solution confirms that the asymmetry is independent of which state we use 
as the detection state.
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Figure 2.7 shows plots of asymmetry versus A/27T under the same conditions as figure 2.6, 

except th a t here results are plotted for three different projection conditions: {a = b = P},  

{a = P,b — i?}. and {a =  b = E}.  Above |A|/27r «  1 kHz. we have excellent agreement 

between our first-order expression and the numerical solution. Furthermore, the numerical 

solution confirms that the {a = E, b =  P]  condition is identical to  the {a = P,b = E}  

condition, and that the result is independent of which state is used for as the detection 

state.

While the first-order solution is very accurate when So is small (i.e. when the population 

transfer is small), its accuracy drops at larger values of So- To quantify this drop in accuracy, 

we can generate an exact numerical solution for the asymmetry and then fit our first-order 

expression to the numerical solution with the weak matrix element W  as a free parameter. 

This is shown for a range of values of So in figure 2.8. In section 2.7, we will see that the 

lowest statistical uncertainty is achieved with values of So in the range 0.5-1 V/cm. For 

this range of So, the deviation in W  caused by our use of the first-order solution appears to 

be between 2% and 8%.

2.6 T he effect o f incom plete d etection  sta te  dep letion

All of our discussions thus far have assumed that we are able to completely empty the 

detection state in preparation for the experiment. In reality, we typically achieve remain

ing populations of 3% to  6% when preparing inside the H-field and 10% to 15% when 

preparing before the H-field. This incomplete depletion could, in principle, be caused by 

insufficient laser power or failure to completely overlap the laser beam with the molecular 

beam. However, after testing and ruling out these possibilities, we believe tha t the remain

ing population is caused by re-population of the detection state by decays from the many 

metastable excited states that are populated when the molecular beam is created, then de

cay with lifetime on the order of the time of flight of molecules through the apparatus. This 

hypothesis is consistent with the fact that we achieve better depletion inside the S-field, 

which occurs after the excited states have had extra time to  decay.
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Figure 2.8: The upper panel is a plot showing how the first-order solution becomes inac
curate a t larger So- For each So, a plot of asymmetry vs detuning was simulated (with 
a numerical solution of the Schrodinger equation) for W /2 tt = 5 Hz, and the first-order 
asymmetry expression was fit to the simulation over the range 2 kHz < |A| < 5 kHz with 
W  as a free parameter. The lower panel gives two examples of these fits. The fit W  deviates 
from the actual W  at larger values of So- All parameter values for this calculation (besides 
So) are the same as those used in figure 2.6, including u j / 2n = 11.4 kHz and d/2n = —3360 
Hz/(V /cm ).
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2 .6 .1  M a ch in e  s ta te s

To quantify the effects of incomplete state depletion, we measure our signal S  in four 

different “machine states” , labelled S+. S - .  So. and Sc'-

•  S± : The signal with positive and negative 5-fields (i.e. So =  ±|5o|)- Necessary for 

measuring the asymmetry A.

•  So : The signal with So — 0. In this case, no population is transferred into the 

detection state, so the signal is just the population remaining in the detection state (or 

that found its way in by other means) after depletion. This serves as a measurement 

of our ability to deplete the detection state.

• S c  ■ The signal with the depletion laser blocked. W ithout depletion, both states are 

equally populated and unchanged throughout the experimental process7. Then we 

assume S c  =  No, where No is the initial population of the non-detection state times 

the overall detection efficiency.

Note that, to make our expressions here less cumbersome, we have defined Se =  S(S).  

where S(£)  is the notation we used previously for the signal as a function of the electric 

field amplitude.

2 .6 .2  O p tica l p u m p in g  ra tio s

We normalize our signals by dividing by Sc,  creating an “optical pumping ratio” (OPR) 

denoted by R:

Re = ^  (2.109)
Sc

7. The T-field will move some fraction V  of the non-detection sta te’s population into the detection state, 
and vice-versa. When the states have equal populations, the symmetric movement o f population results in 
no net transfer.
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Figure 2.9: The steps in our experimental procedure, along with the detection state popu
lation after each step, assuming imperfect depletion of the detection state.

where £  can be + , —, or 0. W ith perfect depletion (,5'o =  0), we have:

/?o =  0  (2 .110)

R+ = V{+£)  (2.111)

R _ = V { - £ )  (2 .112)

2 .6 .3  S ign a l w ith  im p erfec t d e p le tio n

However, imperfect depletion will change these relationships. In order to see how, here we 

go through our experimental sequence and note each s ta te’s population at every step. These 

steps are shown in figure 2.9.

• Step (1): Initially, the detection state’s population (Nd) and the non-detection state’s 

population (Nn) are equal because their energy separation is small compared to kT. 

Hence we write:

N d = N 0 

N n = N 0

• Step (2): We excite the detection state with our depletion laser. The non-detection 

state population is unchanged, while the detection sta te’s remaining population de

<22222
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pends on R q, the zero-field OPR:

Nd =  N oRq 

Nn = N0

•  Step (3): The 5-field is applied. A fraction V{£)  of Nn is transferred to the detection 

state, and the same fraction of Nd is transferred to the non-detection state. The 

population of each state after this step is [(initial population) - (population transferred 

out) +  (population transferred in)]:

N d = N qR q -  N 0RoP{£) + N qV{€)  

N n = N 0 -  N0V{£)  +  N qR oV(£)

•  Step (4): The signal we measure is just the population of the detection state:

S£ =  N 0Rq +  N0(l -  Ro)V{£) (2.113)

2 .6 .4  S p ec ia l cases

We can verify that this gives the expected results in certain cases. For perfect depletion 

R0 =  0. so:

=  N 0V(£)

as stated in (2.17). For the “shutter closed” condition, the detection state is not depleted 

at all, so Ro = 1 and:

SC = N0

as expected. For the “zero 5-field” condition, 'P(O) =  0 and:

S o  =  N q R q  => R o  =  | 5 -  
Sc

which matches our definition of R q .
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2 .6 .5  S ta te  tra n sfer  e ffic ien cy

Solving (2.113) for V{£).  we get:

V ( £ ) _  N0 - R o
1 — R q

(2.114)

The ratio S s / N q is just the OPR Re-

V { £ )
Re — R q 
l - R o

= Re (2.115)

The quantity Re  above is called the “state transfer efficiency” , which we see is equal to the 

transition probability V{£)  even when we have imperfect state preparation.

2 .6 . 6  A sy m m e tr y

We can express the asymmetry in terms of the experimental signal by using (2.115):

A  = V{£) -  V { - £ )  
V{£)  +  V { - £ )
R  i — R ..
R I +  R-.

R-\. — R —
R+ R — — 2Ro

(2.116)

Since Re =  Se / N q , we finally have:

A  =
S + - S -

S+ + S - -  2So
(2.117)

Note that we started with (2.116), a definition of A  in terms of V{£).  Suppose we had 

started with a definition of A  in terms of Se, and then used (2.113) to express A  in terms 

of V(£):

A '  =
S + — S-  
S+ +  S-

V{£) -  V { - £ )  
T’( £ ) + P ( - 0  +  2r 3fe
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This definition of the asymmetry is less useful because it is not proportional to W , while 

our chosen definition is, as shown in (2.107).

2.7 S tatistica l uncertain ty  in W

2 .7 .1  F raction a l u n cer ta in ty  in  W

In order to calculate the statistical uncertainty in our measurement of W ,  we only assume 

that A  and W  are linearly related:

A  = k W  (2.118)

where k is a proportionality constant. Then the fractional uncertainty in W  is equal to the 

fractional uncertainty in A:

&W _  CTA
W  ~  A

Using (2.117), we get:

(2.119)

^  J ( S -  -  S 0n * s +)2 +  (5+ -  So)2(as _)2 +  (5+ -  S_)2(<tSo)2 

W  ~ 2 ( S + -  S_)(S+ + -  2S0) (2'121)

2 .7 .2  S h o t n o ise  lim it: a p p ro x im a te  so lu tio n

Here we assume that the uncertainty in the signal is due only to shot noise (i.e. a s  =  VS)  

in order to find an expression for the fractional uncertainty in W  under the best possible 

circumstances. Furthermore, we assume perfect optical depletion (i.e. So =  0) and we 

assume that the difference between S + and S_ is very small. Here are all of the replacements
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we make:

5± -» 5

So —> 0

Under these conditions, the fractional uncertainty in W  becomes:

a w  1 (2 .122)
W  A V 2 S

This equation tells us tha t we must maximize A \ / 2 S  in order to maximize our sensitivity

to W.  However, figures 2.6 and 2.7 tell us tha t the maxima of A  and S  occur at different 

values of A: S  is maximized when A «  u  w 10kHz, while A  is maximized when A is near 

zero (less than 1kHz). Clearly our best sensitivity occurs between these two extremes.

W ith explicit expressions for S  and A,  we can obtain an expression for the absolute 

uncertainty in W  instead of just the fractional uncertainty. Plugging in our first-order 

approximations for A  and S  from section 2.5, with T f  =  0, gives us:

This equation predicts tha t the uncertainty is minimized as A —> 0. In the limit where 

A <C 2/T , we have:

This result is due to the fact that the asymmetry in our first order approximation blows 

up at A =  0, which compensates for the tiny signal there. However, as we saw in figure 

2.7, the exact solution does not blow up there. In the next section, we will see that with a 

more complete description of the experiment (including, in particular, the effect of imperfect 

depletion), the minimum uncertainty does not occur at A =  0.

A (2.123)
2 (8a,P +  Sb,pW2N0 sin

1 (2.124)
^  (5a,p + 5b,p)V2N^T
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2 .7 .3  S h o t n o ise  lim it: so lu tio n  w ith  im p erfect d e p le tio n

Our goal in this section is to derive an expression with which we can make an accurate 

estimate of our shot noise limited uncertainty. We will use this expression to determine 

what £-field amplitude to use and what detuning range to use for taking parity violation 

data.

Still assuming the shot noise limit, we now want to express our fractional uncertainty 

in terms of No, Rq, and V± =  V(±£) .  We will not assume perfect depletion nor will we 

assume that S+ ~  S - .  We make the following replacements in (2.121):

as  -»• V S

S± N 0Ro +  N0(l -  R q)V±

S q —> N q R q

W ith these replacements, the fractional uncertainty in W  becomes:

avy 2 \J'P+'P-('P+ + P - ) ( l - R o )  + 2Ro{V% +  V I -  V +V _)
W  ~  VN~o ( l - R o ) ( V + + V-)(V+  -  V - )  (2‘125)

Now we will plug in realistic, but modest, values for No and Ro that are typical of our 

signals with 138Ba, and we will determine V± from exact numerical solutions, assuming the 

“parity, parity” condition. We will use R q = 0.05, as th a t is typically what we observe for 

state preparation inside the 23-field. For No, we make the following assumptions:

•  Eight hours of data taking (r =  8 Hours)

• Four states, with equal time spent in each: Positive, negative, and zero £-field, and 

shutter closed (n s = 4)

• Molecular source pulse rate: 10Hz (7Z = 10 Hz)

•  50 counts/pulse (nc = 50)

•  80% data taking duty cycle (77 =  0 .8)
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Figure 2.10: Plots of fractional uncertainty in W  {a w /W )  vs A/(27t) and £q. The plot on 
the left shows a w / W ,  minimized w.r.t. to A, as a function of £q. The plot on the right 
shows a w / W  as a function of A/(27r) for selected values of £q- These plots were generated 
with iVo =  3 x  106, R q = 0.05, and V± calculated numerically under the same conditions as 
figure 2 .6 .

W ith these assumptions, N q becomes:

N 0 =  7?— K t
n s

ss 3 x 106 detected molecules per machine state

Figure 2.10 shows the fractional uncertainty with our chosen values of No and R q. and 

with V±  calculated numerically. Here we can see that the maximum statistical sensitivity is 

obtained with £q =  0.75 V/cm and with a detuning range of roughly 2-4 kHz. In this range 

of detunings we are well within the regime where W j A is small enough for the first-order 

approximation to be valid. Also, note tha t our sensitivity hardly changes over the £q range 

of 0.5-1 V/cm, so we should take data at the lower end of this range where the “small 

population transfer” approximation is more valid, and hence our first-order solutions are 

sufficiently accurate for extracting a value for W  at the few percent level, without need for 

further corrections.
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C hapter 3

T he E xperim ental A pparatus

3.1 O verview

Before discussing the details of the experimental apparatus, it must be emphasized that all 

of our measurements so far in apparatus development have been done in 138BaF where we 

expect the NSD-PV signal to be zero since all nucleons are paired off. We use 138BaF because 

it produces a signal that is about twenty times larger than 137BaF due to a larger natural 

abundance (72% vs 11%) and fewer hyperfine states for the population to be distributed 

over (I = 1/2 for 138BaF, due to the fluorine nucleus, vs I  =  3/2 for 137BaF). In addition, 

138BaF is useful for diagnostics, because any apparent NSD-PV signal would be due to 

systematic errors. Moving to 137BaF will require improvements in our signal, and this will 

be discussed in chapter 7.

The major components of our apparatus can be inferred from the discussions in the 

previous chapters. We first need a source of BaF molecules, since we intend to use their 

rotational levels. We use a supersonic molecular beam source—a robust and widely used 

method of creating a cold1 molecular beam of 2E molecules. Zeeman tuning requires a 

magnet tha t can achieve magnetic fields on the order of 1 T with uniformity of at least 0.1 

ppm over a large volume2. Stark interference requires electrodes for applying a sinusoidal

1. "Cold” because we want to get as many molecules as possible in the states we use (the two lowest 
rotational levels in the electronic ground state).

2. We want a large volume for a long interaction tim e with the £-field. Having longer interaction times 
leads to increased sensitivity to W  (see (2.123)) and narrower resonances, which allows us to set A  more
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5-field to the molecules. Finally, we need a laser to prepare the states before the 5-field is 

applied, and we need lasers and a photomultiplier tube for population measurement at the 

end of the experiment. We do not currently have the capability to perform the “final parity 

projection” described in chapter 2 .

The use of these major components in making our measurement is outlined in section 

3.2. An overall schematic of the experiment is presented along with a brief outline of the 

measurement procedure. This is followed by subsections th a t present schematics of each 

step of the experiment. In section 3.3 more details of the apparatus are given, including 

components not mentioned in section 3.2.

The details of most of the apparatus can be found in the theses of David Rahmlow [ ] 

and Dennis Murphree [ ], so this chapter is not intended to be an in-depth documenta

tion. However, the major changes to the apparatus—the interaction region and the data 

acquisition system—have their own chapters in this thesis, and minor changes (e.g. new 

lasers, optical table layout, vacuum system interlocks) are documented here.

3.2 E xperim ent Schem atics

3 .2 .1  M ea su rem en t O u tlin e

Figure 3.1 is a schematic of our experiment that outlines the major steps in making our 

parity violation measurement. Each step is briefly explained below.

Step 1

The molecular beam source emits a pulse of molecules. Initially, both the upper 

(N  =  1, odd parity) and lower (N  = 0 , even parity) states are populated, and the 

energies of the two states are far apart.

Step  2

The pulse of molecules enters a superconducting magnet where the energies of the two

states are brought close together. Inside the magnet, the molecules pass through a

laser beam which empties one of the two states through optical pumping. The emptied

precisely.
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Figure 3.1: The major steps in the experiment. (1) Molecular beam source emits a pulse of 
molecules. (2) Inside magnet, optical pumping empties detection state. (3) f'-field transfers 
population to  detection state. (4) Detection state population S(£o) measured with laser- 
induced fluorescence.

state is now our detection state. At the end of the experiment, the population tha t is 

driven back into the detection state will be3 the “signal” S(£o).

Step  3

The molecules pass through a series of ring electrodes where they experience a si

nusoidal £-field: £{t) =  £q sin(ut). This transfers some population to the detection 

state. If the NSD-PV matrix element W  is nonzero, it will cause a small change in 

the amount of population transfer.

Step  4

The molecules exit the magnet. Lasers, tuned to excite the detection state, are used 

to induce fluorescence which is collected with a photomultiplier tube (PMT). The 

photon count from the PMT is used as our signal S(£o), since it is proportional to 

the population in the detection state.

3. The first-order expression for the signal is given by (2.103).
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Figure 3.2: A schematic of the molecular beam source. A pulsed valve emits pulses of Ar +  
SF6 gas. A pulsed Nd:YAG laser ablates Ba from a solid target. The Ar +  SF6 gas reacts 
with the plume of ablated Ba to create BaF. A skimmer collimates the molecular beam.

R epeat

The process is repeated with the £-field direction reversed: £q —> — £q. This reverses 

the part of the population transfer that is due to W.  The two measurements are used 

to construct the asymmetry4 which is proportional to W :

(3.1)
S(+£0) -  S ( - £ 0)
S(+£o) +  S ( - £ o)

3 .2 .2  S tep  1: C rea te  m o lecu lar  b eam

Figure 3.2 is a schematic showing how we create our beam of BaF molecules. We use a 

supersonic free je t source, where a high pressure gas from a reservoir is allowed to expand 

into vaccum through an aperture. The je t’s rapid adiabatic expansion cools the molecules, 

resulting in lower translational, rotational, and vibrational temperatures, and gives the 

molecules a large velocity directed away from the aperture (~  616 m /s in our experiment).

4. The first-order expression for the asymmetry is given by (2.108).
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The large velocity plus the translational cooling means that the velocity distribution will 

be converted from wide and centered on zero to narrow and centered on a large value. 

For BaF in our beam, the measured translational temperature is 30 K and the rotational 

temperature is 84 K [ ]. The vibrational temperature has not been measured, but the 

typically large vibrational energy splitting means that even at room temperature we would 

expect most molecules (~  90%) to be in the ground state.

BaF is a free radical and therefore highly reactive, so we cannot store it in a reservoir. 

Instead, we must create it in the source chamber by combining sulfur hexafluoride with 

barium. The gas used in the supersonic expansion jet is mainly (> 95%) a carrier gas of 

argon with a small amount (< 5%) of SFe mixed in. The barium is introduced into the jet 

by placing a solid barium target under the jet aperture and using a pulse from an Nd:YAG 

laser to ablate a plume of barium into the je t’s path, as close to the aperture as possible. 

The barium, entrained in the expanding and cooling jet, forms BaF through collisions with 

SF6. The argon, SF6, and any other compounds besides BaF in the resulting beam do not 

cause a problem because collisions are rare in the beam after the initial expansion, and 

because it is extraordinarily unlikely tha t the laser transitions we use to excite BaF would 

also excite transitions in the other compounds.

The carrier is used to  dilute the gas of interest and provide some control over the 

resulting beam ’s velocity [ , ]. Dilution is necessary because the gas will tend to form

clusters as the jet expands and cools, which limits further cooling. The carrier, being a 

noble gas, is less susceptible to this condensation due to having lower boiling points relative 

to other atoms or molecules of similar mass. Also, lighter carriers will result in higher beam 

velocities and heavier ones result in lower velocities.

The beam creation process is started by briefly (~  280 [is) opening the solenoid-actuated 

valve that separates the A r+SF6 gas from the source vacuum chamber, producing a  pulse of 

gas from the valve’s 1 mm diameter aperture. About 340 [is after the valve’s opening, the 

Nd:YAG laser5 fires an ablation pulse at the barium target6, which creates BaF molecules

5. Big Sky CFR200. Note that Big Sky Lasers is now Quantel.

6. The target is a ribbon of barium mounted on an aluminum wheel. The wheel is turned when the 
ablation spot is depleted. The ribbon provides both 137B a and 138Ba in their natural abundances (11% and 
72%, respectively).
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in the jet. At the opposite end of this chamber the jet strikes a  collimating aperture, called 

a “skimmer” , and the molecules that make it through constitute the beam pulse tha t is 

used for our parity violation measurement. We create these pulses at 10 Hz. Creating 

pulses faster than this with the same BaF yield would increase our statistical sensitivity, 

but in practice we find that pulsing faster than 10 Hz reduces our BaF yield per pulse due 

to increased background gas tha t scatters the beam.

Although the skimmer7 collimates the molecular beam, its primary purpose is to allow 

differential pumping between the source chamber and the rest of the system. By restricting 

the flow of background gas from the source chamber (~  10” 5 Torr when pulsing), to  the 

rest of the system (between 10-7  and 10-8  Torr), we can limit the scattering experienced 

by the beam, which travels only 6 cm in the source chamber but 2.5 m through the rest of 

the system. The skimmer is designed specifically for this task, with a razor sharp aperture 

edge and walls tha t gently slope away so that the molecules tha t strike the skimmer do not 

scatter into the central beam’s path.

3 .2 .3  S tep  2: P rep a re  d e te c t io n  s ta te

After a molecular beam pulse is created, we empty the detection state through optical 

pumping. We tune our laser to excite the molecules in this state to a higher electronic 

energy level (A2n 1/ 2 [ ])• The molecules then decay back to the ground electronic state 

but can go to other rotational, vibrational, and hyperfine states, resulting in a reduced 

population of the detection state. W ith an excited state lifetime that is short (56 ns [ ]) 

compared to the interaction time with the laser (~  1 ps, given our ~  600 m /s molecular 

beam velocity and ~  0.6 mm laser beam width), this process can happen many times, 

emptying the detection state.

Either the even-parity state or the odd-parity state can be used as the detection state8. 

Even when these two levels are too close to be resolved by our laser (as they are in the

7. Currently used skimmer: aperture diameter ~  6 mm, purchased from Beam Dynamics

8. The even state is the N  =  0 rotational state of the ground electronic state, labeled |P+) in the notation  
of chapter 2. The odd state is the N  =  0 rotational state o f the ground electronic state, labeled \P~) in the 
notation o f chapter 2.
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magnet), parity selection rules will dictate which one is excited. We tune our laser to an 

odd-parity excited state9 if we want to deplete the even-parity ground state state, and to 

an even-parity excited state to deplete the odd-parity ground state. As discussed in detail 

in chapter 2 , this state preparation must occur inside the magnet for the parity violation 

measurement to result in nonzero asymmetry (assuming tha t the weak matrix element W  

is nonzero).

Figure 3.3 is a schematic showing the “interaction region” (IR) inside of the magnet. The 

IR is a cylindrical structure which allows us to apply the state preparation laser inside the 

magnet and allows us to apply the sinusoidal electric field necessary for Stark interference. 

The IR is located inside the magnet (and vacuum system) with its center coincident with 

the center of the magnet. The laser light is brought to the IR  via an air-side optical fiber, 

a vacuum feedthrough, and a vacuum-side fiber. The vacuum-side fiber is plugged into a 

telescope which is attached to the IR. The telescope elongates the laser beam vertically so 

that it can intercept the entire molecular beam. After the telescope, the laser beam travels 

alongside the IR until it strikes a prism attached to the IR ’s side which reflects the laser 

beam 90 degrees through total internal reflection. As the laser beam traverses the inside 

of the IR, it crosses the molecular beam and prepares the state for the experiment. The 

laser beam then reflects 90 degrees again through a second prism so that it can exit the 

experiment. The laser beam then strikes a photodiode that we use to check for successful 

transmission of the laser beam through the apparatus. The prepared molecules continue on 

their way to the sinusoidal £-field created by the IR.

3 .2 .4  S tep  3: A p p ly  e lec tr ic  fie ld  for S tark  in ter feren ce

Figure 3.3 shows the IR inside of the magnet and vacuum system. In the figure, the IR 

consists of the electrodes, prisms, telescope, and wires, although the real IR has additional 

features. The IR will be discussed in-depth in chapter 4, but here is a brief description of 

the features relevant to creating an f-field. The IR ’s electrodes consist of 2 long tubes (each 

28.7 cm long), one at each end of the IR, and 30 rings at the center (18.3 cm total length).

9. The excited odd/even  states are just the A-doubled opposite parity states of the A 2Yl1/ 2 state, split by 
about 8 GHz.
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Having a  large number of rings at the center gives us the fine spatial control necessary to 

apply a sinusoidal 5-field on axis, and the tubes allow us to maintain zero 5-field outside 

of the central region. Wires run along the outside of the IR and are soldered to individual 

electrodes. Thin spacers insulate the electrodes from each other, so the voltage applied to 

a given electrode is independent of the others. The 5-field we create with these voltages is 

static, but the moving molecules experience a time-varying 5-ficld.

To create the 5-field we use for Stark mixing, we apply voltages such that the 5-field 

along the z axis is a single cycle of a sine wave:

Sz {z)
5nsin27rf . \z\ < A

A (3.2)
0 . \z\ > A

where A =  5.38 cm (chosen to fit within the flattest part of the B-field), and z =  0 is defined 

as the center of the electrode structure. The molecules, moving at v ss 616 m /s, see this as 

a time-varying field:

{50sinuit , |f| <  £
(3.3)

0 , |f| > £

where w =  2nv/X  «  27t(11 kHz), and t = 0 is the center of the electrode structure. The 

5-field amplitude 5o is set, as described in chapter 2 , so as to transfer a small amount of 

population into the detection state. This population transfer is modified by the presence of 

a nonzero weak matrix element W,  as described by (2.103).

3 .2 .5  S te p  4: M ea su re  d e te c t io n  s ta te  p o p u la tio n

After the molecules exit the IR 10 and the magnet, the population in the previously empty 

state is detected using laser-induced fluorescence. This detection occurs outside the magnet, 

in a separate chamber of the vacuum system. Here we use a 2-photon transition to induce 

fluorescence. Figure 3.4 shows this scheme. The same X-A transition at 860 nm that was 

used for state preparation is used again here, but there is also an additional 797 nm laser10. As mentioned earlier, we do not currently have the capability to perform the “final parity projection” 
described in chapter 2.
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Figure 3.4: A diagram showing the two-photon fluorescence detection scheme. Lasers at 
860 nm and 797 nm excite the molecules, but filters only allow the fluorescence at 413 nm 
to enter the PMT. This scheme minimizes PMT noise from scattered laser light.

tha t addresses the A-D transition. These two lasers cause molecules in the detection state to 

be excited to the D state. These molecules can decay directly back to the X state and hence 

emit photons of a different wavelength than either of the two lasers used for excitation. The 

advantage of this is that we can filter the light going into our PM T such that the scattered 

light from the lasers does not make it through while the emitted D-X fluorescence does. 

This virtually eliminates background PMT counts.

To maximize the light collected from the fluorescence, we use a pair of mirrors tha t covers 

nearly 4tt of solid angle. This is shown in figure 3.5. The upper mirror is spherical while 

the lower mirror is elliptical. The spherical mirror’s focal point coincides with the elliptical 

mirror’s lower focal point. The intersection of the molecular and laser beams occurs at the 

lower focal point and the entrance of the light pipe leading to the PM T is located at the 

elliptical mirror’s upper focal point. When fluorescence is induced at the lower focal point, 

any light directed downward (towards the elliptical mirror) is re-directed toward the upper 

focal point. Light directed upward (towards the spherical mirror) is reflected back through 

the lower focal point, striking the elliptical mirror and being re-directed towards the PMT 

entrance.

The light collected by the PMT is our experimental signal, since the light collected is
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Figure 3.5: A schematic of the large-solid-angle fluorescence collection mirrors in the de
tection chamber. The lasers intersect the molecular beam at the lower focal point, and 
fluorescence is emitted in all directions. The mirrors redirect all photons to the upper focal 
point so that they enter the PMT.

where A is the detuning, u  is the sine wave frequency, W  is the weak matrix element, d is

of the non-detection state.

3 .2 .6  R ep ea t

The whole process (beam creation, state prep, Stark interference, detection state mea

surement) is repeated for every molecular beam pulse. In between pulses, we can flip the 

direction of the 5-field. The 5-field direction is chosen randomly for every pulse. The signal 

S  that we measure for each 5-field direction is used to calculate the asymmetry, and we can

11. This is N q tim es equation (2.103), with 7 /  =  0 , a =  P ,  and b — E

proportional to the population of the detection state. Under ideal conditions, this signal11

is:
dSou W  

w 2 _  A 2 +  A (3.4)

the dipole matrix element, 5q is the sine wave amplitude, and N q is the initial population
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extract W  from the calculated asymmetry:

5 (+ g b ) - g ( - £ b )
S(+£0) + S ( - £ 0) 1 j
Woo2 -  A 2

=  a  <3-6>

3.3 O ther experim ental com ponents

3 .3 .1  V acu u m  sy s te m

Figure 3.6 is a schematic of our vacuum system. There are three main chambers, numbered 

in the order that the molecular beam passes through them. Chamber 1 is the molecular 

beam source chamber described in section 3.2.2, and chamber 3 is the detection chamber 

mentioned in 3.2.5. Chamber 2 is an “outside of magnet” state preparation chamber which 

has not previously been mentioned, and is useful for diagnostic purposes12. It is set up very 

similarly to the detection chamber (chamber 3), with large-solid-angle mirrors and a PMT, 

but utilizing a single-photon transition rather than the 2-photon transition used in the 

detection chamber. In addition to these 3 chambers, there is a brass tube that is effectively 

another vacuum chamber (this can be seen in figure 3.3). The brass tube is coaxial with 

the magnet and holds the interaction region (IR) at its center. The brass tube connects 

chambers 2 and 3 on either side of the magnet.

To create our vacuum we use 3 large (~15 cm diameter) diffusion pumps, one per 

chamber, which are backed by an oil-sealed rotary vane pump. The possibility of oil from 

the diffusion pumps migrating into the vacuum chambers is a concern, since this oil can 

form an insulating layer on the inside surface of the IR. Static charges can build up on 

this layer, and the resulting stray £-field can cause systematic errors in our measurement. 

We use cold baffles to prevent this migration of oil. The baffles block any straight line 

path between the pump and chamber so that multiple reflections from the baffle surfaces 

are needed to pass through. The baffles are kept cold with a chiller that circulates -40 °C
12. As described in 2, we must prepare the state inside the magnet in order to measure an asymmetry 

that is caused by parity violation (given that we cannot currently apply the “final parity projection” laser). 
By preparing the state in chamber 2 rather than in the magnet, we can “turn off” the asymmetry caused 
by parity violation. Any asymmetry that is measured in this case must then be a system atic error.
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■*—  To backing p u m p  (in p u m p  room )

Figure 3.6: A schematic of our vacuum system. The vacuum in each of 3 chambers is 
maintained by ~15 cm diameter diffusion pumps, all backed by a single rotary-vane roughing 
pump. Cold baffles (at -40°C) minimize oil migration into the chambers. Gate valves can 
be closed to isolate the chambers and/or brass tube from each other, or to isolate a chamber 
from its diffusion pump. Each chamber also has a vent valve, a roughing valve (to a separate 
roughing pump), a pirani gauge, and an ion gauge. The brass tube also has a pirani gauge.

ethanol through them. Any oil molecule that strikes the baffle is likely to permanently stick 

to it.

All valves and pumps are controlled with a Programmable Logic Controller (PLC), 

a stand-alone microcontroller with a very simple and reliable programming language and 

many I/O  channels. The PLC has a front panel (see figure 3.7) which shows the current 

state of all valves in the vacuum system, and has buttons which open or close each valve. 

The PLC has been programmed to prevent certain combinations of valve states tha t would 

be harmful to  the experiment (e.g. a chamber cannot be vented if we are pumping on it). 

It also monitors a number sensors (e.g. chamber pressures, baffle temperatures, power loss, 

etc.) and will take action if a harmful condition is detected. The PLC is better than a PC 

for this task because the PLC is not susceptible to crashes or slowdown.

When we are not pulsing the molecular beam source, we typically see pressures (in Torr) 

of 7E-7 in chamber 1, IE-7 in chamber 2, and 2E-8 in chamber 3. However, with the source 

pulsing, the pressures increase to about IE-5 in chamber 1 and 2E-7 in chamber 2, with 

chamber 3 mostly unaffected. As a rule of thumb, the mean free path of a particle in a
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Figure 3.7: The front panel of the Programmable Logic Controller (PLC), a microcontroller 
which controls all valves in the vacuum system and protects the system by preventing 
harmful combinations of valve states and by monitoring a number of gauges and sensors.

background gas of pressure P  is (assuming air at 300 K) [ ]:

A = 5 • cm • mTorr
(3.7)

Beyond the first chamber, the pressures of about 10~7 Torr imply a mean free path of 500 

m, which is clearly much larger than the actual distance from chamber 1 to the detection 

chamber, so our vacuum is more than good enough for our purposes. However, note that 

this kind of estimation is invalid in chamber 1 because of the turbulence caused by the 

pulsing jet.

3 .3 .2  S u p erco n d u ctin g  m a g n et

Figure 3.8 shows our horizontal, room-temperature-bore, superconducting magnet13 that 

produces a maximum Z3-field of 2 T. The magnet also features a set of 22 “shim” coils: 15

13. Oxford Instruments 85/310 HR, acquired as surplus from the Yale Medical School and maintained by 
Dick Marsh Instrument Service. In the model number, “85” refers to the largest proton FID frequency that 
can be achieved (85 MHz at 2 T ), and “310” refers to the bore diameter in the absence of the RT shims 
(310 mm).
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Figure 3.8: Pictures of the superconducting magnet, before and after the vacuum system 
was built around it. The black hollow cylinder contains the 15 room-temperature shim coils 
used to improve B-field homogeneity. The picture on the left was adapted from [-I*].

Figure 3.9: The “mini-shims” which we have installed for greater control over the S-field. 
Due to tight spatial constraints, the cylinder that the coils are wrapped around was made 
from thick paper, resulting in a very thin wall for the mini-shim coil array. The assembled 
mini-shim array was then slid over the brass beam line tube, with quite a tight fit. There 
are 32 coils, spaced 1 cm apart, whose currents can be set independently.

room-temperature (RT) and 7 superconducting (SC). The spatial dependence of the S-field 

produced by each shim coil approximates a different spherical harmonic, so we can impose 

some combination of B-fields from these coils to achieve a uniform field, a process known 

as “shimming” .

An additional set of shim coils which we call “mini-shims” has been installed11, as shown 

in figure 3.9. This shim set consists of a series of 32 coils, spaced 1 cm apart, wrapped around 

the brass tube tha t holds the IR. Rather than spherical harmonics, each coil produces a 

magnetic field “pulse” at each z location, giving us much greater control over the axial 

R-field.

The magnet has a large bore (~24 cm within the RT shims) which has proven to be

14. Designed and constructed by Sid Cahn &: Emine Altuntas, the other members of the experiment.
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around w ater sample

Figure 3.10: The NMR probes used to measure our S-field. Since commercial NMR probes 
typically use tuned circuits and operate over a narrow bandwidth, these probes were custom- 
designed by Dennis Murphree [ ] to be broadband, using a transmission-line design rather
than a tuned circuit. They operate up to at least 150 MHz. Note that at our current 
magnetic field strength, 0.5 T, we measure a 20 MHz signal. An array of these probes 
are arranged around the brass tube inside the magnet. The H-field is made uniform by 
adjusting our shim coils until the probes all read the same value. The leftmost picture is 
from [ ]

very convenient for our experiment, allowing us to use much of tha t space for an array of 32 

NMR probes arranged in an approximately spherical pattern around the magnet center, as 

shown in figure 3.10. In order to make the H-field within that sphere uniform, we measure 

the field at each probe and adjust the RT and SC shim coils15 to make the reading equal 

at all probes. We also have the ability to measure the axial H-field using the signal from 

the molecules, which allows us to shim the field with greater precision. This procedure is 

covered in chapter 6 . We have been able to achieve a uniformity of < 0.1 ppm over ~18 cm 

along the magnet axis with this procedure, and using all shims. Note that with only the SC 

shims the magnet is rated to have a H-field uniformity of 20 ppm over a 10 cm sphere. We 

do not have the uniformity specifications for the field with the RT shims, but comparable 

magnets can typically achieve < 0 .1  ppm over a 5 cm sphere.

A device called a “charging stick” is used to connect a power supply to the supercon

ducting coils in order to adjust the current in the coils. This charging stick should normally 

be removed after the current adjustment is complete, since this connection will conduct 

heat into the magnet and cause an accelerated boil-off of the liquid helium and liquid ni-

15. The mini-shims cannot be adjusted this way, since they are within the probe array.
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Figure 3.11: A picture of the laser setup on the optical table. Three ECDLs address 
transitions in BaF for state preparation and fluorescence detection. The Fabry Perot inter
ferometer and HeNe laser are used in a frequency-stabilization scheme for the ECDLs.

trogen that maintain the cryogenic temperatures needed for maintaining superconductivity. 

However, the electrical connections inside the magnet are only rated for a limited number of 

connection cycles, and we will need to change the <6 -field often in order to achieve the differ

ent crossing fields Bc needed for our measurements. Thus, we have had a custom charging 

stick made with additional layers of heat shielding built in, and we leave it connected at all 

times.

3 .3 .3  L asers

As seen in figures 3.11 and 3.12, we have three external cavity diode lasers (ECDLs) on 

this experiment: two 860 nm lasers for driving the X - A transition in BaF, and one 797 

nm laser which drives the A - D transition for our 2-photon fluorescence detection scheme 

(fig. 3.4). Two 860 nm lasers are necessary because the Zeeman effect shifts the X - A 

transition by about 6.5 GHz (much larger than typical ECDL linewidths of 1 MHz) inside 

the magnet, and we need to address tha t transition both inside and outside of the magnet.

Our 797 nm laser is a Toptica DL100 with an antireflection-coated (AR) laser diode. 

The 860 nm lasers are home built using a Littrow-type design by John Barry, a former PhD
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Figure 3.12: A schematic of the laser setup on the optical table. Anamorphic prism pairs are 
used to turn the lasers’ elliptical beam profile into a circular one. Optical isolators prevent 
retro-reflected light from interfering with laser tuning or causing damage to the laser diodes. 
Waveplates (rotatable) are used to adjust the laser power that emerges in each direction 
out of a subsequent polarizing beamsplitter, and to  align laser beam polarizations to the 
axes of polarization-maintaining (PM) fibers. The shutter can be used to block or unblock 
the state prep (a.k.a depletion) laser. The acousto-optic modulator (AOM) can effectively 
do the same thing by deviating the beam, but is currently unused. The dichroic mirrors 
(longpass, with different cutoff frequencies) are used to overlap the beams so that they can 
be passed through the Fabry-Perot, and to separate them so that the transm itted power 
can be read by separate photodiodes (PD). The two 860 nm lasers are combined and split 
by using different linear polarizations.
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HeNe transmission peak ECDL transmission peaks

 >
Cavity length

Figure 3.13: A LabView plot of each laser’s transmission through the FP cavity (as measured 
on a photodiode) as a function of time (proportional to cavity length). The vertical lines 
are setpoints, and the difference between the setpoint and the actual peak position is the 
error signal. A PID algorithm in LabView uses this error signal to decide how to adjust 
each laser’s tuning to keep its peak at its setpoint.

student in the DeMille group. Both of these 860 nm lasers use non-AR coated diodes16 so 

their natural mode-hop-free (MHF) tuning range is small, ~5  GHz. Feed-forward schemes 

can improve this MHF tuning range by simultaneously changing the diode current and 

piezo voltage17. W ith such a scheme on one of the 860 nm lasers, we have acheived a MHF 

tuning range of more than than 60 GHz. This wide tuning range will be useful when we do 

spectroscopy in preparation for an NSD-PV measurement in 137BaF.

The ECDL frequencies are locked relative to a frequency-stabilized HeNe laser. As 

shown at the center of figure 3.12, all three diode lasers and the HeNe laser are aligned 

through a confocal Fabry-Perot (FP) interferometer, an optical cavity composed of two 

high-reflectivity concave mirrors which are coaxial and have a cavity spacing equal to the 

mirror focal length. In this arrangement, a laser beam aligned through the cavity will only 

be transm itted when the cavity length (L ) is an integer multiple (n) of one-quarter of the 

laser beam wavelength (A): L = n \/A .  We adjust the cavity length by small amount (a

16. 30 mW  diode: Thorlabs L850P030. 100 mW diode: Thorlabs M9-852-0100 (no longer sold).

17. i.e. the piezo voltage that adjusts the angle of the feedback diffraction grating and thereby tunes the 
laser frequency.
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few microns) by applying a triangle wave voltage to a piezoelectric actuator inside the FP. 

As the cavity length is scanned, we simultaneously monitor each laser’s transmission using 

photodiodes (PDs). allowing us to plot transmission vs cavity length for each laser on a 

computer, as shown in figure 3.13. In order to lock an ECDL’s frequency relative to the 

HeNe laser, a setpoint is defined to be some distance (in time) from the HeNe transmission 

peak, and the computer’s locking software repeatedly adjusts the ECDL tuning so that the 

ECDL’s transmission peak stays at the setpoint. The software also provides feedback to 

repeatedly adjust the FP cavity’s offset length (i.e. the cavity length when t =  0) so that 

the HeNe peak is maintained at a constant time in the transmission vs cavity length scan, 

since the lock will fail if the reference peak drifts out of the scan range. While our lab uses 

a version of the locking software that is customized to our needs, the core functionality was 

written by John Barry. See his thesis for more details [ ].
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C hapter 4

T he Interaction  R egion

4.1 O verview

The interaction region (IR) is one of the most important parts of our apparatus, as it allows 

us to subject the molecules to the 5 -fields and laser beams necessary for our measurements. 

W ith its 32 electrodes, the IR has the flexibility to apply not only the single-cycle sine wave

5-field required for the parity violation measurement, but also other 5-fields used for B-field 

nonuniformity measurements, stray 5-field measurements, and stray 5-field nullification (see 

chapter 6). The IR also features prisms before and after the 5-field which allow us to apply 

laser beams for initial state preparation and final parity state projection (as discussed in 

chapter 2) inside the magnet. An optical mount, consisting of beam shaping optics and 

beam steering mechanics, is attached to the electrode structure so that the laser beams 

can be aligned through the IR on the bench before installation in the magnet, where we 

have limited physical access. Figure 4.1 shows a picture of the IR with these main features 

indicated.

4.2 D esign  constraints and considerations

4 .2 .1  M a g n etic  fie ld s

In order to minimize systematic errors due to inhomogeneous ^-fields, we had to be very 

mindful of the magnetic characteristics of the IR. We were careful to avoid ferromagnetic
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Uniform  applied  B  field  
 ».

£B  field  induced  in ob ject w ith  
n onzero m agn etic  susceptib ility

O bject w ith con stan t cross section :  
uniform  B  field  inside, zero B  field  o u tsid e

O bject w ith n on -con stan t cross section: 
B  field  nonzero ou tsid e

Figure 4.2: An illustration showing how 6 -field uniformity can be maintained by ensuring 
that any objects placed in our magnet have a constant cross section. Note that in this 
example the material is paramagnetic, but the principle is no less valid for diamagnetic 
materials.

materials and contaminants; for example, the electrodes are made from high purity OFHC 

copper in order to minimize possible magnetic impurities. However, in our strong 6 -field 

of about 4600 Gauss even materials usually considered to be nonmagnetic can become 

magnetized enough to significantly perturb our field. The best uniformity we had achieved 

in our magnet (before installing the IR) was about 0.1 ppm (0.5 mG), so we wanted any

6 -field perturbations due to the IR to be smaller than that. To achieve this, we tried to 

make the IR have a constant cross section along the magnet’s axis. As illustrated in figure 

4.2, objects with a constant cross section will have an induced 6 -field that is uniform inside 

of the object and zero outside of the object, much like an infinite solenoid. The parts of 

the IR th a t lacked a constant cross section near the center of the magnet (such as the 

prisms and the gaps between rings) were designed to be physically as small as possible to 

reduce their impact on the 6 -field; when feasible, additional objects (with opposite sign 

of magnetic susceptibility) were added to compensate for the unwanted 6 -field from these 

parts. Details are given later in this chapter.
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4 .2 .2  E lec tr ic  F ie ld s

Our primary concern regarding the 5-field was to minimize the occurrence of stray 5-fields. 

One way we did this was to design the IR such that the molecules would have no line-of-sight 

to any insulating surfaces where static charges could build up. Furthermore, the copper 

electrodes were subjected to an acid bath ( “bright-dipped”) to ensure a clean, uniform 

surface, and gold plated to prevent oxidation. The acid bath is also helpful for B-field 

uniformity because it removes microscopic steel impurities tha t may be embedded during 

machining [ ].

A second concern was the uniformity of the applied 5-field on axis. The axial electric 

field £z (z ) due to an electrode ring (see section 4.3.3) depends on the radial distance from the 

axis of the electrode, and the molecular beam diverges as it travels through the experiment, 

reaching a diameter of about 7.6 mm at the center of the magnet1, so molecules at different 

radial positions will experience different 5-fields. To maximize 5-field uniformity, we wanted 

to make the inner diameter (ID) of the electrodes as large as we could, within the other 

constraints we faced. A secondary benefit of this is that the larger ID means tha t any static 

charges tha t might occur on the electrodes would have a reduced 5-field magnitude at the 

electrode axis.

4 .2 .3  S p a tia l co n stra in ts

The available space for the IR was very limited since much of the space inside the magnet 

is taken up by an array of NMR magnetometers (see section 3.3.2). W ithout modifying the 

magnetometer array, 5.33 cm is the largest possible outer diameter (OD) for a tube (the 

“beamline tube”) that we can pass through the magnet. To maximize the space available 

for the IR, we chose a thin-walled brass tube with an ID of 4.9 cm. However, the electrodes 

cannot use all of this space since room is needed outside of the electrodes for prisms, threaded

1. There is a ~ 1 2 .7  mm diameter aperture in the detection chamber, and the center of the magnet is 3 /5  
of the distance from the source to the detection chamber, so the molecular beam diameter at the center of 
the magnet is 7.6 mm. Assuming that the molecules are uniformly distributed over a disc, the weighted 
average radial position of the molecules at the center of the magnet is 2.5 mm
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rods (to clamp the electrodes together), and laser beam propagation. In the end, we chose2 

OD =  3.53 cm and ID =  3.18 cm for the electrodes.

4 .2 .4  L aser b ea m  d e liv ery

Once installed, the IR would be completely inaccessible, both physically and visually. This 

would make it very difficult to cleanly align our laser beams through the IR, considering 

the small target tha t the prisms present, the long path that the beam has to travel (at least 

1 meter), and the fact tha t the size of the laser beams would be comparable to the size 

of the prisms and apertures in the IR, leaving little room for error. For these reasons, we 

decided to physically attach an optical mount, with beam shaping optics and beam steering 

mechanics mounted after a fiber optic output collimator, to the IR. The beam path could 

then be aligned on the bench before installing the IR into the magnet. Designing the optical 

mount to fit in the available space was a significant challenge, but it was decided that this 

one-time difficulty was preferable to the recurring difficulty of alignment without the mount.

4 .2 .5  V a cu u m  c o m p a tib ility

To ensure high-vacuum compatibility (i.e. down to pressures of 10~9 Torr), great care was 

taken in the design, choice of materials, and assembly of the IR. For example:

•  All holes were drilled completely through to avoid trapped air

•  Extra holes were added in places to aid in vacuum conductance

•  Wire insulation, epoxy, solder, optical fibers, and other items were chosen based on 

vacuum compatibility

•  Before assembly, parts were ultrasonically cleaned in acetone to remove possible oils 

that may outgas for extended periods

2. The IE dimensions were actually specified to the machine shop in inches, with machining tolerances of 
±0.001” (0.0254 mm), so in some cases the dimensions provided in this chapter are approximations.

83



Figure 4.3: A model of the ring electrodes. The male-female interlocking design maintans 
concentricity. The channels are for wires, keeping them straight for S-field uniformity and 
holding them snugly to strain-relieve the solder points. The prism rings were made wide 
enough to attach prisms to reflect the laser beams at right angles through the tall holes.

4.3 T he electrodes

4 .3 .1  D esig n

The IR has a total of 32 electrodes: 2 tubes, 28 rings, and 2 extra-wide “prism rings” . All 

of the electrodes were machined from high purity OFHC copper, bright-dipped to ensure a 

clean and uniform surface, and then plated with high-purity gold. Figure 4.3 shows models 

of the ring electrodes of the IR and indicates their major features. The 28 rings each 

have a thickness of about 6 mm in the z-direction, while the prism rings are about 17 mm 

thick. As their name suggests, the prism rings were made thick enough to mount prisms3 

to reflect laser light through holes in the prism rings. An interlocking male-female design 

maintains concentricity between the rings. The interlocking section is about 1 mm thick,

3. The prisms are mounted onto flats on the sides of the prism rings. However, all of the ring electrodes, 
not just the prism rings, were made with flats in order to accom odate possible future light pipes which 
would serve the same function as the prisms but would maintain a constant cross section for better S-field 
uniformity.
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Cross sec tio n  o f  a ssem b led  rings Kapton spacer

Figure 4.4: A cross-section of the assembled rings showing the placement of electrical insu
lators. Kapton tape insulates the radially-oriented surfaces, while Kapton spacers insulate 
the axially-oriented surfaces. Molecules travelling along the axis of the IR have no line-of- 
sight to the insulators, so static charges that may build up on the insulators will not affect 
the molecules.

so the molecules effectively see rings that are about 5 mm thick and prism rings that are 

about 16 mm thick. Channels4 run along the outside of the rings; wires are press-fit into 

these channels to strain relieve the wire-to-ring solder joints and to keep the wires straight 

for Z3-field uniformity.

The electrodes are insulated from each other using Kapton spacers and tape, as shown 

in figure 4.4. Kapton tape with a thickness of 64 pm is used to  insulate the radially-oriented 

surfaces, and Kapton spacers with a thickness of 0.25 mm (laser cut from a sheet of Kapton 

by the company Boston Lasers) are used to insulate the axially-oriented surfaces. Only 

the surfaces of the interlocking cross section th a t have no line-of-sight to the molecules are 

insulated; this way, any charges tha t might build up on the insulating surfaces will not 

be able to subject the molecules to a stray £-field tha t we cannot control. The remaining 

axially-oriented surfaces tha t the molecules can see are separated by a 0.25 mm gap, equal 

to the spacer thickness. We wanted this gap to be as small as possible to maintain £-field 

and B-field uniformity5.

4. These channels added significant cost to the machining o f the electrodes, so there are no channels on 
the tube electrodes, only on the rings where B-field uniformity is most important and where most o f the 
solder joints are.
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10 Rings Prism
Ring

9 Rings9 Rings Prism

Figure 4.5: A picture of the central portion of the assembled IR. The sine wave 5-field for 
the parity violation measurement fits within the central 10 rings. The outer rings are used 
to measure and control B-field and 5-field uniformities (see chapter 6). Wires are soldered 
to individual rings and extend out in both directions from the solder joint. One wire end is 
used to apply voltages and the other end is used to measure voltages.

Figure 4.5 shows a close-up view of the central portion of the IR where the ring electrodes 

are, along with some details of its assembly. Ten ordinary rings lie between the two prism 

rings, and 18 more lie outside of the prism rings (9 on either side). The single-cycle sine- 

wave 5-field for measuring parity violation is placed within the central ten rings where 

the S-field is most uniform. The outer rings give us the ability to measure and control 

S-field and 5-field nonuniformites in those locations; the methods and reasons for this will 

be discussed in chapter 6 . The electrodes are clamped together with brass 4-40 threaded 

rod between two aluminum endcaps, as can be seen in figure 4.1.

Electrical connections are made to the electrodes with 30 gauge solid core wire6, designed 

for use in vacuum. The wires are press-fit into the wire channels, and each wire is soldered 

to a single electrode, as shown in figure 4.5. We used flux-free indium-based solder7 since 

standard lead-tin solder can form brittle joints with a gold substrate [-5 1]. Furthermore, the 

lower melting point of indium based solders compared to lead-tin solders (~140 °C vs ~180 

°C) made soldering much easier, considering that the size and thermal conductivity of the

5. We originally used a spacer and gap thickness o f 0.125 mm, but during assembly we noticed shorting 
between a few electrodes, perhaps caused by flecks of conductive material (maybe solder) on the OD. This 
occured again after disassembly, cleaning, and re-assembly. Using 0.25 mm spacers solved the problem.

6. 30 AWG kapton-wrapped, silver-coated, solid-core copper wire. Wire OD =  0.25 mm, insulation OD 
=  0.50 mm. Purchased from Accu-Glass Products

7. Indalloy 290 from Indium Corporation: 97% indium, 3% silver. 143°C melting point
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Electrical 
Feedthrough  

On KF40 flange

Figure 4.6: Pictures showing how the wires are routed. Bottom left: the wires are routed 
through the aluminum endcaps and bundled together. An endcap cover keeps the wires in 
place. Top: the wire bundles are each terminated with a 32-pin plug. Bottom right: The 
plugs connect to a feedthrough mounted on a KF40 flange.

electrodes makes them very effective heat sinks.

The wires extend in both directions away from the center of the IR, aiding B-field 

uniformity, but also so that we have two connections to any electrode. One connection 

is used to apply a voltage and the other is used to measure the applied voltage. Figure 

4.6 shows how the wires are routed from the electrodes to the vacuum feedthrough. After 

soldering, the wires are taped to the tubes for additional strain relief. At either end of 

the IR, the wires are individually routed through holes in the aluminum endcaps and then 

bundled together. A cover is placed over the endcap to keep the wires in place so that 

they do not block the molecular beam. The wire bundles are each terminated in a 32-pin 

circular connector8 designed for vacuum. The circular connector is screwed into an electrical 

feedthrough mounted on a KF40 flange. The air-side connections lead back to DAQs which 

set and measure the electrode voltages.

8. The feedthrough (part number IFDRG327018B), vacuum-side connector (FTACIR32V), and air-side 
connector (FTACIR32AS) were purchased from the The Kurt J. Lesker Company
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4 .3 .2  M a g n e tic  fie ld  p erform an ce

Figure 4.7 shows a plot of the 5-field perturbation along the IR ’s axis that is induced by 

the electrodes, spacers and gaps. This data was produced by a finite element simulation 

of only the electrodes, spacers and gaps, assuming cylindrical symmetry. The prisms, laser 

holes, and wire channels were excluded. The effect of the prisms and laser holes will be 

shown later, and the channels should not affect the 5-field uniformity due to their constant 

cross section along the 5-field axis.

As we mentioned in section 4.2. we would expect that features with a constant cross 

section along the 5-field axis should produce a 5-field that is constant inside and zero 

outside, like tha t of a long solenoid. Indeed we do find tha t there is an overall constant shift 

of about 10 pG, although that field increases with z since the tube ends are not infinitely 

far away. The nonuniformity in the center is caused by the gaps between the rings where 

there are no Kapton spacers. The spaces between the rings tha t do have kapton spacers 

should produce almost zero 5-field nonuniformity due to the nearly identical magnetic 

susceptibilities of Kapton and copper9. The peak-to-valley nonuniformity of about 40 /iG 

is only 0.01 ppm of the overall 4600 G field, well within our desired uniformity of 0.1 ppm.

4 .3 .3  E lec tr ic  field  p erform an ce

Figure 4.8 shows plots of the axial component of the 5-field (£z) due to either a voltage 

pulse created by applying 1 V to a ring, or a voltage step created by applying 1 V to all 

electrodes before the step location and 0 V to all electrodes after the step location. These 

5-fields are plotted at three radial distances: r =  0 (axial), r =  2.5 mm (weighted average 

radial position of molecules), and r =  3.75 mm (radius of molecular beam at the center of 

the magnet). The 5-field does not vary much over the radial extent of the molecular beam.

We can make an approximation of an arbitrary 5-field by forming linear combinations 

of the contributions from each electrode, where the linear coefficients are the electrode 

voltages. For example, figure 4.9 shows an ideal single-cycle sine wave (i.e. the desired 5-

9. Volume susceptibility of copper: —9.5 x 10~6 (average of values found in [ ] and [ ]). Volume 
susceptibility of Kapton (polyimide): —9.0 x 10-6  [ ]. Both are in SI units.
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Calculated B-field perturbation due to 
electrodes & spacers in 4600G field
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Figure 4.7: The £?-field along the IR ’s axis induced by the electrodes, spacers and gaps, 
as calculated with a finite element simulation in ANSYS Maxwell. The field produced by 
a continuous copper tube of the same OD and ID is also presented for comparison. The 
peak-to-valley nonuniformity of 0.01 ppm is well within our target uniformity of 0.1 ppm. 
This simulation includes only the electrodes, spacers and gaps, and assumes cylindrical 
symmetry. The materials (copper and Kapton) were simulated as permanent magnets with 
the magnetizations that they would acquire in the applied 4600 G field. These magneti
zations were calculated from M  — y-T-Sannlied- where M  is the magnetization, \  is the 
susceptibility, /jo is the vacuum permeability, and ^applied is the applied 4600 G field. The 
applied field itself was not simulated.
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Figure 4.8: Plots of the axial component (5Z) of the 5-field at different radial positions for 
either a 1 V pulse (i.e. 1 V applied to one ring), or a voltage step (i.e. 1 V on a tube or a 
series of rings), calculated by finite element analysis. This data is used to create arbitrary 
5-fields on axis by adjusting and summing the contributions of different electrodes.
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Figure 4.9: An ideal single-cycle sine wave (i.e. the desired 5-field for the parity violation 
measurement), overlaid on the best-fit sine wave created with a linear combination of single
electrode 5-fields.
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Figure 4.10: Plots comparing our approximate expressions for the 5-field on axis to the 
exact behavior, for a 1 V pulse and a 1 V step. Our approximate expressions differ very 
little from the exact behavior, and are useful for analytic investigations.
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field for our parity violation measurement) along with the best-fit approximation made with 

our electrodes. This method is also used to create £ -fields tha t nullify stray non-reversing 

£ -fields that we measure (see chapter 6).

We find that the £-field on axis for 1 V on one (non-prism) ring is well approximated by 

the function £z (z) =  5osecMz/c72)tanh(z/erz), with £q = 0.28 V/cm and <x2 =  0.82 cm. For 

a molecule traveling at v = 616 m /s. this function becomes £z {t) =  £oseeli(t j a t )tanh(t /crt). 

where at = az/v  =  13.3 /jls. Similarly, the <?-field on axis for a IV step is well approximated 

by the function £z(z ) =  £0sech(z/ a z), with £q =  0.42 V/cm and az =  0.76 cm. Again, for 

a molecule traveling at v = 616 m /s, this function becomes £z (t) =  £osech(t/<7t ), where 

&t =  <?z/v =  12.3 (is. Figure 4.10 shows plots comparing the approximate and exact ^-fields 

for one ring and a voltage step.

4.4  Laser beam  delivery com ponents

4 .4 .1  P r ism s

Figure 4.11 shows a  schematic of a prism attached to the IR. The prisms are ordinary BK7- 

glass right-angle prisms purchased off-the-shelf10 from Edmund Optics. Before modification 

they were 12.5 mm wide, but were cut down to a width of 4.8 mm by Daryl Smith in the Yale 

Scientific Glassblowing Laboratory. To ensure that there is no insulating surface exposed 

to the molecules, the prism face that is exposed to the molecular beam is coated11 with 

indium-tin oxide (ITO), which is both transparent and electrically conductive. A small 

piece of indium sandwiched between the prism and the prism ring electrode ensures that 

the ITO face is at the same voltage as the electrode. The other face that the laser passes 

through is anti-reflection (AR) coated for 860 nm light. The diagonal face is uncoated; the 

laser is redirected through total internal reflection. The prism is attached to the electrode 

with a vacuum-compatible UV-curing epoxy12.

In order to minimize the B-field perturbation induced by the prisms, we attached tan-
10. 12.5mm, Uncoated, N-BK7 Right Angle Prism. Edmund Optics part number 45-108.

11. AR and ITO coatings applied by Thin Film Labs in Milford, PA.

12. Master Bond UV10TKLO-2

91



Tantalum shim

AR coated
ITO coated

Uncoated

Prism width = 4.8 mm
Laser beam

Electrode
Epoxy

Indium

Figure 4.11: A schematic (not to scale) of a prism attached to the IR. The dotted line 
indicates the portion of the off-the-shelf prism that was cut away. The ITO coating and 
the indium ensures that no static charges build up on the inside face. The paramagnetic 
tantalum shim nullifies some of the nonuniformity induced by the diamagnetic BK7 prism.
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Figure 4.12: A plot of the modeled B-field perturbation due to the prisms and laser beam 
holes, with and without tantalum shims for nullifying the perturbation. W ithout the shims, 
the peak-to-valley variation in the B-field is about 0.14 ppm. W ith the shims, the variation 
is about 0.03 ppm.
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talum shims to the prisms, as can be seen in figure 4.11. Since tantalum is paramagnetic 

and has a volume susceptibility13 that is about 17 times higher than BK7, we would expect 

that we would need shims with a thickness tha t is l/1 7 th  of the thickness of the prisms. 

Simulations were done in Maxwell to determine the optimal thickness, which turned out to 

be 0.38 mm, or about l/1 3 th  the thickness of the prism, which is a bit thicker than what 

we estimated we needed. The extra thickness is likely needed because the shim is a little 

shorter than the prism in the axial direction, so extra material is needed to compensate. 

Also, the shim is a little further away from the center of the IR than the prism, which also 

requires more material to compensate. Figure 4.12 shows the B-field perturbation induced 

by the prisms, tantalum  shims, and laser holes. The indium, epoxy, and tiny gap between 

the prism and IR were not simulated, but these should be too thin to make a difference 

compared to the prism, shim and hole. W ithout the shims, the peak-to-valley variation is 

about 650 pG, or 0.14 ppm of the overall 4600 G field, which is above our desired limit of 

0.1 ppm. W ith the shims, the variation is only about 150 pG, or 0.03 ppm of the overall 

field.

4 .4 .2  O p tica l m ou n t

The optical mount shown in figure 4.13 is a custom-designed kinematic mount that holds a 

beam-shaping telescope and allows fine pitch and yaw adjustments of the telescope to aid 

in aligning the laser beam through the prisms. The adjustment mechanism is a standard 

kinematic mount design: springs14 hold the two halves of the mount together, and three 

ball-tipped adjustment screws on one half mate with “flat, groove, cone” shaped contact 

points on the other half. This constrains all six degrees of freedom (three translational and 

three rotational), maintaining the orientation of the mount [ ]. The pitch and yaw degrees

of freedom can be adjusted by turning the adjustment screws. The component materials of 

the optical mount were selected to be nonmagnetic, since the mount is meant to function 

inside the magnet. Since the mount is more than a foot away from the center of the IR,

13. Volume susceptibility o f tantalum: 177 x 10~6 [ ]. Volume susceptibility of BK7: —10.6 x 10-6  [ ]. 
Both are in SI units.

14. Phosphor bronze springs: part number 407 from Century Spring Corp.
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Figure 4.13: A model and a picture showing features of the optical mount. The mount uses 
a standard “flat, groove, cone” kinematic coupling with pitch and yaw adjustment, using 
nonmagnetic components. A telescope with optics for laser beam shaping is attached to 
the mount, and a pair of mirrors shifts the beam outward so tha t it can travel along the 
outside of the IR before striking the prisms. An aperture ensures that only the molecules 
traveling near the IR’s axis can pass through.
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any 5-field nonuniformities induced by the non-constant cross-section of the mount will be 

too small to m atter at the center of the magnet.

The bushings10 have a 6-80 thread and are made of phosphor bronze. They are designed 

for use with matching stainless steel adjustment screws, but we found that these screws were 

ferromagnetic (especially the ball tip), so we had custom brass adjustment screws made by 

the Gibbs machine shop. The first design of these adjustment screws had a hemispherical tip 

formed from the screw end, so tha t the screw and tip were one continuous piece. However, 

we found that the soft brass became dented when pressed against the contact points on the 

other half of the mount, so these brass hemispheres were drilled out and titanium balls were 

press-fit into the adjustment screws. These titanium balls have the advantage of being very 

hard yet nonmagnetic.

The contact points are made from aluminum oxide (or “alumina” ) pieces purchased 

from McMaster-Carr16. The “flat” contact point is made from a disc of alumina (cut from 

a rod), the “groove” is made from two parallel alumina rods, and the “cone” is actually 

a short section of alumia tubing, but has the same effect as a ball-cone mating since the 

ball-tube contact line is also a circle. All of these alumina pieces are attached to the optical 

mount using Torr-Seal epoxy.

The beam-shaping telescope is clamped into the optical mount using a small aluminum 

clamping block. One side of the block is curved to match the telescope curvature, and 

the other side is flat so that a set screw on the optical mount can press down to clamp 

the telescope in place. The laser beam emerging from the telescope is shifted outwards by 

about 5 mm using two fixed mirrors set into the optical mount, as seen in the lower right 

panel of figure 4.13. These mirrors are necessary for allowing the laser beam to travel along 

the outside of the IR while allowing the telescope to be placed at a smaller radial position 

so that it doesn’t  interfere with the 5 cm ID beam line tube that the IR is placed into.

As seen in the lower left panel of figure 4.13, the optical mount also features an aperture 

for the molecular beam which ensures that only the molecules travelling near the axis of

15. Thorlabs part #F 6SS N 2P

16. McMaster-Carr part numbers: 8746K11, 87065K41, 87065K44
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the IR can pass. The aperture diameter is 5.8 mm, matching the cone defined by the beam 

source (assumed to be a point source) and the 1.27 cm aperture in the light collection mirrors 

in the third chamber. Since these two apertures have roughly the same solid angle as seen 

from the beam source, the optical mount’s aperture only plays a role if the beam source 

and the two apertures are not in perfect alignment. In this case, the lack of an aperture on 

the IR would result in molecules farther off axis being used in our measurements.

4 .4 .3  T elesco p e

Figure 4.14 shows a picture of the telescope attached to the IR, along with a schematic 

showing the arrangement of lenses inside the telescope. Laser light at 860 nm with a Gaus

sian profile emerges from the polarization-maintaining fiber17 with a numerical aperture 

(NA) of 0.1. An aspheric lens18 with a focal length of 11 mm then collimates the beam to 

a 1/e2 diameter of 2.2 mm. Next, a pair of cylindrical lenses with focal lengths -12.5 mm 

and 75 mm expands the laser beam in the vertical direction by a factor of 6 (the expansion 

factor is given by ratio of focal lengths), resulting in a  beam with a vertical 1/e 2 diameter 

of 13.2 mm. At a vertical diameter that equals the molecular beam size at the center of the 

magnet (7.6 mm), the laser beam intensity is about 50% of the peak intensity.

The telescope is constructed from multiple 1.27 cm ID lens tube sections19, where each 

section has multiple holes drilled through its outer surface so that air can easily escape under 

vacuum. The individual lens tube sections are coupled with externally-threaded couplers 

and held in place with locking rings. The commercially available locking rings have an OD 

that is larger than the lens tube OD, so custom locking rings were made to match the lens 

tube OD to avoid interference with the molecular beam and beam line tube. The cylindrical 

lenses are held in place with commercial retaining rings that were modified to have a shallow 

ledge for the lenses to sit in so tha t the lenses are centered in the retaining ring and thus 

centered on the lens tube axis. During final assembly of the telescope, the first lens tube

17. OZ optics part #  PM J-3S3S-850-5/125-0.25-1-1. N A ( l/e 2)=0.11 © 850 nm, or 0.098 @ 860 nm

18. Lenses: (1) Aspheric lens: Thorlabs A397TM -B, (2) Cylindrical diverging: Edmund Optics NT48-375, 
(3) Cylindrical converging: Edmund Optics NT47-742

19. Lens tubes, couplers, locking rings, and retaining rings were purchased from Thorlabs.
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Figure 4.14: Pictures and a schematic showing features of the telescope assembly. A 
polarization-maintaining fiber plugs into a fiber adapter at one end of the telescope. An 
aspheric lens collimates the beam emerging from the fiber, and a pair of cylindrical lenses 
expands the collimated beam in the vertical direction, resulting in a beam with a 1/e 2 
height of 13.2 mm. The cylindrical lenses are epoxied into retaining rings that have been 
modified to have a shallow ledge which serves to keep the lens centered on the telescope axis. 
The telescope housing is made from a series of lens tubes that are mated using externally- 
threaded couplers. These relative orientation of these lens tubes are fixed using locking 
rings and epoxy.
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section, containing the aspheric collimating lens and the fiber adapter, was rotated relative 

to the rest of the telescope until the laser beam polarization (defined by the fiber adapter 

keyway) was horizontal. The relative orientations of the lens tube sections were then locked 

in place with locking rings and epoxy.
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C hapter 5

T he D ata  A cquisition  System

5.1 O verview

The experiment features a data acquisition system that is controlled by four different com

puters. These computers and their tasks are listed below:

•  M ain C om puter

— Sets parameters (e.g. B-field), either directly or through other computers

— Collects and processes PMT signals

— Measures experimental conditions, either directly or through other computers

— Records collected data; indicates which data should be excluded due to errors

— Provides interface for plotting and examining collected data

•  V oltage C om puter

— Sets voltages on all 32 interaction region electrodes

— Measures electrode voltages; reports measurements to main computer

— Closes/opens shutter to block/unblock state prep laser (as shown in 3.12)

— Sets currents on “mini-shims” for additional control over B-field

•  M agnet C om puter

— Sets currents on room-temperature shim coils for C-field uniformity
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Figure 5.1: A schematic of the data acquisition system, consisting of four computers. The 
main computer controls most aspects of the experiment, collects measurements made on all 
four computers, and writes the measurements to files. The voltage computer sets and mea
sures the voltages on the interaction region electrodes, and blocks/unblocks the state prepa
ration laser with a shutter. The magnet computer sets currents on the room-temperature 
shim coils and reads the magnetic field with NMR probes (not all connections on magnet 
computer are shown here). The laser computer locks the frequencies of the diode lasers. 
A pulse generator synchronizes data acquisition between the main and voltage computers, 
controls molecular beam source timing, and times the switching of electrode voltage sets 
and state prep laser shutter opening/closing. D ata and commands are communicated via 
TCP on our lab network.
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-  Adjusts “constant offset” coil to change overall 5-field during data acquisition

-  Measures 5-field with NMR probes; sends measurements to main computer

• Laser C om puter

-  Locks frequencies of all three diode lasers

-  Reports error to  main computer if any laser frequency deviates from set point

A pulse generator provides the timing triggers for measurements, electrode voltage 

switching, state preparation laser blocking and unblocking (with a shutter), and molec

ular beam source pulsing. The voltage computer’s measurements are synchronized with the 

main computer’s measurements, while the magnet computer and laser computer operate 

asynchronously. Using TCP connections through our lab’s network, the main computer 

collects measurements from, and sends commands to, the other computers.

In order to understand exactly what data needs to be collected and what parameters 

need to be set, it is useful to look at what quantities appear in the expressions derived in 

chapter 2 . We know that we need to measure the asymmetry A  to make our measurement 

of the weak m atrix element W . Experimentally, A  is given by (2.117):

S+ -  S -A  - S+ + S - -  2S0

The signals S+, SL, and S'o are just the PMT counts detected when the sine wave T-field 

amplitude So is positive, negative, and zero, respectively. Thus the data acquisition system 

must be able to switch between these machine states (by switching between three voltage 

sets that define the 32 electrode voltages) and record the PMT counts that occur in each 

one. We also acquire data under a fourth state Sc1- where the molecular-state preparation 

laser is blocked with a shutter (as shown in 3.12) for diagnostic purposes.

W ith an experimental measurement of A , we can determine W  with an approximate 

analytical expression for A.  To first order, the expression is given by (2.108):

W  uo2 -  A 2 sin -I- A T/)
- 4 = 7 - — 77   M T  io\—  ̂ a'p  +  6-p )A oSquj sm(ATe/2)
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To determine W  with a measurement of A , we must know all of the other parameters: 

$a,p, $b,P: A, u) (and Te =  2n fuj), T f , d. and So- While d is a property of the molecular 

states (which has been measured), the other parameters are all under our control. Thus, 

our data acquisition system must have the capability of setting and measuring these other 

parameters. During a data run we sweep A over a range of values by adjusting the £?-field, 

producing plots of signal and asymmetry tha t look like figures 2.6 and 2.7. The parameters 

of our sine wave 5-field. oo and |5o|, are set before the data run and axe not adjusted during 

the run. Currently, we only apply a state preparation laser before the 5-field region1, so 

8a,P — 1 and 8b,p = 0. The free evolution time T f  is determined by where the sine wave

5-field begins, relative to where we apply the state prep laser (i.e. at the first “laser hole” 

in the IR).

Although there are only a handful of parameters explicitly appearing in (2.108), con

trolling and monitoring each of these parameters is a complex matter. For example, the 

two 5-field parameters |5o| and u> require setting voltages on each of the 32 electrodes. 

Two separate data acquisition (DAQ) modules with 16 analog outputs each are used to 

accomplish this. Two additional DAQs, each with 16 analog inputs, measure the voltage 

on each electrode to  check tha t they were set correctly. The voltages are changed on every 

pulse (i.e. at 10 Hz) to one of the three voltage sets that define our three 5-field conditions: 

positive, negative, and zero. A pulse generator, controlling all timing for the experiment, 

provides the two separate triggers that tell the DAQs to measure the voltages immediately 

before a pulse and to change the voltages between pulses.

Furthermore, we need to control many aspects of the experiment that do not explicitly 

show up in the analytic expressions. For example, our analytic expression implicitly assumes 

tha t the H-field is uniform. In order to maintain this uniformity, we have an an array of 32 

NMR probes, 15 room-temperature shim coils, and 32 “mini-shim” coils (as described in 

section 3.3.2), and controlling all of these coils and probes requires a computer, multiple data 

acquisition (DAQ) modules, and an array of electronics including amplifiers, a frequency

1. However, in the near future we will add the ability to perform state projection after the f-field  region, 
and the data acquisition system  will be updated to be able to autom atically switch between the four states 
{<50,p ,<5m >} =  { { 0 , 0 }, { 1, 0 },  { 0 , 1}, { 1, 1}}
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Figure 5.2: A timing diagram for the BNC555 pulse generator outputs. Relative timing is 
not to scale.

reference, a multiplexer, and a pulse generator.

In section 5.2, the timing of events during a single pulse of the molecular beam source 

will be discussed. In section 5.3, we will discuss how we derive the signal S  by counting 

pulses from our PMTs. In section 5.4, we will discuss our three levels of data organization, 

and the data that is collected at each level.

5.2 P u lse generator tim ing

All hardware timing signals for the experiment are controlled by a Berkeley Nucleonics 

model 555 pulse generator (BNC555). The relative timing of these signals is shown in 

figure 5.2. All of the timing for the molecular beam source is controlled by the first three 

channels. Channel A controls the Nd:YAG laser’s flashlamp (FL), channel B controls the 

pulse valve, and channel C controls the q-switch which fires the laser. These channels run 

continuously as long as the main program is running, which is necessary to keep the laser 

warmed up so tha t its power output is constant. The Nd:YAG laser requires tha t the 

flashlamp runs at 100 Hz, although the q-switch can be triggered less often. All the other 

channels (B - E) typically run at 10 Hz, but this is an adjustable parameter.
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The next two channels control data acquisition timing. Channel D triggers the acquisi

tion of data on both the main and voltage computers (PMT signals, photodiode voltages, 

and electrode voltages). Channel E controls machine state (i.e. S+. SL, S q. or Sc)  switch

ing, triggering the voltage computer to switch to a new voltage set and to open or close the 

state prep laser shutter. These two channels are gated, only sending trigger signals when 

the gate is open. The gate is controlled via channel G (which does not pulse), which is 

externally connected to the gate input (see figure 5.1). To open the gate, the output of 

channel G is set to 5 V via a GPIB command. The main data acquisition program opens 

the gate at the start of every block of da ta  (see section 5.4.2 for the definition of a block), 

and closes it at the end of each block.

The data acquisition trigger occurs a t the same time as the q-switch trigger, so that t = 0 

in the data is coincident with the creation of the molecular beam. It takes approximately 

4.3 ms for the center of the molecular beam pulse to reach the detection chamber (chamber 

3), and its width is typically about 0.5 ms, so 5 ms of data is acquired. 1 ms after the 

data acquisition ends for the pulse (or 6 ms after it starts), a trigger is sent to the voltage 

computer which tells it to  switch to the next machine state by setting the state prep laser 

shutter to be open or closed and by changing the voltage set applied to the electrodes. 

With the DAQs we use on the voltage computer, the state switching is not hardware re- 

triggerable, so the voltage computer’s program must poll the trigger input with a software 

loop to see if a trigger has arrived so tha t it can reset the trigger input in preparation for 

the next pulse2. Because of this slow software polling, the switching pulse was made very 

wide: 9 ms.
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Figure 5.3: A figure illustrating how we construct our time-of-flight (TOF) signal. The 
upper panel illustrates how we calculate the PMT counts in each 10 ps bin by sampling 
our DAQ’s counter, which is continuously counting pulses from the PMT. The lower panel 
shows a typical TOF. The counts in the peak region are summed to give our signal S  for the 
pulse, which will then be assigned to one of the four machine states, depending on which 
voltage set was applied and whether the state prep laser shutter was open or closed. The 
background region is used to estimate the number of background counts tha t occured in 
the signal region.
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5.3 P M T  D ata  A cquisition

The PM T signals are amplified and discriminated to give digital output signals correspond

ing to a single photon count. These digital signals are connected to counter terminals on 

one of the DAQs in the main computer. For a given molecular beam pulse, the DAQ will 

acquire 502 samples3 of the counter values a t 10 ps intervals. The change in counter value 

between subsequent samples is taken to be the number of counts that occured in a given 

time interval, or “bin” , resulting in a time-of-flight (TOF) sequence of counts per bin for a 

single molecular beam pulse, as shown in figure 5.3. This TOF data is used to distinguish 

background counts from fluorescence photon counts, but has also been used to determine 

the molecular beam velocity and velocity spread. A typical TOF plot (for the PMT in the 

final chamber) will have a uniform background and a large peak of counts at around 4.3 

ms, the time when the molecular beam reaches the final chamber.

After the TOF is acquired, the data is procesed to determine the number of signal 

counts in the peak. We define boundaries for the “peak region” where we expect all signal 

counts to occur, typically between bins 380-480 for the PM T in the final chamber, and we 

sum all the counts in this region to get a raw count. However, this raw count also includes 

background counts. To estimate the background counts in this region, we first determine 

the rate of background counts by finding the average counts per bin in a background region 

where we know that there are no signal counts. Then this background rate is multiplied by 

the number of bins in the peak region to get the background counts in the peak. The signal 

is then equal to the raw counts in the peak minus the background counts in the peak.

2. The “SyncLD” pins on the AO DAQs (MCC USB-3105) act differently than the triggers on a buffered 
output DAQ. W ith the SyncLD option active, when the software tells the DAQ to apply voltages, those 
voltages aren’t applied until a trigger arrives (the trigger being the switching pulse) on the SyncLD pin. 
After the trigger, the software must send the next voltage set to the DAQs to prepare for the next trigger 
(since there is no hardware buffer). However, the DAQ doesn’t tell the software that the last trigger arrived, 
so the trigger is also connected to a digital input which is polled by a software loop. W hen the software 
loop detects that the last trigger arrived, it loads the next voltage set to the DAQs. Since software polling 
is relatively slow, the trigger must be very wide.

3. It was empirically discovered that this must be an even number, since the DAQ (PCI-6259) transfers 
data from the onboard FIFO buffer to the computer in groups of 2. Errors will occur otherwise.
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Figure 5.4: The organization of data collected during a run of the experiment. A “pulse” is a 
single pulse of the molecular beam, each of which measures the PMT signal under one of the 
four machine states. A “block” is a collection of pulses, all with the same ^-field/detuning 
value. A “run” is a collection of blocks, all with the same three voltage sets. Each run has 
its own folder on the hard drive. Each block consists of seven files. Each pulse is a single 
line in each file (except for the header, which doesn’t  contain data on individual pulses).

5.4 D ata  O rganization

The data we collect is organized into three levels: pulses, blocks, and runs. These are 

described in the following sections.

5 .4 .1  P u lse s

A pulse is a single pulse of the molecular beam. For each pulse, we record the signals from 

PMT 1 (in chamber 2, before the magnet) and PMT 2 (in chamber 3, after the magnet). 

In order to know which machine state to assign this PMT signal to, we record the electrode 

voltages that were measured by our analog input DAQs and we record the measurement
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made by a photodiode (as shown in figure 3.3) tha t determines whether the state prep laser 

shutter is open or closed.

Under certain conditions, pulses may be marked as “bad” so tha t they are excluded from 

data analysis. If the electrode voltages do not correspond to one of the three voltage sets, 

then the pulse will be excluded. Also, if the photodiode signal is in some “dead range”-i.e. 

not low enough to indicate closed and not high enough to indicate open-then the pulse will 

be excluded. Furthermore, the laser computer continually sends the laser lock status to the 

main computer. If any of the diode lasers’ frequencies deviate from their set points during 

a pulse, that pulse will be excluded. Finally, the main computer monitors the status of the 

stepper motor that turns the barium target in the source chamber (which can be activated 

manually or automatically if the signal gets too low), and excludes pulses where the motor 

was turning.

5 .4 .2  B lo ck s

A block is a collection of pulses, all acquired with the same B-field setting (and thus detun

ing), yielding a single asymmetry data point and an error bar for that point. The target 

number of pulses to acquire in a block is an adjustable parameter, typically set at 300 for 

30-second long blocks. If errors cause pulses to be excluded, the target number of pulses to 

acquire in the current block is increased so tha t the total number of good pulses acquired is 

always at least the initial target. A maximum number of pulses to acquire can be set, typi

cally twice the initial target, so that data acquisition eventually stops if there is a persistent 

error condition.

On every pulse within a block, the electrode voltages are randomly set to one of the 

three pre-determined voltage sets. The state prep laser shutter switches between open 

and closed multiple times per block: typically every 60 pulses, although this is another 

adjustable parameter. This is done less often than the 5-field switching since each shutter 

has a lifetime of about 1 million cycles. All three 5-field states occur when the state prep 

laser shutter is closed, but they are all treated as a single state: Sc-  For each machine state 

the average PM T counts per pulse is calculated, and after data acquisition these values are 

plugged into (2.117) to get an asymmetry value for the block.
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A laxge number of parameters are recorded at the block level. The most important one 

is the magnetic field value. During a block, the magnet computer repeatedly measures the 

magnetic field with a single off-axis NMR probe. For a 30-second long block, this typically 

results in 20-30 measurements which are averaged together at the end of the block, yielding 

the magnetic field value we assign to the block, although the individual measurements are 

all also recorded. Some other values tha t are recorded are: the wavcmeter readings at 

the start of the block (with the coarse values of the laser frequencies), the start and end 

times for the block, most of the front panel control settings for the main computer’s data 

acquisition program, and whether or not an error occured during the block.

An entire block of data may be excluded from data analysis if certain errors occur, such 

as network connection errors or other errors thrown by LabView. Another possible source 

of error is the mismatch of data between the main computer and the voltage computer (e.g. 

due to an extra trigger on one of the computers caused by electrical noise). In order to 

catch this, on every pulse the computers compare the number of data acquisition triggers 

that have arrived on each computer, as well as the number of data sets that have been 

acquired on each computer. If these numbers do not match, it is indicated in the header 

file for the block that an error occured, so subsequent data analysis can exclude the block. 

Also, the user can add a “bad” tag to any data set to manually mark it for exclusion it for 

any reason.

5 .4 .3  R u n s

A run is a collection of blocks, all acquired with the same three voltage sets. For example, 

data can be taken with the voltage settings for a 1 V/cm sine wave (i.e. £q ={1, -1, 0} 

V/cm), but if the settings are changed to a 2 V /cm  sine wave (i.e. £o ={2, -2, 0} V/cm) a 

new run must be started. Every time a new block is started, the voltage settings are checked 

to make sure that they are the same settings that were used for the other blocks in the run, 

otherwise an error is thrown. Besides the information contained in the individual blocks, 

the only things that are recorded at the run level are the settings for the three voltage sets 

and the settings for the room-temperature shim coils.
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C hapter 6

M agnetic &; E lectric field  

Shim m ing

6.1 O verview

W ith the installation of the interaction region1 (IR) and the establishment of the data 

acquisition system in the summer of 2013, we began taking asymmetry data of the kind 

needed to measure W .  For these measurements we used 138BaF, where we expect to measure 

a weak matrix element W  that is consistent with zero (see 3.1). Fitting our data with our 

first-order asymmetry equation (2.108), we extracted a nonzero value of W, as shown in the 

left panel of figure 6.1. It was immediately evident that our result was contaminated by a 

systematic error.

An investigation into systematic effects for a parity violation experiment in atomic 

dysprosium [ ], which used a method very similar to ours, had found that the combination

of a field gradient with a stray, nonreversing £-field can cause a spurious shift in the value 

of W , so we suspected th a t such a combination may have caused our nonzero observation. 

Using numerical solutions of the Schrodinger equation with W  =  0, we confirmed that 

it was quite easy to generate nonzero extracted values of W  in the presence of field 

nonuniformities and nonreversing f-fields, as shown in the right panel of figure 6.1. While

1. The IR that was used for these measurements was actually different that the one that is in place now. 
It had rings that were only 1.8 mm wide, so our control over the £-field extended over a smaller range.
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Figure 6.1: The plot on the left shows early parity violation data using 138BaF, where we 
would expect the weak matrix element to be zero, along with a fit to the data using equation 
(2.108). The plot on the right shows a simulated asymmetry produced with a numerical 
solution of the Schrodinger equation. The parameters used in the simulation were: W  = 0, 
a linear B-field gradient of d B /d z  = —I mG/cm, and a nonreversing 5-field with a peak 
of -25 mV/cm and a shape tha t matches the field due to a single interaction region ring 
electrode (given by (6.44)) at the center of the IR.

we did not (and still do not) have a systematic way to categorize how this combination of 

imperfections gives rise to a nonzero2 W ,  it was clear that we needed to  come up with a 

way to measure and eliminate these imperfections as best we could.

As mentioned in section 3.3.2, we have been able to “shim” (i.e. make uniform) the 

B-field to below 0.1 ppm by using our NMR probes and shim coils. We have also developed 

a method for measuring the axial R-field using the molecular signal (i.e. the measured 

population transfer caused by an applied 5-field), which allows us to measure the axial 

R-field without opening up the vacuum system to insert the NMR probe into the beam line. 

These methods of measuring and shimming the #-field are discussed in section 6.2. The 

molecular signal can also be used to measure nonreversing 5-fields. The procedure for this, 

initially conceived by Sid Cahn, will be discussed in section 6.3.

2. i.e. given a known 13-field nonuniformity and nonreversing 5-field, we do not know how to determine 
the resulting system atic error in W  without doing a numerical calculation.
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6.2 B-field m easurem ent &: shim m ing

6 .2 .1  3 -f ie ld  m ea su rem en t w ith  N M R  p ro b es

The nuclear magnetic resonance (NMR) probes which measure the 3-field are discussed in 

detail in Dennis Murphree’s thesis [ ], but here is a brief description of their operation. 

As described in section 3.3.2 and shown in figure 3.10. an NMR probe consists of a small 

pair of coils. The NMR probe is wrapped around a water sample3 and placed in the static 

3-field to be measured. Initially, the magnetic moments of a small majority of the protons 

in the water sample are aligned parallel to this static 3-field, causing a magnetization of 

the water sample parallel to the static 3 -field. A brief radiofrequency (RF) signal known 

as the “tipping pulse” is applied to the NMR probe coils, which induces an RF 3-field 

tha t oscillates perpendicularly to the static 3-field. The RF 3-field in turn causes the 

magnetization of the water sample to be “tipped” perpendicular to the static 3 -field. The 

sample’s magnetization precesses around the static 3-field, inducing a decaying RF signal 

in the coils known as the “free induction decay” (FID). The frequency of the FID is given by 

uj =  73o, where 7  is the proton gyromagnetic ratio and 3o is the magnitude of the static 3- 

field. Since the proton gyromagnetic ratio is known ( l/2w  «  4257 Hz/G), the measurement 

of the FID frequency uj allows us to deduce the magnitude of the static 3-field.

6 .2 .2  3 -f ie ld  sh im m in g  w ith  N M R  p rob es

As mentioned in section 3.3.2 and shown in figure 3.10, the experiment features an array of 

NMR probes arranged symmetrically around the center of the magnet. Also mentioned in 

section 3.3.2 were the shim coils that produce 3-fields nominally corresponding to different 

real spherical harmonics4. Since we would expect all the probes to give the same measure

ment if the 3-field was uniform over the volume bounded by the probe array, our goal in 

shimming is to adjust the currents on each of the shim coils until all the probes give the

3. The water sample has a small amount of copper sulfate (CUSO4 ) dissolved into it. This helps to shorten 
the decay tim e and hence allow more rapid repitition of the measurements as a means to monitor temporal 
changes in the B-field. However, the inclusion of the CuSC>4 does not change the conceptual description of 
the NMR probe operation.

4. i.e. functions of the form r eGe,m (0,4>), where Ge,m =  i (slgn<Tn)_1>(y<,m ±  V<,_m).
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Figure 6.2: A conceptual illustration of how the m atrix Gij is constructed. G^  gives the 
change in 23-field at probe i per unit of current added to shim coil j .

same 23-field reading. In this section, we will discuss how to determine the shim currents 

that minimize the differences in probe readings. See Dennis Murphree’s thesis for more 

details on this procedure [ ].

A measurement of the 23-field at each probe location is not enough information to de

termine the optimal set of shim currents. In addition to  the probe measurements, we need 

to know how much the 25-field changes at each probe location per unit of current applied to 

a given coil. Note that Bl . the 23-field at probe i, should be a linear function of the n  shim 

coil currents:
n

. . . , I n )  = Bio + ^ 2  Gijlj  (6.1)
3 =  1

where Bio is the field at probe i when all the currents are zero, and the GtJ are unknown 

linear coefficients. For a given probe location i and shim coil j .  the coefficient Gij can be 

determined by taking a partial derivative:

Jij
dBi
d l, (6 .2)

In other words, Gij is the change in 13-field at probe i per unit of current applied to shim 

coil j .  Since Bt is a linear function of I j ,  this can be determined experimentally by changing
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the current on shim coil j  by a fixed amount Slj (making no changes to the other shim 

currents), and then measuring the resulting change in field SBij at probe i:

fi _  SBijCij -  SJ_ (6.3)

Figure 6.2 shows a conceptual illustration of how these coefficients are determined from 

applied currents and measured 5-fields.

To make the 5-field uniform, we decide on a field 5 goai tha t we wish all of the probes 

to read5. Then the changes we need to  induce at each probe location are given by:

A 5 ; =  Bgoax -  5 ' (6.4)

where A5j is the change in 5-field at probe i required to make the field uniform and 5 ' is 

the field at probe i before shimming.

Now all that remains to do is to find the set of shim coil current changes A Ij that 

will induce the field changes A 5* that are required to  make the field uniform. W ith our 

measurement of Gij, the shim currents can then be found by solving the following matrix 

equation:

A Bt = G ijA Ij  (6.5)

If Gij were a square matrix, it might be possible to solve for A Ij  by finding the inverse 

of Gij. However, in our system Gij is not square: we have 32 NMR probes and 15 room- 

temperature (RT) shim coils6, so Gy has 32 rows and 15 columns. Finding A Ij  is then a

5. Bg0ai should be close to the average pre-shimming 5-field so that the changes in shim coil currents 
needed for shimming are small.

6. Although we have 7 superconducting (SC) shim coils in addition to the 15 RT shim coils, each SC coil
has an equivalent RT coil, making the SC coils redundant once the field is sufficiently close to uniform.
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m atter of solving an overconstrained system of 32 equations and 15 unknowns':

(  A B \  ^ 

A 0 2

G \ , \ A / i  +  G i^ A /2  +  • • • +  G1.15A/15 

C?2,i A / i  +  G 2 ,2 A /2  +  • • • +  G 2 4 5 A /1 5
(6.6)

\AB3 2 /  \G 3 2 ,1  A J i  +  G32,2&h H--------1- C ?32,15A 7i5y

See section 6.2.6 for a plot showing the axial 13-field tha t results from shimming with 

the probe array and RT shim coils.

6 .2 .3  A x ia l B - field  m ea su rem en ts  w ith  N M R  p ro b es

Since the molecules travel along the magnet’s axis (2 ), that is where we are most interested 

in having a uniform B-field. While the probe array lacks an axial probe (as that would block 

the molecular beam), we can measure the 0 -field along this axis if we open up the vacuum 

system and place an NMR probe inside, translating it across z and making measurements 

at a number of z positions. Furthermore, we can use these measurements to shim the axial 

field in much the same way as we shim the field with the probe array. In this case, the 

index i would designate different z positions rather than different probes in the array. Also, 

there are only four coils8 that are dependent on only the axial coordinate 2 (and not the 

transverse coordinates x  and y), so there would only be four currents to adjust.

We find tha t shimming the magnet with only the probe array (but not the axially 

translated probe) typically gives a uniformity of about 0.5 ppm over a 5 cm length along 2 

at the center of the magnet [ ]. However, if we shim with the probe array and then shim

with an axially translated probe, we typically find a uniformity of about 0.03 ppm over 

the same region [ ]. Thus, we find that shimming with axial B-field measurements (after 

shimming with the probe array) is necessary for acheiving the best possible uniformity along 

the axis.

However, using an axially translated probe is problematic for two reasons. The first

7. See section 15.4 of [ ] for a review of solving system s of overconstrained linear equations.

8. These four coils give a spatial B-field dependence proportional to 2 , z2, z 3, and z4.
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reason is tha t the interaction region (IR) is now in place and so the NMR probe would 

have to go into the IR. While this can be done, it may lead to contamination of the inside 

of the IR which could result in insulating patches where stray charges could be deposited, 

leading to systematic errors in our parity violation measurements. The second reason is that 

the vacuum system must be opened up in order to place the probe on axis and translate 

across z, and pumping the vacuum system down to normal operating pressures after the 

measurement can take a significant amount of time. Opening the vacuum system to use the 

NMR probes cannot be avoided because the probes are not designed to  work under vacuum, 

and they cannot be left in place since they would block the molecular beam. In the next 

section, we will describe a method for measuring the axial field with our molecular signal, 

and so does not require the use of an NMR probe along the axis.

6 .2 .4  B -field  m ea su rem en t w ith  m o lecu lar  s ign a l

At the end of the previous section, we saw th a t we must be able to measure the axial £?-field 

in order to achieve the best possible S-field uniformity along the magnet’s axis. Here we 

will describe a method for measuring the axial field using our molecular signal. The basic 

idea for this method is that we can place a spatially narrow 5-field pulse at some z position, 

and the population transfer caused by the 5-field will only depend on the S-field at that 

position, as shown in figure 6.3. If we assume that the B-field is constant over the range 

where the 5-field is nonzero, then we can easily find an approximate analytic solution for 

the population transfer as a function of £5-field. By comparing the measured population 

transfer to our expression, we can extract the B-field at the position of the narrow 5-field 

pulse. Repeating this process with the pulse at multiple positions gives us a map of the 

axial S-field. This procedure has the added benefit tha t it measures the B-field at exactly 

the positions of the molecules used in our NSD-PV measurement.

Recall the differential equation (2.8) which gives the amplitude for transfer into the 

detection state:

c+(t) = {W -  id£)e~iAtc-(t)  (6.7)

Note that this was derived with the assumption tha t the detuning A is constant.
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1. B-field only matters where £-field is 2. Assume ®-field is constant over
nonzero -> use narrow £-field pulse range where £-field is nonzero
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z

Figure 6.3: An illustration of the assumptions made in our £?-field measurement procedure 
with the molecular signal.

The £-field pulse is applied by creating a voltage step with the IR ’s electrodes. As 

shown in section 4.3.3, the £-field tha t results from this is approximately given by £{t) =  

£osech(t/<rt ). We will want to place this £-field pulse at different locations, so we will use 

the shifted function £{t — U) =  £osech[(t — tj)/ <rt]- Our signal measurements for S-field 

shimming will be made with 138BaF, so we set W  =  0. and we again make the first-order 

“small transfer” approximation that we made in chapter 2, so tha t c_(f) =  1. W ith these 

substitutions, the differential equation becomes:

c+(t) =  —id£osech ^ e_lAt (6 .8)

Integrating9 this and taking the modulus squared to find the signal results in:

S  = (d£07rat)2sech2 (6-9)

We place our £-field pulse a t discrete locations given by zl=vtl . where v is the molecule

velocity. The constant detuning at each location is given by A j, and is related to the B  field

9. The start and end tim es for the integration are arbitrary as long as they occur where the £-field is 
negligible. We can then extend the integration lim its to  infinity to get an analytic expression for the integral.
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by:

&i =  2 v e { B i - B c) (6 .10)

where pe is the electron magnetic moment, Bi is the actual B-field at zr. and Bc is the field 

required to bring our molecular states to crossing (i.e. where A* =  0). The B-field at zz can 

be written as10 Bi = Bc — A B t. where —A Bi is the deviation at zt from the crossing field 

Bc. Furthermore, one of our shim coils allows us to apply a uniform field Bapp. W ith the 

addition of this uniform applied field, the field at Zi becomes:

Bi = Bc -  ABi + Bapp (6 . 11)

and the detuning becomes:

Aj =  2fie(Bapp -  ABi)  (6.12)

Note that our signal, given by (6.9), is maximized when A; =  0, which occurs when 

Bapp =  ABi. Therefore, we can measure the nonuniformity —ABi at each position zt 

by finding the value of Bapp tha t maximizes the signal there. In practice, we do this by 

measuring the signal for a range of Bapp so that we have a plot of signal vs Bapp, and then 

fitting the signal (6.9) to that data with Bapp as a free param eter11.

6 .2 .5  B -field  sh im m in g  w ith  m olecu lar  sign a l

The procedure for shimming the magnet with the molecular signal is nearly identical to 

the procedure described earlier for shimming the magnet using the NMR probe signal. We 

first have to measure the coefficients Gij.  We make an inital measurement of the field at a 

number of locations Z{. We then measure the change in field SBij at each location due to 

the addition of a known current 61 j  to the shim coil indexed by j .  The coefficients are given 

by Gij = SBij /51 j.  Then we can find the changes in shim current A  Ij  tha t are required to

10. The negative sign is there so that the fields ABi  are defined the same way as they were in the last
section: they are the fields we need to apply at each location i to make the field uniform.

11. In fact, the analytical expression given by (6 .9) is not even needed. One can simply find the maximum  
of the plot of signal vs Bapv. The expression was just derived to show explicitly that the signal is maximized 
at A  =  0.
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Figure 6.4: A plot showing the axial 6 -field nonuniformity after shimming. 6  =  0 was 
chosen arbitrarily, so that the magnitude of the fluctuations can be seen.

make the field uniform along the axis by solving the equation A 6 , =  GijAIj.

This procedure differs from the earlier procedure only in the number of positions and 

shim coils. We create our 6 -field pulse by applying a voltage step to the electrodes, so 

the 6 -field pulse will always be centered on a gap between electrodes. Since there are 32 

electrodes and 31 gaps between electrodes, there are 31 locations where we can apply this

6 -field pulse. Also, there are only four RT shim coils whose 6 -fields depend only on 2 . 

As mentioned before, these four nominally apply fields proportional to 2 , z 2, z3. or z4. In 

addition to shimming with the RT coils, the on-axis measurement of the 6 -field allows us 

to shim with our 32 “mini-shim” coils12 for finer control over the axial field13 (see section 

3.3.2).
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6 .2 .6  B -fie ld  sh im m in g  resu lts

Figure 6.4 shows the results of each of our shimming procedures. The red trace (measured 

November 26, 2014) shows the 13-field uniformity that results on-axis from an initial shim 

with only the RT shim coils, based on only the NMR probe array measurements. Within 

the range \z\ < 7.5 cm, this iteration achieved an RMS uniformity of 0.65 mG, or 2.57 mG 

peak-to-valley.

The blue trace (measured December 4, 2014) shows the 13-field that results from two 

further iterations of shimming that used molecular signal measurements of the 13-field: the 

first iteration was used to set the RT shim currents, and the second iteration was used 

to set the mini-shim currents. W ithin the range \z\ < 7.5 cm, this two further iterations 

reduced the uniformity to 0.13 mG RMS, or 0.38 mG peak-to-valley. As mentioned in the 

overview, we do not understand how to determine the size of the systematic error bar in a 

measurement of W ,  given known £-field and 5-field imperfections, so it is not possible to 

say at this point if these results are good enough.

6.3 £-field  m easurem ent Sc shim m ing

6 .3 .1  U se  o f  S tark  in ter feren ce  for £ -fie ld  m ea su rem en t

To measure an unknown stray nonreversing £-field, we employ a method similar to the Stark 

interference method tha t we use for measuring parity violation. Suppose tha t the molecules 

experience an intentionally applied reversible field £r (t) and an unknown nonreversing field 

£nr(t). To first order, the simultaneous application of these fields gives a signal S  with a 

term that is due to the interference of the two fields:

S  =  cj? 2crcnr +  c„r (6.13)

12. Each of the mini-shims is a finite solenoid with a radius of 2.7 cm and a length of 1 cm. For the axial 
field due to a finite solenoid, see p. 225 of [ ].

13. Axial measurements with an NMR probe can also be used to shim the field, in principle.
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where is the signal that would result from only £r (f), and c^r is the signal tha t would 

result from only £ n r ( t ) -  Thus the interference of these two fields gives us a signal term 

linear in cnr. which aids in the measurement of nonreversing fields that may be too small 

to produce a detectable signal on their own.

6 .3 .2  S ign a l d u e  to  s im u lta n eo u s  a p p lica tio n  o f  Sr(t)  a n d  £nr{t)

Here we will derive an expression for the signal that results from the interference of a known 

reversing field £r(t) and an unknown nonreversing field £nr(t). Fitting this expression to 

our data will allow us to extract the unknown nonreversing field £nr(t).

Recall again the differential equation (2.8) which gives the amplitude for transfer into 

the detection state, but with W  =  0 (since we are using 138Ba) and c_(£) =  1 (since we are 

assuming small population transfer):

c+(t) =  —id£(t)e~iAt (6.14)

We can, of course, integrate this to find the amplitude for transfer:

c+(Tf ) = - i d  F '  £( t)e~ iAtdt (6.15)

If the limits of integration occur at times beyond which no population transfer can occur14, 

then the result is the same if we extend the integration limits to infinity. The result is then 

proportional to the Fourier transform of £ (t):

/ OO

£( t)e~iAtdt  (6.16)
-OO

=  - idV2ir£ {  A) (6.17)

For an £ -field tha t is the sum of a reversing part £r (t) (that we apply) and a nonreversing
14. The lim its of integration 71 and T/  must enclose all tim es where the detuning is small enough for £(t)  

to cause population transfer. However, if  we perform state preparation inside the magnet, the lower limit 
of integration will occur at the tim e of state prep. Any population transfer that occurs before state prep 
will be “erased” , and £( t )  will be effectively zero before that, again allowing us to extend the lower lim it of 
integration to — oo.
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field £nr{t) (that we are trying to measure), the amplitude is then:

c+(Tf) = —idyf27r[£r (A) +  £nr(A)] (6.18)

and the signal is:

5(A ) =  |c+(2» | 2 (6.19)

= 27rd2 |5r (A ) |2 +  |5nr(A ) |2 +  5r* (A )4 r(A ) +  5r (A)5*r (A) (6.20)

If we measure our signal at a given detuning A with our applied field + £ r{t) (yielding 

5+(A)) and then measure it again with a reversed field —£r (t) (yielding 5_(A )) , the

difference in the signals will be proportional to only the interference terms:

5+(A) -  5_(A ) =  4vrd2 [5r*(A)5nr(A) +  5r (A)£*r (A)] (6 .21)

After measurement of the signals, and for a given detuning A, the only two unknown 

quantities in (6.21) will be the real and imaginary parts of £nT{A). However, with one 

equation and two unknowns, the system is underconstrained.

To generate the additional equations needed to constrain the system, we can measure 

the signal with the applied field displaced by some time to- From the “shift theorem” of 

Fourier transforms [ ], we have:

F[£{t -  t0)] =  e~iAt0JF[£{t)] (6 .22)

=  e~iAto£(A )  (6.23)

where T  indicates the Fourier transform operation. Replacing 5r (A) with e~lAt°£T(A)  in 

(6 .21) gives the “signal difference” for an applied field £r {t — to) centered a t1 ‘ to:

5 + (A ,t0) -  5 _ (A ,t0) =  W 2 [eiAt°£*r {A)£nr{A) + e- iAf°5r (A )£;r (A)] (6.24)

15. The location of to =  0 is arbitrary; we define it as the center of the interaction region.
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The reversing fields tha t we actually apply have either even or odd symmetry about t =  0 

(specific expressions for 5r (t) will be given later). In these cases, the Fourier transform has 

the following properties [ ]:

If £(t)  is real and even, then 5(A ) is real and even 

If S(t)  is real and odd, then 5(A ) is imaginary and odd

(6.25)

(6.26)

and since £{t) is always real, this implies:

5*(A) =  5(A ) 

5* (A) =  —5(A)

£(t) even  

5(t) odd

(6.27)

(6.28)

W ith these properties, the signal difference becomes:

5+(A,t0) -S_(A ,to )  =
47rd25r (A)

47rd25r (A)

e~iAto£*r(A)  +  eiAt°£nr(A) 

e~iAt°£*r{A) -  eiAt°£nr(A)

£r (t) even  

£r (t) odd

(6.29)

Furthermore, we can rewrite this explicity in terms of the real and imaginary parts of 

5nr(A). Using the following shorthand:

a(A ) -  Re[5nr(A)]

/3(A) =  Im[5nr(A)]

S5(A,to) = S+(A , t o ) - 5 - ( A , t 0)

(6.30)

(6.31)

(6.32)

the signal difference Sg then becomes:

Sg(A,to) = <
87rd25r (A) (q(A ) cos(Ato) — /3(A) sin(A<o)} 5r (t) even  

—z87rd25r (A) (o(A ) sin(Ato) +  (5(A) cos(Ato)} 5r (t) odd
(6.33)
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6 .3 .3  S y m m e try  p ro p ertie s  o f  £nr{t)

Note that £nr(t) (like any function) can be written as the sum of an even part and an odd 

part [ ]:

£nr(t) = £ Z en( t ) + £ n f ( t )  (6.34)

Then by (6.25). the even part of £nr(t) Fourier transforms into the real part of £nr(A):

A f f i r m  =  <*(A) (6 .35)

which has even symmetry:

a ( —A) = a( A)  (6.36)

and by (6.26), the odd part of £nr(t) Fourier transforms into the imaginary part of £nr(A):

-F[£°rdd(t)] = i(3( A) (6.37)

which has odd symmetry:

/? ( -A) =  -/3(A)  (6.38)

Thus these symmetry properties allow to  reduce the amount of data that we need to

acquire by half. For example, we can simply measure «(A ) and /3(A) with only positive

values of A and use the symmetry relations to find a ( —A) and f3(—A).  Alternatively, we

can make our measurement with both positive and negative values of A and average the

results together (with the appropriate signs); this second method is the one we actually use.

6 .3 .4  P ro ced u re  for m ea su r in g  £nr(t)

W ith (6.33), we can measure the nonreversing field as follows:

1. A reversing field £r(t — to) is applied

2. The signal difference S$(A, to) is measured at a range of detunings and collected into 

N  bins (with N  odd) which are symmetric about A =  0 with a regular spacing Ao

3. Steps 1 and 2 are repeated with at least one additional to setting
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4. For each A value, equation (6.33) is used to solve a system of M  linear equations for 

the two unknowns a  (A) and /5(A), where M  is the number of to settings used

5. The nonreversing field is then calculated from a discrete Fourier series:

Snr(kt0) = ~ =  £  K ^ A o ) +  t/5(nA0)] e2nink/N for \k\ <
V _ fsi — i

A T- 1
(6.39)

where the time interval to is given by:

to
2 tt (6.40)

Using the symmetry relations (6.36) and (6.38), the nonreversing field expression 

(6.39) can also be written as:

Snr(kto) — Ao
o ( 0 )

iV  —  1

_ . . . (  2irnk\ \ . ( 2ttn k \
+  2 I J  « (nA 0) cos —  J +  /3(nA0) sin J

N  -  1 
for |A:| < — - —  (6.41)

The uncertainties ok on each point k in the time domain can be easily obtained 

through propagation of error:

crt ( * o \ ‘ o.« ( 0 ) +4I>,
7 1 = 1

9 2 / 2 i m k \  n . 9 ( 2irnk
a ( n A o )  COS )  +  S m  'V N

(6.42)

6 .3 .5  R ev ersin g  fie ld s u sed  for m ea su r in g  £nr(t )

For our reversing 5-fields, we use the fields created either by energizing one electrode ring 

or by a voltage step, as described in section 4.3.3 and plotted in figure 4.10. Here we refer 

to the voltage step 5-field as a “unipolar pulse” since it has a  single extremum, and we refer 

to the one-energized-ring 5-field as a “bipolar pulse” since it has two extrema, one positive 

and one negative (see 4.10). Again, these fields are well-approximated by the following
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Figure 6.5: A plot of the Fourier transform of the reversing fields £r(A)  we use to measure 
stray nonreversing fields £nr(A) in our experiment, where the peaks of each £r(A) have 
been normalized for comparison.

functions:

£r(t) = £osech “Unipolar Pulse” (6.43)

£r(t) = £qSCc1i ^ tanh “Bipolar Pulse” (6.44)

where £q ss 0.42 V o /cm , £q «  0.28 V o /cm , ° t  ~  12.3 ps, a\  «  13.3 ps, and Vo is the applied

voltage. These fields Fourier transform into:

€ ? (A ) =  y i ^ s e c h  (— -) (6.45)

£ ;(A ) =  - . y | A ( ^ ) 2£ j s e c h ( ^ )  (6.46)

Figure 6.5 shows a plot of the Fourier transform of the reversing fields £ “(A) and £%(A) 

where the peaks have been normalized for comparison.

When centered on t = 0 (i.e. the center of the interaction region), the bipolar pulse is 

an odd function and the unipolar pulse is an even function. Plugging these fields into (6.33)
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Figure 6 .6 : A demonstration of the nonreversing 5-field measurement applied to simulated 
data. The simulated data was generated by solving the Schrodinger equation with the 
“unipolar” field as an input 5nr(t), with an amplitude of 10 mV. A “unipolar” field was 
also used as our applied £r(t) field, with an amplitude of 100 mV and 10 to values. The 
simulated data was generated with A/27T ranging from -40 kHz to  40 kHz in 0.5 kHz steps.

gives:

S f ( A, to) =  4\/27r3/ 2d2cr“£oseeh ( a (A) cos(At0) -  /3(A) sin(At0)} (6.47)

Sg(A, t0) = —4v/27T3/,2d2(a j)2£oAsech W ^ )  sin(Ato) +  /3(A) cos(At0)} (6.48)

6 .3 .6  £ n r ( t )  m ea su rem en t d em o n str a tio n  w ith  s im u la ted  d a ta

As a demonstration of the nonreversing 5-field measurement method, figure 6.6 shows the 

nonreversing field tha t was determined from analysis of simulated data (i.e. numerical 

solutions of the Schrodinger equation), using the same analysis procedure as we use on real 

data. In the plot, the extracted £nr is shown overlaid on the actual nonreversing field that 

was used in generating the simulated data. As shown in the figure, the method accurately 

extracts the actual nonreversing field present in the data. Results for real experimental 

data are shown in section 6.3.8.
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Figure 6.7: A plot of the nonreversing field £ nr ( z )  measured before and after shimming in 
December 2014.

6 .3 .7  5 -fie ld  sh im m in g

Once we have measured the nonreversing field 5nr(t), we wish to apply voltages to our 

electrodes tha t will create the opposite field —5nr(t) so tha t the nonreversing field is nullified. 

To find the 32 voltages V( that will shim the field, we solve the following linear equation:

32
-  £ n r ( k t 0 ) =  ^ 2  Ve£e(kto)  (6.49)

e= i

where £e(t) is the known 5-field due to 1 V applied to electrode £ (see section 4.3.3). This

equation is analogous to (6.5). To make the analogy clearer, we can rewrite 6.49 as:

A5fc =  Gkt A V e (6.50)

where A5fc =  — £ n r ( k t o ) ,  Gke =  £e(kto),  and AV  ̂ =  V̂ .

6 .3 .8  5 -f ie ld  sh im m in g  resu lts

Figure 6.7 shows our measurements of £ nr(z) .  the nonreversing 5-field as a function of axial 

position 2 , with measurements made before any shimming (on December 10, 2014) and
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after three iterations of shimming16 (on December 13. 2014). Before shimming, Snr(z) had 

a maximum magnitude of 48 mV and an RMS magnitude of 14 mV. After shimming, the 

maximum magnitude was 6 mV and the RMS magnitude was 2 mV. As mentioned in the 

overview, we do not understand how to determine the size of the systematic error bar in a 

measurement of W,  given known 5-field and 0-field imperfections, so it is not possible to 

say at this point if these results are good enough.

6 .3 .9  0 -f ie ld  ’b u m p ’

Although our 5-field shimming results show that we can significantly improve the uniformity 

of the 5-field within the extent of the ring electrodes, we are unable to control any stray 

5-fields that occur outside of the ring electrode region. In order to prevent these 5-fields 

from causing a systematic error, we can adjust the shape of our 0 -field at the center of 

the magnet such that our levels of interest are highly detuned outside of the extent of the 

ring electodes, as shown in figure 6 .8. This way, any stray 5fields that occur outside of the 

ring region will not cause any population transfer that will in turn  cause a systematic error 

in our parity violation measurements. We refer to this special 0-field shape as a “0-field 

bump” .

Between the IR ’s laser holes (\z\ < 3.15 cm, where we apply a sine wave for our PV 

measurements), the bump has an RMS uniformity of 0.08 mG and a peak-to-valley unifor

mity of 0.23 mG, which is actually better than the fully shimmed field’s RMS uniformity 

of 0.13 mG and peak-to-valley uniformity of 0.35 mG over the same region. Between the 

laser holes and the end of the ring region (3.15 cm < \z\ < 9.16 cm), the field rapidly drops 

away. This should not cause a systematic error in our PV measurements, since we shimmed 

the 5-field in this region and our simulations indicate that 0-field imperfections will not 

cause a systematic error where the 5-field is zero. Beyond the ring region (|2 | > 9.16 cm), 

the field is so detuned th a t stray 5-fields should cause no population transfer, and thus no 

systematic error.

16. We used m ultiple iterations of shimming because the magnitude of the applied field we used was too 
large (5 V ), so the first order approximation was no longer valid, causing our measurements to underestimate 
the actual £nr
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Figure 6 .8: A plot of the 6 -field “bump” we apply in order to nullify the effect of stray 
5-fields outside of the extent of the ring electrodes. The fully shimmed field (from figure 
6.4) is also shown for comparison (labeled “flat”).

130



C hapter 7

C onclusion

7.1 Prelim inary results w ith  138BaF

After shimming the 6 -field and 5-field in December 2014, we immediately proceeded to take 

signal & asymmetry data in our test system 138BaF, where we expect a value for the weak 

matrix element of W  =  0. The 6 -field we used is the single-cycle sine wave given in figure 

4.9, and the 6 -field we used is the same as is given in figure 6.8 (i.e. the “6 -field bump”).

The sublevels of the 138BaF ground electronic state that we used for this measurement are1:

\P+) = \S = 1 /2 ,m s  =  1/2)| /  =  1/2, m j  = 1/2)| N  = 0 ,m N = 0) (7.1)

|P_) =  \S =  1/2, m s  =  —1/2) | J  =  1/2, m / =  l / 2 ) \N  = l , m N = 1) (7.2)

Our data, after processing2, consists of measurements of the asymmetry A  versus applied 

detuning A over the range 1 kHz < |A| < 4 kHz, along with error bars for the asymmetry

values. We acquired 13.3 hours of good data3, achieving No ~  6.5 x 106 molecules in each of

our four machine states. A linear fit was applied to this data using (2.108), the first-order

1. This is crossing “A” , as defined in [ ]

2. See appendix A for details on our data processing and analysis steps.

3. We spent 23.6 hours taking data with a duty cycle o f 56%, and had No  ~  54 counts per pulse.
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expression for the asymmetry, and C, a unitless vertical offset term:

^ ( A ) - C + ^ - ^  sin (A 7;/2).... M..P +  V /-) (7.3)

where W  and C  are fit parameters, d/2ir =  —3360 H z/(V /cm ), 5o =  1 V/cm, a>/27r =11.4  

kHz, Te =  =  87.4 /is, Tf  =  7.4 /is, a = P,  and 6 =  E.  As a result of this fit. we

extracted a value4 of C = —0.013 ±  0.001stat for the offset term, and a value of W/2n =

0.3 ±  0.9stat Hz for the weak matrix element, which is consistent with W  =  0. The data 

and fit are shown in figure 7.1. While it appears that our shimming of the 5 -field and 13- 

field has eliminated the spurious W  ^  0 value we extracted before shimming, a publishable 

measurement will have to wait until we fully understand how stray 5-fields and nonuniform 

B-fields cause systematic errors in our measurements’.

Numerical calculations (of the type shown in section 6.1) suggest that a nonzero value 

for the offset C  can be caused by nonuniform 5-fields alone (i.e. not in combination with 

B-fields). In general, these calculations indicate that a stray £ -field alone will cause an 

asymmetry tha t is even in detuning (i.e. -4(—A) =  A(A)), while the combination of 

5-field and H-field imperfections will cause an asymmetry tha t is odd in detuning (i.e. 

A ( —A) =  —.4(A)). Since the asymmetry caused by NSD-PV is odd in detuning (see 

(2.108)), 5-field imperfections alone will not cause a systematic error. As mentioned before, 

we currently have a very limited understanding of how 5-field and H-field imperfections 

affect our measurements, but the other current members of the experiment, Sidney Cahn 

and Emine Altuntas, are currently investigating this.

7.2 Future W ork

The next goal for the experiment is to develop our understanding of exactly how the com

bination of nonreversing 5-fields and nonuniform B-fields cause a systematic error in our 

measurement in W  so th a t we can assign a systematic error bar to our data.

4. Uncertainties are lcr bounds.

5. See appendix C for a (inconclusive) comparison of our data to data simulated with our £  and B  field 
imperfections
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Figure 7.1: A plot of data acquired with our parity violation measurement procedure on 
12/15/2014 and 12/16/2014 (runs 1081 and 1082). The data  here is grouped into bins 500 
Hz wide for clarity, as there are actually over 2,500 asymmetry data points (i.e. “blocks” , 
as defined in section 5.4.2) in these runs.

Once we understand these systematic effects and have been able to make a W  = 0 

measurement in 138BaF, we take steps towards a measurement of NSD-PV in 137BaF, where 

we expect the weak matrix element to be W  —5 Hz [ ]. Since the 137BaF signal (i.e. Nq

per pulse of the molecular beam source) is about twenty times smaller than it is in 138BaF 

(see section 3.1), we will have to implement apparatus changes tha t will improve our signal 

size. The first of these planned changes is the installation of a magnetic focusing “lens” 

[ ]. Calculations suggest that collimating our molecular beam with this lens can improve

our signal by roughly a factor of ten. The second planned improvement is a buffer gas beam 

source [ ], which may improve our signal by a factor of 50 or more. However, to make the

use of this new source feasible, we would require a costly pulse tube refrigerator to maintain 

the cryogenic temperatures needed. Since we do not currently have the funds for this, we 

will likely proceed with only magnetic focusing. W ith an improved signal, we will then 

move on to performing level-crossing spectroscopy of the type we have done for 138BaF [ ]. 

In these measurements, we will measure a number of parameters tha t are important for
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our parity violation studies, such as crossing locations Bc, electric dipole matrix elements 

d, and transition lineshapes. After all this, we should finally have all the pieces in place for 

a measurement of NSD-PV in 137BaF.
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A pp en d ix  A

D ata  processing & analysis steps in 

prelim inary B aF data

A .l  Initial data processing

Initial data acquisition & processing occurs in the LabView VI1 “Main data collector.vi” 

(shown in figure A .l) on the main computer2. For each pulse within a block, the raw data 

consists of PMT counts versus time, as shown in figure 5.3. “PM T 2” is the photomultiplier 

tube tha t records the final detection signal in chamber 3, while “PM T 1” is mounted on 

chamber 2 before the magnet and interaction region (IR); the relative positions of these 

chambers are shown in figure 3.6. Here we will only discuss the signal from PMT 2, since 

PMT 1 is currently only used for diagnostic purposes, and in fact is often not turned on 

when we are acquiring data.

The parameter “S tart of Peak Region (PMT2)” determines the first time bin of the peak 

region (as defined in figure 5.3), and the parameter “End of Peak Region (PMT2)” deter

mines the last time bin of the peak region. Similarly, the parameter “Start of Background 

Region (PMT2)” determines the first time bin of the background region (also defined in

1. A program written in the LabView programming environment is known as a “Virtual Instrument”, or 
sim ply a “VI” .

2. See chapter 5 for a discussion of the various computers in the data  acquisition system . Also in chapter 
5 is a description o f the organization of data into pulses, blocks, and runs.
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Figure A.l: A picture of the front panel of the “Main data collector.vi” , which performs 
data acquisition and initial data  processing.

figure 5.3), and the parameter ’’End of Background Region (PMT2)” determines the last 

time bin of the background region. These parameters are set by the user on the front panel 

of “Main data collector .vi” , and the parameter values are saved in the “header” file for the 

block (see section B.2.1).

For each pulse within a block, we calculate a “raw signal” count U , an estimated “back

ground” count B , and a “net signal” count S. To get the raw signal count U for the pulse, 

all of the counts in the peak region are summed. Determining the background-subtracted 

net signal count S  requires a few additional steps. First, all of the counts in the background 

region are summed, yielding B ' . Next, the number of background counts B  in the peak

region is estimated by multiplying B'  by the ratio of the number of bins in the peak region

np to the number of bins in the background region rib-

B  = B ' 7̂ -  (A.l)

Finally, the net signal S  for the pulse is determined by subtracting the estimated background 

count B  from the raw count U :

S  — U — B  (A.2)
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However, note tha t the background count B  is negligibly small due to our use of a  two- 

photon transition which allows us to filter out scattered laser light, as shown in figure 3.4. 

We typically have about 1 background count per pulse and 50 - 100 raw signal counts per 

pulse.

For each pulse, the net signal count and the background count are saved in the “main” 

file for the block (see section B.2.2). The raw PMT counts versus time for each pulse 

are saved in the “PMT2” file (see section B.2.4) in case we want to re-analyze the data 

with different peak and background region sizes. The “main” file also records the state of 

the shutter (which blocks/unblocks the state preparation laser) and which voltage set was 

applied to the IR: voltage set 1 creates the sine wave with amplitude +|£o|. voltage set 

2 creates the sine wave with amplitude — |£o|5 and voltage set 3 applies zero £-field. As 

shown in figure B.5, each line of the “main” file corresponds to a single pulse, and each 

line contains information on the net counts, background counts, shutter state, and voltage 

set for the pulse, as well as a number of other values that are irrelevant to our current 

discussion.

During a block (typically consisting of ~  300 pulses), the magnet computer repeatedly 

measures the magnetic field with an off-axis NMR probe. This measurement is asynchronous 

with the molecular beam pulse, and we typically collect about 15 measurements during a 

30-second block. The measurements are averaged together, resulting in a single B-field value 

for the block. This “B-field measurement” is actually an NMR free-induction-decay (FID) 

frequency (see section 6.2.1) measured by the NMR probes, but this NMR frequency /o is 

easily converted to B-field with the relation /o =  ^ B q, where 7  is the proton gyromagnetic 

ratio and Bo is the magnitude of the B-field, for the block. The NMR frequency (and its 

uncertainty) are recorded in the “header” file for the block.

The net counts, background counts, shutter state, and voltage set for each pulse, as 

well as the NMR frequency for the block, are used in the secondary data processing step 

described in the next section.
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Figure A.2: A picture of the front panel of “Plotter, vi” , which performs secondary data 
processing.

A .2 Secondary data processing

Secondary data processing occurs in the LabView VI “Plotter.vi” on the main computer 

(shown in figure A.2), which reads the main and header files and processes that data to 

create the “STE vs Detuning” and “Asymmetry vs Detuning” data for the run3. This 

secondary data processing can be done after the run is completed, but can also be done 

while the run is in progress: the Plotter VI repeatedly checks the run’s output files for new 

data and updates the STE and Asymmetry data as necessary.

A .2 . 1  B lo ck  p ro cess in g

After the user selects which run should be processed, the processing described in the fol

lowing sections happens for each block in the run.

3. As a reminder, the STE is the “State Transfer Efficiency” , and equation (2.115) shows that the STE  
serves as our measurement of the probability of transfer V{ £)  between our molecular states (as defined in 
(2.103)).
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Sorting

For each block, a number of steps are taken by “Plotter .vi” in order to sort the PMT counts

from each pulse within the block into different machine state categories:

1. The “main” file for a block of the run is opened.

2. Eight empty arrays are created, which will hold the net and background counts for 

each pulse as the block is sorted. Each array corresponds to one of the four machine 

states m  € {+, —, 0, C ) (where each machine state m is defined in section 2.6.1).

(a) Four arrays contain the net counts for each machine state m: S%[T-

(b) Four arrays contain the background counts for each machine state m: B " T.

3. The first line of the “main” file (corresponding to pulse 1 of the block) is read.

4. Using the “Shutter State” and “Voltage Set” fields, the VI decides which of the four

machine states the pulse corresponds to:

(a) For a shutter state of 0 (i.e. closed) and any voltage set, the machine state is

(c) For a shutter state of 1 (i.e. open) and voltage set 2, the machine state is m  = —

(d) For a shutter state of 1 (i.e. open) and voltage set 3, the machine state is m  — 0

5. The net and background counts for pulse 1 of the block are added to the appropriate 

lists. For example, if pulse 1 was acquired in the machine state m =  +  with 50 net 

counts and 1 background count, the arrays would have the following contents:

m  =  C

(b) For a  shutter state of 1 (i.e. open) and voltage set 1, the machine state is m  =  +

•arr

B<Sr =  {}

B a; r =  {i}

B arr =

B%TT = {}
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6 . The process is repeated for all of the pulses in the block. For example, suppose there

were eight pulses in the block with the following values:

Pulse # Shutter state Voltage set Net counts Background counts

1 1 1 50 1

2 1 3 45 2

3 1 2 55 0

4 0 3 60 3

5 0 1 40 0

6 1 3 50 1

7 1 2 45 3

8 1 1 55 2

Then the arrays would have the following values:

Q a r r  
&C =  {60,40} TDarr

B C =  {3,0}

g a r r =  {50,55} B arr =  {1, 2}

g a r r =  {55,45} ■Q arr =  {0,3}

o a r r =  {45,50} T ^arr
B 0 =  {2 , 1}

Note in particular tha t the n th  element of S ^ r comes from the same pulse as the nth 

element of -B“„rr with the same machine state m.

Average & uncertainty o f net signal

Next, the Plotter VI calculates the average and standard error of the net signal for each 

machine state.

First the array of “raw signals” U ^ r is constructed4 for each machine state by performing 

element-wise subtraction of the background array B ^ r from the net signal array S'£lr r :

t C r =  S Z r -  B Z T (A.3)

4. Although the raw signal is needed here, it is useful to calculate the net signal earlier, in “Main data 
collector.vi”, for the purpose of informing the user during data acquisition.
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Then the average and standard deviation of each array is calculated (using built-in LabView 

Vis):

N  ( T j a r r \  ^  ( n a r r \
t~t _  V "  v ^ m  ) n  d  —  \  m  ) n  ,  * ^
Um ~  n  ~ z—t N  (A-4)

n = l  n = 1

2 ^ W D n - U m } 2 2 f  P D n  '  Bmf
aUm ~  2 -. ------ --------------  Bm ~  ^  ( ^

n —1 n = l

Where N  is the size of each array. The average signal per pulse and its uncertainity (i.e. 

the standard error) are then calculated:

Jm — mUm ~ B m (A.6 )

= ' l j f ( < rUm +<rBm) (A '7)

STE & A sym m etry

The average signals Sm are then used to  calculate the STE and asymmetry. We assume 

that all of our machine states start with, on average, an equal number of molecules No from 

the beam source. In this case, the STE Re  as defined in (2.115) reduces to:

b ~  So / a o\
Re = 5 s - (A-8)

where £  € { + ,—}• We can plug in our measured values for Sm in order to get the value of 

the STE Re  for the block. Error propagation gives the uncertainty in our measured STE:

ffRe \ l ( s c - S o * §e)  + { ( S c  - S o ) 2* * )  +  ( ( S c - S o ) 2* *   ̂ (A'9)

The asymmetry, from (2.117), is given by:

(A.10)S+ - S .
S+ + S - -  2 S0
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Again, error propagation gives the uncertainty in the measured asymmetry:

(S+ + s !  -  2§ o ) ^ (S-  ~ +  (So ~ S+)2,7i -  +  {S+ (A'U )
a A =

A .2 .2  D a ta  p lo tt in g  a n d  e x p o r t

Once all of the blocks in the run have been processed, “Plotter.vi’" will contain a large 

amount of information about each block. The particular pieces of information for each 

block which will be used for further data  processing are:

•  fo'. The measured NMR frequency (i.e. the 6 -field measurement)

•  R + , <r^+, R - , : The STE & uncertainty for positive and negative f-fields

• -4 ,ct_4 : The asymmetry and its uncertainty

Plots of the STE and asymmetry for the block can be shown within the plotter program. 

Figure A.3 shows the STE and asymmetry versus NMR frequency for run 1081, which is 

one of the two runs used for the preliminary 138BaF data.

C o n v ertin g  6 -field m e asu rem en ts  to  d e tu n in g  A

Before exporting the data, we convert our measured NMR frequencies into detuning A 

values, since we ultimately fit our asymmetry data to our first-order expression (7.3), which 

is a function of A. We make this conversion by multiplying the NMR frequencies fo by the 

ratio of proton and electron magnetic moments:

I  - ( A - 1 2 )

However, note tha t the 6 -field measurements are made with an off-axis NMR probe, 

so the NMR frequency (and thus detuning) on-axis will differ by a constant offset. The 

off-axis probe measurement is used for determining changes in the 6 -field. since we adjust 

our applied 6 -field with a coil that applies a uniform 6 -field, but we do not assume that 

this measurement gives us the absolute 6 -field-and thus detuning-on-axis. Instead, we 

determine A =  0 directly from the STE data. Note that in the limit A —> 0, the first-order
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expression (2.103) for the transition probability V  (which is equal to the STE) is zero. 

Thus, we can find A =  0 by finding the central minimum of the STE data. In later data 

analysis the minimum will be found numerically, but for now, in the plotter program, the 

user approximately sets A =  0 through manual adjustment. Figure A.4 shows the STE and 

asymmetry versus detuning (where A =  0 was set manually) for run 1081, which is one of 

the two runs used for the preliminary 138BaF data.

E xporting data

We export the “STE vs detuning” and “asymmetry vs detuning” data to tab-delimited text 

files so that the data can be read by M athematica for further data analysis. Examples of 

these files are shown in figures A.5 and A .6

A .3 D ata  analysis

Once the data  has been acquired, processed, and exported, we analyze the data in Math

ematica. The “STE vs Detuning” and “Asymmetry vs Detuning” files for each run (in 

this case, runs 1081 and 1082) tha t we want to include in our analysis are imported into 

Mathematica. There are essentially only two steps in the data analysis: finding A =  0, 

and fitting our first order expression (7.3) to the asymmetry data to find the weak matrix 

element W.

A .3.1  F in d in g  A  =  0

To find A =  0, we perform the following steps:

1. The STE data for VI and V2 (see figure A.5) are concatenated into a single list.

2. A subset of this concatenated STE data is taken: A/27r < 3500Hz.  Note tha t the 

detuning values that are associated with the data at this point are based on an ap

proximate manual placement of A =  0. Taking this subset ensures that there is only 

one extrema in the data.
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A A B C D E F
1 Detuning (from freq.) VI STE VlSTEUncert Detuning (from freq.) V2STE V2 STE Uncert
2 -5333.600439 0.418454 0.018893 -5333.600439 0.414096 0.019235
3 -5183.449414 0.357681 0.018094 -5183.449414 0.369068 0.017904
4 -4464.564193 0.351722 0.019984 -4464.564193 0.305327 0.018432
S -4359.771784 0.273881 0.016342 -4359.771784 0.290897 0.018342
6 -4150.822139 0.265919 0.018342 -4150.822139 0.269217 0.017869
7 -3765.934091 0.209343 0.01647 -3765.934091 0.210054 0.017425
8 -3440.140199 0.200211 0.014791 -3440.140199 0.167305 0.014504
9 -3100.220447 0.164156 0.017774 -3100.220447 0.184202 0.017454
10 -2845.694318 0.114084 0.023096 -2845.694318 0.108703 0.022804

Figure A.5: An example of the “STE vs Detuning” tab-delimited text file that is exported 
from “Plotter.vi” , presented here as opened in a spreadsheet program so that the column 
titles are aligned properly with the column data. This example contains the first few lines 
of data from run 1081. Each line corresponds to one block of the run, except for the column 
headings. “V I” corresponds to So =  +  |£o|- and “V2” corresponds to Sq =  — |£q|-

A A B C
1 Detuning (from freq.) Asymmetry Asymmetry Uncert
2 -5333.600439 0.005234 0.027567
3 -5183.449414 -0.015668 0.028606
4 -4464.564193 0.070612 0.031886
5 -4359.771784 -0,03013 0.034725
6 -4150.822139 -0.006163 0.040827
7 -3765.934091 -0.001696 0.046239
8 -3440.140199 0.089537 0.049376
9 -3100.220447 -0.057545 0.053639
10 -2845.694318 0.024154 0.087762

Figure A.6 : An example of the “Asymmetry vs Detuning” tab-delimited text file th a t is 
exported from “Plotter.vi” , shown here opened in a spreadsheet program. This example 
contains the first few lines of data from run 1081.
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Figure A.7: An example of the fit we perform to find A =  0. This example features the 
STE data from run 1081, with -j-So and —Sq data concatenated into a single list of data 
points. The center was found to be at A =  —82 Hz (starting with the detuning values from 
the approximate manual placement of A =  0).

3. A parabola is fit to the subset using the Mathematica function “NonlinearModelFit” . 

The parabola has the equation y =  a(x — b)2. where a and b are fit parameters.

4. The best fit value for the parameter b is taken to be the location of A =  0. For 

example, starting with the approximate manual placement of A =  0 described earlier, 

run 1081 yields b =  —82 Hz and run 1082 yields b = —26 Hz, showing tha t the manual

placement of A =  0 gets quite close to the true center.

5. All of the asymmetry detuning values are shifted to the correct A =  0 value. For 

example, we add 82 Hz to all the detuning values in the asymmetry data for run 1081, 

and we add 26 Hz to all the detuning values in the asymmetry data for run 1082. The 

STE data  is not used in any further analysis, so we do not bother to shift those data 

points.

A .3 .2  F it  to  a sy m m e tr y  to  find  w eak  m a tr ix  e lem en t W

Once the asymmetry data for each run is shifted so th a t A =  0 is placed correctly, the

following steps are taken in order to find the weak matrix element W:

1. All of the asymmetry data points across all of the runs (runs 1081 and 1082 in this

-3 0 0 0  -  2000 -1 0 0 0  0 1000 2000 3000
Detuning (Hz)
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case) are concatenated into a single list of asymmetry data points.

2. A subset of asymmetry data  points is selected. For the preliminary 138BaF data, we 

used a subset0 of 1 kHz < A/27r <  4 kHz.

3. Using the Mathematica function “LinearModelFit” , the first-order expression (7.3) is 

fit to the concatenated subset of asymmetry data points, yielding the weak matrix 

element W  and the vertical offset C  along with the uncertainties in the fit parameters.

The fit to the preliminary 138BaF data  (runs 1081 and 1082) yields:

W
—  = 0.3 ±  0.9stat Hz (A.13)
Z7T

C = - 0 .0 1 3  ±  0.001stat (A .14)

A plot of the fit and all of the asymmetry data points is shown in the upper panel of figure 

A.8. To make it easier to see the agreement between the data and fit, we can collect the 

asymmetry data into 500 Hz bins, where a weighted average is performed on all the data

points within a bin. This is shown in the lower panel of figure A.8. This binned data is the

same as the data that appears in figure 7.1.

5. The analysis in chapter 2 indicates that the “most sensitive range” is roughly 2 kHz <  A/27T <  5 kHz. 
Our choice of subset for these runs was based on a sensitivity analysis for a previous interaction region 
generation, which had som ewhat different geometry. However, the analysis in chapter 2 indicates that the 
sensitivty for the range 1 kHz <  A/27T <  4 kHz is only slightly different than the range 2 kHz <  A /2 tt <  5 
kHz
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Figure A.8: Plots of the asymmetry data from runs 1081 and 1082, along with a first order 
fit (equation (7.3)). The upper plot shows all of the individual asymmetry data points used 
for the fit, while the lower plot has these asymmetry data points collected into 500 Hz bins 
for clarity.
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A p p en d ix  B

D ata  acquisition  ou tp u t files

B .l  R un files

The two files described in this section contain information pertaining to the run as a whole. 

B .1 . 1  V o lta g e  se t t in g s  file

The voltage settings file ( “voltage_settings.txt”) records the settings of the three interaction 

region voltage sets at the beginning of a run. Figure B .l shows an example of this file. 

Each column corresponds to a different electrode (e.g. column 1 corresponds to electrode 

1, column 2 corresponds to electrode 2, etc.)

Every time a new block is started, the main computer checks to see if the voltage settings 

match the voltage settings in this file. If they do not match, the main computer will not 

allow a new block to start. However, this does not apply to  the shim sets, which can be 

different for each block. The shim set values are given in bits, where 0 bits =  -10 V and 

65535 bits =  10 V.

B . l . 2 R T  sh im  se t t in g s  file

The RT shim settings file records the settings of the RT shim coil control voltages at the 

beginning of a run, and has the file name “Run_[run]_BJ3hirnJ3ettings.txt” (e.g. for run 

1081, this would be “Run_001081_B_Shim_Settings.txt”). Figure B.2 shows an example of 

this file. The first row shows the name of the file on the magnet computer that was used to
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A B C D E F G H 1 J
1 Voltage Set 1:
2 -0.0001 -0.0414 -0.2116 -0.0167 -0.3591 0.2769 -0.6459 0.4884 -0.7535 0.3629
3 Shim Set 1:
4 4 -1 -2 -1 2 -1 -2 1 1 -2
5 Voltage Set 2:
6 0.0001 -0.0892 -0.055 -0.3451 0.1863 -0.5287 0.4353 -0.831 0.6251 -0.7041
7 Shim Set 2:
8 4 1 -1 -2 3 -1 0 -2 2 -4
9 Voltage Set 3:
10 0 -0.0653 -0.1333 -0.1809 -0.0864 -0.1259 -0.1053 -0.1713 -0.0642 -0.1706
11 Shim Set 3:
12 3 -1 -2 -1 3 -1 0 0 3 -2

Figure B .l: An example of the voltage settings tab-delimited text file that is output by the 
data acquisition system, as opened in a spreadsheet program. Note th a t the numbers along 
the left side and the letters along the top are not part of the file. They indicate row and 
column numbers in the spreadsheet program.

load the voltages. The first column gives the names of each of the shim coils, and the second 

column gives the control voltage setting for the corresponding RT shim coil. Currently, the 

settings of the mini-shim coils are not recorded anywhere.

Every time a new block is started, the main computer checks to see if the RT shim coil 

settings match the settings in this file (except for the ZO shim coil, which is supposed to 

change every block). If they do not match, the main computer will not allow a new block 

to start.

B .2  B lock files

Each of the files described in this section give information about a single block in a run. So, 

for example, if there were 100 blocks in a given run, there would be 100 “header” files in 

the run folder, each pertaining to a different block. There are seven different files generated 

for each block:

•  header

•  main

•  beatfreqs

•  PMT1
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A B C D
1 BShimOct082014Everywhere_ITER2.txt
2 ZO -8.6249
3 Z1 0.0412
4 12 -0.278
5 Z3 -0.4949
6 Z4 -1.5562
7 X -0.0982
8 Y -0.2718
9 ZX -0.138
10 ZY 0.1997
11 XY 0.1369
12 X2-Y2 0.0358
13 Z2X -0.375
14 Z2Y 0.6402
15 ZXY -0.5041
16 ZX2-ZY2 1.2234

Figure B.2: An example of the RT shim coil settings tab-delimited text file that is output 
by the data acquisition system, as opened in a spreadsheet program. Note that the numbers 
along the left side and the letters along the top are not part of the file. They indicate row 
and column numbers in the spreadsheet program.

•  PMT2

•  voltages

•  PD

Each of these files will be described in following subsections.

The block files have the following format:

•  [year]. [month]. [day]. [run]. [block]. [type] .txt

For example, the header for block 1 of run 1081, which was started on December 15, 2014 

would have the filename:

•  2014.12.15.001081.000001.header.txt 

B .2 .1  H ea d er  file  ( “h ea d er” )

The header file is a tab-delimited text file that contains a number of settings, conditions, 

and readings for a particular block. Figures B.3 and B.4 show an example of a header file. 

The entries in the header are described below.
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•  R un Num ber: The run number of the run that this block belongs to.

•  B lock Num ber: The block number that this header belongs to.

•  Start D ate  (m m /d d /y y y y ): The date on which this block started.

•  Start Time: The time that this block started.

• F ine ZO Settin g  (bits): The fine control voltage applied to the ZO RT shim coil, 

expressed in bits. 0 bits =  -10V and 65535 bits =  10V. This value typically changes 

every block in order to change the magnetic field applied to the molecules.

•  F ine ZO S etting  (V): The fine control voltage applied to the ZO RT shim coil.

•  Coarse ZO S ettin g  (V): The coarse control voltage applied to the ZO RT shim coil. 

We usually do not change this value during a run. The coarse and fine voltages are 

added together to get the actual applied ZO voltage.

•  Probe R ead M ode: The default NMR probe read mode is “continuous”, where a 

probe is read repeatedly during the block. The other option is “start & end” where 

a probe is read once at the start of a block and once at the end. Ever since the 

“continuous” read mode was implemented, we have not used the “start & end” read 

mode.

•  P T S Setting: The reference frequency sythesizer (Programmed Test Sources Inc. 

model PTS 160) setting (in Hz) for the NMR probe readings. The FID signal from 

the NMR probes is mixed with this reference frequency to produce a beat frequency 

low enough (i.e. a few kHz) to be sampled by our data acquisition modules (DAQs).

•  Probe B eat Freqs @ Start (H z) : If the Probe Read Mode is “start & end” , this 

shows the probe reading at the start of a block. This “probe reading” is the beat 

frequency between the actual FID from the probes and the reference frequency from 

the PTS 160. The column that the reading appears in corresponds to the probe 

number (i.e. 0 through 31) tha t was read. Only one probe will be read. All of the 

columns will be empty if the probe read mode is “continuous” .
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•  P robe U ncertainties @ Start (Hz): The uncertainty in the “start” probe reading, 

which will appear in the same column as the probe reading.

•  V oltage Set 1: The voltages applied to the IR during voltage set 1, which are the 

voltages used for the S+ machine state.

•  Shim  Set 1: The “shim” voltages (expressed in bits, where 0 bits =  -10V and 65535 

bits =  10V) applied to the electrodes for voltage set 1. We have found that the 

voltages tha t we tell the output DAQ to apply are slightly different (~1 mV) than the 

voltages tha t are actually applied, according to the input DAQ that we use to monitor 

the applied voltages. Using a separate voltmeter, we have verified that the input DAQ 

is accurate, so we add a small “shim” voltage to each voltage in the voltage set so 

that the actual applied voltage is the desired voltage.

•  Voltage Set 2: The voltages applied to the IR during voltage set 2, which are the 

voltages used for the S -  machine state.

•  Shim  Set 2: The “shim” voltages (expressed in bits, where 0 bits =  -10V and 65535 

bits =  10V) applied to the electrodes for voltage set 2.

•  Voltage Set 3: The voltages applied to the IR during voltage set 3, which are the 

voltages used for the So machine state.

•  Shim  Set 3: The “shim” voltages (expressed in bits, where 0 bits =  -10V and 65535 

bits =  10V) applied to the electrodes for voltage set 3.

•  V oltage Error Threshold (V): When the voltages of each electrode are read by 

the analog input DAQ to ensure that they correspond to one of the voltage sets, each 

reading must lie within this range.

•  P D  O pen Threshold (V): When the photodiode is read to check whether the state 

preparation laser shutter is open or closed, the photodiode output must be more 

negative than this value in order for the shutter to be considered “open” .
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•  P D  Closed T hreshold (V): When the photodiode is read to check whether the 

state preparation laser shutter is open or closed, the photodiode output must be more 

positive than this value in order for the shutter to be considered “closed” .

• Lock A m plitude Thresholds (V ) [797, 860, 862]: In order for a laser to be 

considered “locked” by the laser computer, the amplitude of that laser’s Fabry-Perot 

transmission peak must be larger than this value.

• Lock R anges (M H z) [797, 860, 862]: In order for a laser to be considered “locked” 

by the laser computer, the location of that laser’s Fabry-Perot transmission peak (in 

MHz) must be within this value of the set point.

• Start o f Peak R egion (P M T 1): The bin number corresponding to the start of the 

peak region for PMT 1.

• End o f Peak R egion (PM T 1): The bin number corresponding to the end of the 

peak region for PMT 1.

• Start o f  Background R egion (PM T 1): The bin number corresponding to the 

start of the background region for PMT 1.

• End o f Background R egion (P M T 1): The bin number corresponding to the end 

of the background region for PMT 1.

•  Start o f Peak R egion (PM T 2): The bin number corresponding to  the start of the 

peak region for PMT 2.

•  End o f Peak R egion (PM T 2): The bin number corresponding to the end of the 

peak region for PMT 2.

•  Start o f  Background R egion (PM T 2): The bin number corresponding to the 

start of the background region for PMT 2.

•  End o f Background R egion (PM T 2): The bin number corresponding to the end 

of the background region for PMT 2.
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•  R ate (H z) : The rate at which the molecular beam source creates pulses (i.e. the 

q-switch firing rate of the Nd:YAG ablation laser and the pulsing rate of the gas pulse 

valve).

•  F lashlam p - Q -Switch delay (us): For the Nd:YAG ablation laser, the interval of 

time between the firing of the flashlamp and the firing of the q-switch, in microseconds.

•  Valve - Q -Switch D elay (us): The interval of time between the pulsing of the gas 

pulse valve and the firing of the q-switch, in microseconds.

•  Valve On T im e (us): The length of time that the gas pulse valve is open, in 

microseconds.

•  W avem eter @ Start: The readings taken by the wavemeter at the start of the block, 

in cm-1 . Multiple readings can appear here if multiple lasers are being allowed into 

the wavemeter.

•  End D ate (m m /d d /y y y :) The date on which this block ended.

•  End Time: The time tha t this block ended.

•  W avem eter @ end: The readings taken by the wavemeter at the end of the block, 

in cm-1 .

•  Probe B eat Freqs @ End (Hz): If the Probe Read Mode is “start & end” , this 

shows the probe reading at the start of a block. If the probe read mode is “continuous”, 

this shows the weighted average of all probe readings tha t were taken during the block. 

The “probe reading” is the beat frequency between the actual FID from the probes 

and the reference frequency from the PTS 160. The column that the reading appears 

in corresponds to the probe number (i.e. 0 through 31) tha t was read. Only one probe 

will be read. In this example, probe 12 was used.

•  P robe U ncertainties @ End (Hz): The uncertainty in the “Probe Beat Freqs @ 

End (Hz)” reading, which will appear in the same column as the probe reading.

•  Error Status: Indicates whether a LabView error occured.
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•  Error Code: Gives the code of the LabView error that occured, or “0” if no error 

occured.

•  Error Source: Text generated by LabView describing the source of the error.

•  B lock N otes: Information about the block, either typed in by the user or generated 

programmatically. This includes tags such as bad”, which tags the block as bad so 

that it can be excluded from data analysis.

B .2 .2  M a in  file ( “m a in ” )

The ’’main” file is a tab-delimited text file that contains information about each pulse that 

occurred during a block. Each row within the main file corresponds to a different pulse 

within the block. Figure B.5 shows an example of a main file. The columns of information 

in the main file are described below.

•  P u lse # :  For each row, the entry in this column gives the pulse number that this 

row corresponds to.

•  Shutter State: The state of the shutter that blocks/unblocks the state preparation 

laser: closed =  0, open =  1, and error =  -1.

•  Voltage Set: The voltage set tha t was applied to the electrodes: 1, 2, or 3, with -1 

indicating an error.

•  N et in Peak 1: The net counts that occured in the peak region of the PMT 1 time- 

of-flight (TOF) data. In this example, PMT 1 was turned off, so this value is zero for 

every row.

•  Bgnd in Peak 1: The number of background counts tha t occured in the peak region 

of the PMT 1 TOF data.

•  Scatter rate 1: The scatter rate for PMT 1, in Hz. This is calculated by finding 

the average number of background counts per bin in the background region, and then 

dividing this number by 10 ps (the bin size).
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A B C D I E | F | G
1
2

Run Number:
1081

- -

3 Block Number:
4
5

1
Start Date (mm/dd/yyyy):

-  .......... - - - .... . ... . ----------------

6 12/15/2014 .. ......... - - - -  - --- — ------ -
7 Start Time:
8 10:47:39 AM
9 Fine Z0 Setting (bits):
10 39130
11 Fine Z0 Setting (V): -  ........ -.................-... - ........ -■ -
12 1.941711
13 Coarse Z0 Setting (V):
14 -8.67
15 Probe Read Mode:
16
17

Continuous 
PTS Setting:

-  - - - - ■ - . -

18 19604000
19 Probe Beat Freqs @ Start (Hz):
20 - - - .
21
22

Probe Uncertainties @ Start (Hz)
--  -

23 Voltage Set 1:
24 -0.0001 -0.0414 -0.2116 -0.0167 -0.3591 0.2769 -0.6459
25 Shim Set 1:
26
27

4
Voltage Set 2:

-1 -2 -1 2 -1 -2

28
29

0.0001
Shim Set 2:

-0.0892 -0.055 -0.3451 0.1863 -0.5287 0.4353

30 4 1 -1 -2 3 - 1 0
31
32

Voltage Set 3:
0 -0.0653 -0.1333 -0.1809 -0.0864 -0.1259 -0.1053

33 Shim Set 3:
-1 -2 -1 3 -1 034 3

35 Voltage Error Threshold (V):
36 0.01
37 PD Open Threshold (V):
38
39

-0.11
PD Closed Threshold (V):

-  - — - —  — ~  -  • — -  -

40 -0.1
41 Lock Amplitude Thresholds (V) [797, 860, 862]:
42 0.1 0.05 0.1
43
44

Lock Ranges (MHz) [797, 860, 862]:
3 30 2

-- - - • -  - -

45 Start of Peak Region (PMT1):
46 75

Figure B.3: Page 1/2 of an example of the “header” tab-delimited text file that is output by 
the data acquisition system, as opened in a spreadsheet program. Note that the numbers 
along the left side and the letters along the top are not part of the file. They indicate row 
and column numbers in the spreadsheet program.
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A B C D E | F | G
47 End of Peak Region (PMT1):

11548
49 Start of Background Region (PMT1):
50 150
51 End of Background Region (PMT1):
52 500 ------  . . . _
53 Start of Peak Region (PMT2):
54 360
55 End of Peak Region (PMT2):
56 490
57 Start of Background Region (PMT2): ----
58 75
59 End of Background Region (PMT2):
60 300
61 Rate (Hz):
62
63

10
Flashlamp - Q-Switch delay (us):

64 190
65 Valve - Q-Switch Delay (us):
66 330
67
68

Valve On Time (us):
270

- -----  --------------------

69 Wavemeter @ Start
------ -------- -------70 11631.056

71 End Date (mm/dd/yyyy):
72 12/15/2014

-  ....... -  ■ ■ ■ ------73 End Time:
74
75

10:48:04 AM
Wavemeter @ end

76 11631.056
77 Probe Beat Freqs @ End (Hz):
78 - - - -
79
80

Probe Uncertainties @ End (Hz): ----  - ----------  -

81 Error Status:
82 FALSE
83 Error Code:
84 0

-.......................  ..........85 Error Source:
86
87 Block Notes:

Figure B.4: Page 2/2 of an example of the “header” tab-delimited text file that is output by 
the data acquisition system, as opened in a spreadsheet program. Note that the numbers 
along the left side and the letters along the top are not part of the file. They indicate row 
and column numbers in the spreadsheet program.
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• N et in Peak 2: The net counts that occured in the peak region of the PMT 2 TOF 

data.

•  Bgnd in Peak 2: The number of background counts that occured in the peak region 

of the PMT 2 TOF data.

•  Scatter rate 2: The scatter rate for PMT 2. in Hz.

•  R od Turning?: Indicates whether or not the stepper motor tha t rotates the barium 

target was turning during this pulse: 0 =  not turning, 1 =  turning.

•  797 Unlocked?: Indicates whether or not the 797 nm laser was unlocked during 

this pulse (i.e. whether or not the “Lock Range” and “Lock amplitude threshold” 

conditions, as described in the “header” section, are met): 0 =  locked, 1 =  unlocked.

•  860 Unlocked?: Indicates whether or not the 860 nm laser that goes to the interac

tion region was unlocked during this pulse.

•  862 Unlocked?: Indicates whether or not the 860 nm laser tha t goes to chambers 2 

and 3 was unlocked during this pulse.

B .2 .3  N M R  p ro b e  m ea su rem en ts  file ( “b ea tfreq s” )

The “beatfreqs” file is a tab-delimited text file that contains all of the individual NMR probe 

measurements (and their uncertainties) tha t are taken during a run when the “continuous” 

probe measurement option is used. Figure B.6 shows an example of a “beatfreqs” file. 

There are 32 columns, one for each NMR probe (numbered 0 to 31). Since only one probe 

is used at a time, only one column will be populated with values. The odd-numbered rows 

show the probe reading and the even-numbered rows show the uncertainty in the probe 

reading above it. The number of rows in the file will vay between blocks since the NMR 

probe readings are asynchronous with the pulsing of the molecular beam source. A weighted 

average of the readings in this file is made to produce the final reading that appears in the 

header file.
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B .2 .4  P M T  co u n ts-p er -b in  files ( “P M T 1 ” & “P M T 2 ” )

The “PMT1” and “PMT2” files are tab-delimited text files tha t contain the raw counts-per- 

bin information collected from each PMT. Figure B.7 shows an example of a “PMT2” file. 

Each row corresponds to a different pulse of the molecular beam source. The first column 

is simply a list of pulse numbers. Columns 2 through 502 give the number of counts that 

occured in each of the 501 bins.

B .2 .5  E lec tro d e  v o lta g e  m ea su rem en ts  file ( “v o lta g e s” )

The “voltages” file is a tab-delimited text file that contains the voltage readings of the 32 

interaction region electrodes for each pulse of the molecular beam. Figure B.8 shows an 

example of a “voltages” file. Each row is a different reading of the electrode voltages. There 

are two readings for each pulse of the molecular beam source. The two readings happen 

one immediately after the other, with the initial reading occuring at t = 0 (the firing of 

the q-switch). The first column is a list of pulse numbers. The “half-pulse” number is the 

second reading of a given pulse (e.g. “pulse 1.5” is actually the second reading from pulse 

1). After the first column, there are 32 more columns, corresponding to the 32 electrodes 

(e.g. column 2 is the reading of electrode 1, column 3 is the reading of electrode 2, etc.).

B .2 .6  P h o to d io d e  m ea su rem en ts  file ( “P D ” )

The “PD” file is a tab-delimited text file that contains the photodiode readings for each 

pulse of the molecular beam source. Figure B.9 shows an example of a “PD” file. The 

data acquisition system acquires 502 samples of the photodiode signal for each pulse of the 

molecular beam source, each sample being coincident with a sample of the PMT counter. 

Each row corresponds to  a different pulse of the molecular beam. The first column is simply 

a list of pulse numbers. Columns 2 through 503 give the 502 samples of the photodiode 

signal, in milivolts. Since the photodiode signal is typically a negative voltage, the voltages 

are multiplied by —1 in order to save a bit of disk space by not displaying a negaitve sign 

in front of every value.
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A B C 0 E F G H 1 J
1 Pulse# PMT2 Counts —>
2 1 19 0 0 0 0 0 0 0 0
3 2 16 0 0 0 0 0 0 0 0
4 3 18 0 0 0 0 0 0 0 0
5 4 14 0 0 0 0 0 0 0 0
6 5 15 0 0 0 0 0 0 0 0
7 6 18 0 0 0 0 0 0 ol 0
8 7 17 0 0 0 0 0 0 0 0
9 8 16 0 1 0 0 0 0 0 0
10 9 17 0 0 0 0 0 ............ 0 0 0

Figure B.7: An example of the “PMT2” tab-delimited text file th a t is output by the data 
acquisition system, as opened in a spreadsheet program. Note tha t the numbers along the 
left side and the letters along the top are not part of the file. They indicate row and column 
numbers in the spreadsheet program. The first bin of each pulse has a high number of 
counts because of scattered light from the firing of the Nd:YAG laser at t = 0.

A B c D I E F G H 1 J
1 Pulse # Voltages - >
2 1 -0.0009j -0.041 -0.2124 -0.0169 -0.3584 0.2762 -0.6462 0.4879 -0.7531
3 1.5 0 -0.0416 -0.212 -0.0166 -0.359 0.2771 -0.6462 0.4879 -0.7531
4 2 -0.0009 -0.0406 -0.212 -0.0175 -0.3584 0.2762 -0.6465 0.4882 -0.7541
5 2.5 -0.0003 -0.0413 -0.212 -0.0169 -0.3587 0.2771 -0.6468 0.4886 -0.7531
6 3 -0.0009 -0.066 -0.1335 -0.1808 -0.0869 -0.1257 -0.1057 -0.172 -0.0644
7 3.5 0.0003 -0.0663 -0.1332 -0.1808 -0.0863 -0.1254 -0.1057 -0.172 -0.0641
8 4 -0.0009 -0.0891 -0.0553 -0.3443 0.1861 -0.5289 0.4363 -0.8307 0.6252
9 4.5 0.0003 -0.0885 -0.0557 -0.3443 0.1861 -0.5289 0.436 -0.831 0.6255

10 5 -0.0009 -0.0891 -0.0553 -0.3456 0.1861 -0.5295 0.4357 -0.831 0.6246

Figure B.8: An example of the “voltages” tab-delimited text file tha t is output by the data 
acquisition system, as opened in a spreadsheet program. Note tha t the numbers along the 
left side and the letters along the top are not part of the file. They indicate row and column 
numbers in the spreadsheet program.

A B C D E F G H I . J
1 Pulse # PD Reads (mV)*(-l) ~>
2 1 2 -1 1 2 1 -1 0 2 2
3 2 2 0 0 2 2 0 0 1 1
4 3 2 2 0 1 2 2 0 1 2
5 4 1 2 0 1 2 2 1 0 1
6 5 2 1 1 0 1 2 1 0 1
7 6 1 1 2 -1 0 1 2 1 1
8 7 1 1 2 1 0 1 1 1 0
9 8 -1 1 2 -1 0 0 1 2 0
10 9 0 0 1 2 1 0 1 2 2

Figure B.9: An example of the “PD” tab-delimited text file that is output by the data 
acquisition system, as opened in a spreadsheet program. Note that the numbers along the 
left side and the letters along the top are not part of the file. They indicate row and column 
numbers in the spreadsheet program.
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A p p en d ix  C

A ttem p ted  estim ation  o f  

system atic  error due to  m easured  

£ and B fields

In order to estimate the size of the systematic error in our preliminary 138BaF results due 

to the nonuniform S  and B fields we measured, we numerically solved the Schrodinger 

equation with these fields, constructed an asymmetry, and performed a fit to find the weak 

matrix element W . Assuming that the magnetic field is not constant, plugging our system’s 

Hamiltonian (equation (2.4) with W  =  0) into the Schrodinger equation yields the following 

coupled differential equations:

c -(t)  =  — id£(t)c+(t) — iA ( t)c - ( t) (C .l)

c+{t) =  —id £ (t)c -( t) (C.2)

where d =  —3360 H z/(V /cm ). The 5-field is the sum of reversing and non-reversing parts:

£{t) — £q sin uit + £ nr{t )  (C.3)

where £q =  1 V/cm, uj/2 tc =  11.4 kHz, and 5nr(t) is the non-reversing field that remained 

after shimming, given by figure 6.7 with position converted to time through the relation
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Figure C .l: A plot of data simulated with our measured nonuniform S  and B  fields, alongside 
our preliminary 138BaF results.
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t =  z /v  and v =  616 m /s. The detuning is given by:

A(f) =  A +  2 fxeB(t) (C.4)

where A is the adjustable uniform detuning we apply to acquire our “asymmetry vs. detun

ing” scans, jie is the electron magnetic moment, and B(t) is the H-field given by figure 6.8 

with position converted to time through the relation t  =  z /v  and v = 616 m /s. The cou

pled differential equations were solved numerically using M athem atical “NDSolve” function 

will default options, with integration starting at the first prism hole (i.e. z =  —3.15 cm, 

or t = —51.1 fxs) and ending a t the far edge of the last ring (i.e. z =  9.16 cm, or t = 146 

ps). This was done with positive and negative applied 5-fields in order to calculate the 

asymmetry.

The result of this numerical solution (the “simulated data”) is shown by the “Sim” data 

points in figure C .l. In order to extract a weak matrix element W , equation (7.3) was fit 

to the simulated data using the Mathematica function “LinearModelFit” . The fit produced 

values1 of W  = 1.3 Hz and C =  —0.002. From this, we might naively assume that our £  

and B  field imperfections would produce a systematic error on the order of 1 Hz. However, 

these results are questionable since the simulated data points do not overlap the measured 

data points. The systematic error investigations that will be done by Emine Altuntas and 

Sid Cahn will hopefully uncover the reasons for this discrepancy.

1. The uncertainties reported by the fit were 8W  =  ± 0 .4  Hz and <5C  =  ± 2 . However, these numbers are 
likely meaningless, since we can produce an arbitrarily large number of simulated data points in a given 
detuning range and drive the uncertainty as low as we like without changing the reported value.
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A pp en d ix  D

W hy N S I-P V  is not am plified in 

diatom ic m olecules

The explanation presented here follows the explanation in Kozlov and Labzowsky [ ].

The quantum number Q of a diatomic molecule is defined as the projection of the total 

electronic angular momentum j e onto the internuclear axis n of the molecule (eq. 3.1 of 

[ ]):

=  ( D . l )

While the NSD-PV operator is a vector (in electron coordinates), the operator V f  of NSI- 

PV is a scalar, implying that only AQ =  0 m atrix elements of are allowed. However, 

even these diagonal m atrix elements are zero. Note that Vjp  is odd under parity inversion, 

but even under time reversal, while (D .l) implies that states are odd for both parity and

time reversal. These facts imply that the diagonal matrix elements of VjF are zero (eq. 3.5

o f  [ ]):

(0 |Vip |D) = ( ~ n \  -  v f \  -  o) = - ( n i v f i c i )  =  o (d.2)

Since the states of a diatomic molecule are, in general, superpositions of f! states, and since 

Vp does not connect these states, we will not observe NSI-PV in transitions in diatomic 

molecules. In contrast, the NSD-PV operator is a vector (in electron coordinates) and thus 

has matrix elements with Af2 =  ±1 that cannot be shown to  always be zero.
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