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1 Abstract

The standard model (SM) of particle physics describes many of the experimentally observed sub-
atomic particle interactions. However, there are a few discrepancies with the SM namely: matter/anti-
matter asymmetry and dark energy. A current extension of the SM allows for small amounts of Lorentz
Violation to fix these discrepancies. Lorentz Violating terms in the standard model extension allow for
a small spatial dependence of the speed of light measurable to terrestrial laboratories as a time vari-
ation in the speed of light. We present the testing and development of a novel method for measuring
the anisotropy of light[1], using the CEBAF accelerator at JLab. Variations in the electron beam’s
momentum are measured at the entrance and the exit of a magnetic arc, and their ratio is then plot-
ted versus time. Time variations in this ratio correlate to a possible time variation in the one-way
speed of light. A preliminary version of the method, only accounting for the largest magnets in ARC1
of CEBAF, measures the isotropy of the one-way speed light to be less than 107! or one part in 100
billion, which is less precise than the current recorded value of 1071, We expect to be able to reach
better than 10~ levels of precision in future studies with this method.
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3 Introduction

3.1 Motivation and Objective

The constancy of the speed of light is one of the most fundamental concepts of physics. Many use-

ful quantities such as the relativistic gamma factor, our definition of SI units, and even the hyperfine
structure constant in quantum mechanics are all based upon the speed of light, c. Einstein’s postu-
late, states that the speed of light is constant in all reference frames [12], and a direct corollary is that
the speed of light should be non-directionally dependent (anisotropic). Or, the speed of light should
be equivalent if measured in one direction as opposed to another. I then present a thesis detailing the
testing and analysis of a novel method of measuring the anisotropy of the speed of light [1],[12].

Of further physical interest is the ability of this experiment to test the Standard Model Extension
(SME) theory [11]. The standard model is an important theory in the field of particle physics, which
governs the interactions of sub-atomic particles as they achieve high energies. Experimental particle
physicists can test this theory by colliding sub-atomic particles in large accelerators and using the col-
lision to determine parameters predicted by the standard model. However, there are still some faults
with the standard model as it fails to predict antimatter/matter asymmetry, dark energy, and accu-
rate decay rates of certain interactions [8],[9]. The standard model extension was created to try and
repair the standard model. This extension to the SM allows for small amounts of Lorentz violation,
or a directional dependence on the speed of light. A terrestrial laboratory on earth rotates around
the sun. As the laboratory rotates an observer would experience a slight time dependence in the one-
way speed of light, indicating a possible directional dependence in this parameter. The experiment
described in this thesis is designed to test for a time variation in the speed of light, in order to find
evidence of Lorentz violation.

3.2 The CEBAF Accelerator

This experiment takes place at Thomas Jefferson National Accelerator Facility (JLab) in Newport
News, Virginia. JLab uses the CEBAF (Continuous Electron Beam Facility) accelerator to conduct
medium energy nuclear physics experiments. A working knowledge of the accelerator is required to
understand the experiment, and a brief overview of the accelerator is given in this section. See Figure
19 in the appendix for the general layout of the accelerator. The CEBAF accelerator is a racetrack
accelerator with two linear accelerators and ten magnetic arcs. It accelerates electrons from < 500
keV /electron to roughly 12 GeV /electron. Please note that these velocities are given as the energy per
electron. This is common in accelerator physics as the velocity of the electrons in the accelerator is
well within the relativistic region. The definition of special relativistic energy for the electron in the

lab frame E = mc?y relates the two, where m is the mass of the electron and v = ———.
1=




The electron beam begins by shining a laser onto a photoelectric cathode, knocking electrons off of
the cathode. The electrons are then accelerated through a small linear accelerator until they are in-
jected into the main machine. Electrons are injected into the larger accelerator at < 500 keV and are
first accelerated in the north Linear Accelerator (Linac) before being bent by the first magnetic arc.
Each Linac will add between 500 MeV and 1,000 MeV to the beam energy. After ten runs through the
two Linacs the beam has roughly 12 GeV of energy. The beam is then ready to be sent to any of the
four experimental halls where nuclear physics experiments are set up to accept and manipulate the
beam. This experiment does not take place in any of the experimental halls; instead past accelera-
tor data is analyzed. The "continuous" part of the CEBAF acronym makes the CEBAF accelerator a
unique accelerator for any physics experiment. While most accelerators use bunches of particles that
are a few nanoseconds apart from each other (once length contraction is taken into account) CEBAF
uses bunches that are only a few picoseconds away from each other. The effect is that CEBAF pro-
duces more electrons and consequently more data faster then a comparable accelerator of a different

type.

The CEBAF accelerator has four modes of operations numbered zero through three. A mode of op-
eration indicates "how" or "why" the accelerator is running at a certain time. A beam mode of zero
indicates the accelerator is not accelerating electrons. While the electronics of the accelerator may
still be, on there are no electrons being accelerated or sent to the experimental halls. A beam mode
of three indicates that the accelerator is in continuous wave (CW) mode. This is the optimal mode
for data taking as the accelerator delivers a very a stable quality of beam to the experimental halls.
Beam modes of one and two indicate other modes of operations such as engineering and maintenance.
Data taken during these modes of operation should not be used.

3.3 Beam Position Monitors

A Beam Position Monitor or BPM is an electronic device placed within the beam line of a charged
particle beam to measure the position of the center of charge (CoC) of the particle beam. The BPMs
used in this experiment do not affect the beam in any meaningful way when measuring the CoC. This
is called non-destructive measurement. These BPMs use four separate sensors to detect the location

of the CoC. Specifically the impedance of each of the sensors is affected by the proximity of the CoC.
For example, when the particle beam is close to a sensor it may have a very low impedance. By com-
paring the impedances from the four different sensors a BPM can model the position of the CoC within
the particle beam. This is useful information as current in the electron beam at JLab follows a gaus-
sian distribution from the CoC. Thus if the CoC is known then the effective position and cross sec-
tional area of the beam is known.

Most BPMs measure the transfer impedance of their four sensors to determine the position of the
CoC. The transfer impedance is defined as the ratio between the induced pickup voltage across the



BPM and the beam current at a specific frequency Z;(w) = % It should be noted that as the beam
current increases so to does the pickup voltage across the BPM. For the purposes of this thesis, the
actual calculation of the impedance is not so important as a general understanding of how a BPM
works. Further information on calculating impedance can be found in reference [5],[6].

An explanation of how a BPM measures the CoC of a particle beam will be given here. A cross sec-
tional diagram of a BPM is shown in Figure 1, which may be helpful for visualization. Note that in
Figure 1 the antennas are rotated forty five degrees from the normal X,Y plane. In order to calculate
the position of the CoC in the x’ and y’ coordinates a standard "difference over sum" method. Where
the signal strength of a sensor is dependent on its transfer impedance. In this method the position of
the CoC for the particle beam in a specific direction can be found by comparing the signal strength
at a positive sensor and negative sensor. For example, to determine the position of the CoC in the
x-direction subtract the signal strength in the positive x-direction from the signal strength in the neg-
ative x-direction over the sum of the two signals. There is a multiplicative constant that depends on

the specific type of BPM being used. Looking at Figure 1 the position in the X’ and Y’ directions can
be calculated as:

1 B-C 1A-D
X == and = —

S, B+C Sy A+ D

Once the X’ and Y’ directions positions have been calculated a rotation must be applied to find the X
and Y positions. Equation (1) describes the rotation matrix.
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Many times BPMs will be calibrated to a preferred orbit. In this way a beam that passes exactly
through the center of a BPM can read zero for the beam position in the x-direction and y-direction;
which is easy to interpret. The X/, ., and Y,;, ., in Equation (1) are used to calibrate the BPMs
to this preferred orbit. While very useful, this tuning causes a problem for this method that will be
solved in the data analysis section but introduced now. The raw current amplitude of a BPM is a
measure of how much the BPM is affected by a particle beam in either the X or Y direction. If a
beam is perfectly on center, a beam will record zero current amplitude which is the same reading as

if there were no electrons in the accelerator.

3.4 Preface

Before going into the theory of the experiment, a few commonly made misconceptions should be con-
fronted. First, this experiment is not an interferometry experiment. While both types of experiments
do measure properties light, they are fundamentally different. Second, the goal of the experiments is

to measure a property of light; but the physical measurement tool is actually electrons in the CEBAF

accelerator.

3.4.1

There are two characteristics of the speed of
light: the one-way and the two-way. The one-
way speed of light is the speed associated to
light that has only traveled in one direction. The
two-way speed of light is the average speed as-
sociated to light that has traveled in two direc-
tions, normally forward and backward. Interfer-
ometry experiments such as LIGO are sensitive
to the two-way speed of light, and this experi-
ment is sensitive to the one-way speed of light.
The different methods of measuring the speed of
light have different limits on their anisotropies
(directional-dependence). The two-way speed

of light has an isotropy currently bounded at
10718]2], while the one-way speed of light has

an isotropy currently bounded at 1074[3]. The
project described in this thesis measures the one-
way speed of light and is not an interferometry
experiment.

One-Way vs Two-Way Speed of Light

Figure 3: Diagram describing the difference be-
tween One-Way and Two-Way speeds of light.
Measuring the one-way speed of light means light
has traveled in one direction. Measuring the two
way speed of light means the light has traveled in
two different directions.



3.4.2 Method of Measurement

A common subject of confusion is what this experiment actually measures. While the goal of the ex-
periment is to measure an upper bound on the isotropy of the one-way speed of light; light is not di-
rectly involved in any experimental way. Electrons are the physical measurement tool for this experi-
ment. Einstein also postulated that no matter can travel faster than the speed of light. Electrons are
a recognized form of matter, and are thus bounded in their speed by the speed of light. In the CE-
BAF accelerator, am electron’s velocity asymptotically approaches the speed of light. If the one-way
speed of light were to “wiggle" with respect to time, than a corresponding “wiggle" in the speed of the
electrons could be measured. Furthermore, if there were some directional dependence (isotropy) to the
speed of light then an earthbound laboratory would measure a time dependence in the one-way speed
of light; from the earth rotating about the sun. In this way the experiment uses electrons to measure
the isotropy of the one-way light.

4 Theory

4.1 Experimental Theory

The result of reference [4] suggests that the isotropy of the one-way speed of light less than 10714, A
terrestrial observer on Earth would experience a possible isotropy of the one-way speed of light as a
time variation in the one-way speed of light; corresponding to the preferential direction of the one-way
speed of light. More specifically, an observer on earth would experience a sinusoidal variation in the
one-way speed of light with a period of one day. So, the signal of interest is a sinusoidal time variation
in the one-way speed of light with an amplitude of roughly 10~ and a period of roughly one day. It
should be noted that on earth, we are only sensitive to a possible isotropy in the one-way speed of
light in a direction perpendicular to the axis of Earth’s rotation. So, we define a parameter A being
the amplitude of the sinusoidal signal in terms of the measured one-way speed of light (¢,) and the
average one-way speed of light (¢).

c—c
A=—= 2
- @)

To measure the isotropy of the one-way speed of light the relative speed of the electrons in the CE-
BAF accelerator is compared to the speed of light: 2. Where v is the speed of the electron in the
accelerator. A differential § is applied to 1dent1fy any Changes in this quantity: =——. Using the lin-
earity of the operator (T becomes ‘5 2. Here an important assumption of the experiment is
made, that 5” = 0. Or that any Changes in the velocity of the electrons with respect to the speed of
light is “noise and is not time dependent. This is a fairly safe assumption as the accelerator’s ability
to accelerate electrons should not change over time; as long as all variables such as external magnetic



fields and maintenance are accounted for. Additionally, electrons do not gain any energy when travel-

ing through the magnetic arcs of the accelerator. Note that the A term defined above is exactly @.

Expanding the 6_(30 term yields:

a=fezy) _de _hl ORL 3)
c c oy v
Equation (3) relates the variation in the speed
of light to the radius of the electron beam orbit A
(R) with a scaling factor of y=2; where gamma is
the Lorentz Factor v = —= Figure 4 displays

-
Vi-z

a geometric diagram of a mz;gnetic arc in the

CEBAF accelerator. In Figure 4 a variation in

the beam orbit radius is the difference in length

between OA and OB. 1 ]

However, the variation in beam orbit radius T &
is not a good measurable quantity as direct
measurement is difficult and not allowed. The
Lorentz Formula (R = %)a from electrodynam-  Figure 4: Geometric diagram of a magnetic ARC
ics, is used to relate the beam orbit radius to in CEBAF. From reference [1].
the beam momentum. Where B is the magnetic
field that the electron beam is in, ¢ is the net charge of the electron beam, and p is the momentum of
the electron beam. In this case B and ¢ are constants and thus are not affected by the ¢ operator. So,
adding an additional equality to Equation (3) yields:

OR1  dp1l 4
Ry p 7 W
Equation (4) finally relates a variation in the one-way speed of light to a testable quantity: a vari-
ation in the electron momentum from OA to OB in Figure 4. Of course, the question then becomes
how to calculate the deviation in the electron beam momentum. In more formal language, the aim
is to calculate the change in momentum (dp) from the nominal momentum (pg) as the beam enters
(dpa) and exits (dpg) a magnetic arc. The ratio of these two momenta is taken as a comparison: (%).
Momentum is conserved within a magnetic arc so this ratio is expected to be one, with small correc-
tions for energy lost due to synchrotron radiation. Henceforth, any mention of the ratio will refer to:

d,
pa _ptdpy 1H
pp p+dps 1+deB

()
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Equation (5) describes the method of measurement for this experiment. A unique time stamp will
then be associated to each ;’—2 calculation. Then, an analysis of how Z—g varies over time can begin.
It should be noted that the deviation(dp) in the beam momentum will be affected by beam stability.
Beam stability is a measurement of how stable the beam is over time with respect to position, mo-
mentum, angle, and power. Part of the elegance of this method is that the ratio of the momenta is
taken, thus any minor changes in beam stability should not affect the outcome of the experiment; be-
cause a beam stability should effect both dp, and dpp equally. Moving on, to actually calculate ;’—;‘,
the method of least squares is used.

4.2 The Method of least Squares

The method of least squares is a statistical technique involving the minimization of x2. In this case
it is used to fit multiple BPM predictions to the most likely initial conditions (position z, angle 2/,
and momentum p) of the electron beam. An example will be given below, based on reference [10], for
fitting a given set of data to a line (y = ma + b).

Suppose that initial data is of the form: {(x1,v1), (2, y2), ..., (Tn, Yn)} (6)
We may define the error in fitting this data to a line as: x* = Z(yn — (az, +b))? (7)
ox?  Ox?
Using the calculus minimization condition: IX_IX (8)
da Ob
Evaluating the partial derivatives in (8) and some algebra yields:
SIEIRED S S

Zamn + Zb = iyn

The above equations have the form of a matrix, which will be explicitly written below.

S 5= ) s o

11



This is known as the least squares matrix, and it can be inverted in order to find the line param-
eters "a" and "b" that best fit the calculus minimization condition (6). So, by having data about a
systems final state the method of least squares can be used to find the most likely initial conditions.
Later in this thesis, the method of least squares will be used to calculate i—g.

5 Methods

5.1 Overview

In order to actually calculate a time variation in 24 a series of ROOT, Perl, and Elegant programming
scripts are used to analyze previously collected accelerator data. Figure 5 displays a flow diagram to
help visualize the analysis process. First, BPM(event) data are retrieved from the EPICS archiver
used by the accelerator division at JLab. Second, optics data from an Elegant script written by Yves
Roblin and Barak Schmookler are imported. Optics data is used to calculate transport matrices that
represent a magnet’s effect on the electron beam. A ROOT script then uses the BPM data and the
transport matrices to predict the initial position, angle, and momentum of the electron beam entering
and exiting a magnetic arc. Taking the ratio of the two momenta yields Z—g, the measurement quan-
tity of the experiment. In order to identify any timelike variations each calculation is assigned a time
stamp and graphed versus time. Subsets of the data are excluded before plotting in order to ensure a
good quality of data and a physically meaningful relationship.

Event Data » ROOT Script < Optics Data
* Beam Position Monitors 1+ 224 + Perl/Elegant script written by
(BPMs). » Calculates... —z7. Yves Roblin and Barak
» MyaArchiver only records . p Schmookler.
changes in BPM value. » Utilizes the method of Computes effect of magnetic

least squares.
Written by Yves Roblin
and Barak Schmookler.

» Data taken as an average optical elements on the beam.
over one second. Used to create transport
* Multiple BPM’s are included. matrices.
» Collect raw current amplitude ‘ » Currently includes dipole and
and directional position data.  Apply Cuts and Plot ratio over time duadrupole magnets.
Computed for every hour of

event data.

Figure 5: A Flowchart describing the data collection process of the experiment.
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5.2 Event Data

Event data is a collection of beam position measurements received from Beam Position Monitors (BPM).
It was dubbed “event data" because each g—g measurement is associated with a time over which BPM
measurements were taken. This single calculation is the basic unit of the experiment. It then makes
sense to break the long periods of time that an analysis can run over into smaller building blocks,

called events.

BPMs are stationed throughout the beamline in the CEBAF accelerator at semi-regular intervals.
While there may only be four to five BPMs in the linear accelerator portion of the accelerator, there
are around thirty to forty BPMs in each magnetic arc of the accelerator. Beam position data provides
a measured final position to predict the initial position, angle, and relative beam momentum at a dif-
ferent point in the beam line. Many BPMs are included in the analysis to improve statistical results.
Figure 6 shows a typical readout of a BPM from the EPICS archiver over a one hour period. This
specific BPM is in the first magnetic arc of the accelerator, and the beam is relatively stable during
this time period. There is a slight glitch at around 25 minutes which is due to the beam being off for
a minute or so.

Chart #1— Archive

2.5 | —— IPM1505.XP0S
1.5 -
1.0 -
0.5 -
0.0 -
[ [ [ [ [
00:20:00 30:00 40:00 50:00 071:00:00
2016-06-19

Lahel step: 10 minutes

Figure 6: Average readout of BPM data over a one hour period.
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These data are stored in the EPICS archiver used by the accelerator division at JLab. An impor-
tant factor of the EPICS archiver is that the archiver only records changes in measurements. It does
not take a measurement at periodic time intervals. This is counter intuitive and opposite to how most
archives are structured. One EPICS variable may not change over a period of hours, while a different
variable may change on a millisecond basis. For this analysis, data are sampled every second, which
makes each event take place over one second. If multiple measurements are taken over a second, the
average of these measurements is imported from the EPICS archiver.

5.3 Optics Data

The second type of data required to calculate 5_2 is called “optics data." Conceptually, electrons mov-
ing in a magnetic arc have an initial position, at the beginning of the arc and a final position, at the
end of the arc. Optics data encapsulates the information of what happens to the electron in between
the initial position and a final position. More specifically, it represents the effect of magnets on the
beamline.

In geometric optics, light entering a prism splits into separate colors depending on the wavelengths
present in the incident light. Magnets have a similar effect on a charged particle beam. Charged parti-
cles traveling through a magnetic field have their path “bent" by differing amounts depending on their
momenta. Higher momenta particles have their path “bent" less than particles with lower momenta.
With this a charged particle beam traveling in a magnetic field can be described mathematically by
a charged particle having some input coordinate vector, being transformed by the magnet, and hav-
ing some output coordinate vector. This concept yields itself to be described by a matrix. A charged
particle has an initial coordinate vector, and the final position vector can be found by multiplying the
initial coordinate vector by a transformation matrix. In one dimension this can be written as:

Ty M1f1 M1f2 M1f3 T;
Tyl = M2;1 M2j:2 sz::; ] (10)
0 Mgy Mz, Mg, 0

Where x denotes a position, 2’ denotes an angle, and § denotes the momentum all with respect to
the designed position, angle, and momentum of the beam. To be sure this § found in Equation (10)
is not a differential as found in Equations (3) or (5). It should be noted at this point the transport
coefficients (MZ];) and the final position (z) are the only known quantities in Equation (10). As such
Equation (10) is not a solvable matrix equation. Equation (11) gives an example of the transport ma-
trix of a particle beam headed aimed directly into a quadrupole magnet of length [. In Equation (11),
k depends on the charge and momentum of the incident particles as well as the magnetic field of the
quadrupole magnet. More information on this example and magnetic optics can be found in [7].

14



Ty cos(v/kl) o sin(v/kl) 7

0
h| = | —Vksin(Wkl)  cos(VEL) 0| | (11)
) 0 0 1] L9

Optics data are used to calculate the transport coefficients in Equation (10). The coefficients are
generally dependent on the momentum, angle, and position of the incoming particle as well as the
shape and current of the magnet the particle is traveling through. The current inside of a magnet can
change from one second to the next and so optics data must be refreshed frequently in order to cre-
ate accurate matrices. On average, the current inside a large magnet remains relatively constant for a
given hour. This analysis calculates optics data every hour on the assumption that the current within
large magnets does not change much within a given hour.

Of course, there is more than one magnet in a beam line. Within each arc of the accelerator there
are more than 80 magnets ranging from large bending dipoles to smaller diagnostic quadrupoles. Each
magnet must be modeled in the optics script to get a good estimate of the initial position, angle, and
momentum deviation of the beam. Fortunately, this is done by convoluting the matrices of each indi-
vidual magnet. So the entire matrix to model an electron traveling through a one hundred and eighty
degree arc is the convolution of each individual matrix representing each individual magnet. In this
first analysis, only the large bending dipoles were accounted for in the optics script. The smaller fo-
cusing dipoles are ignored in this version.

5.4 Root Script

Once both the event and optics data have been imported, the ROOT script can then calculate ]’D’—g.
From Equation (10), a final coordinate vector in the beamline can be expressed as a transport matrix
acting on an input coordinate vector. Taking the first row of Equation (10):

xf:Mfl*xi—lefQ*xg—i—Mf;’*(S (12)

Where the z; denotes the final position of the beam. Experimentally, z; is the reading from a sin-
gle BPM. Each BPM carries information on where the beam is at a specific point in time. In this
equation ¢, the deviation from the designed momentum, is the desirable quantity as earlier Equa-

1+42
tion (5) relates 22 = —74. From Equation (12) the error in describing z; as above is:

ap
1+PB

2
X2:Z(:Ef—lel*xi—M{Q*xQ—M{3*5) (13)
!
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Applying the method of least squares to Equation (13) calculates the x;, ), and, 6 which minimizes

the error in (12). The coordinate vector that the method least squares yields must be the initial posi-
tion of the electron beam in the magnetic arc. This result can be checked experimentally, as there is a
BPM at the beginning of each magnetic arc measuring the beam position. Using this method the mo-
mentum deviation(dp) of the electron beam can be found for any point in the beamline. The ratio of
these two momenta is then calculated yielding Z—g. Figure 7 displays the output of the ROOT script, a
one-dimensional histogram of z—;} in ARC1.

1.002

1800
1600
1400
1200
1000

1.0015

1.001

S LAARNRARRN ALY

1.0005

AL LR Y

Events/Bin

800 ol 1

600F- 0.9995F

400F ’ =

200F- 0.999F

G> I I | | | F

0.9998  0.9999 1 1.0001  1.0002  1.0003  1.0004 0.9985[~
% 0.998: Ll L ] 1 I I ] Ll ]
s 0O 10 20 30 40 50 60 70 80 90

Time (hrs)

Figure 7: Histogram of 22 collected over Figure 8: B4 plotted versus time over a twenty four
twenty four hours. hour perioif

To identify how this ratio varies over time, a time stamp is associated to each individual ratio
calculation. Recall that each event takes place over one second. Currently the analysis runs over twenty
four hour periods. Since there are 86,400 seconds in twenty four hours, each event is assigned a num