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ABSTRACT

Rydberg atoms are a rapidly developing platform for rf and dc-electric field
sensing. This dissertation focuses on work related to expanding the capability of
Rydberg atom-based sensors to measuring spatially varying dc-electric fields and
advancing static electric field vector electrometry. Previous field measurements
relied on readout of optically prepared two-photon resonances and had limited
spatial resolution. We developed transmission and fluorescence-based detection
methods to measure spatially varying electric fields. We use these methods to
perform non-disruptive, SI-traceable diagnostics of an electron beam. We also
performed preliminary experiments for polarization-dependent vector electrometry
designed to measure the field distribution of the electron beam. In addition to
electron beam experiments, we also explored a novel readout of Rydberg
resonances using an all-optical Ramsey interrogation to improve electric field
measurement sensitivity.
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1.1

2.1

LIST OF FIGURES

Rydberg EIT sensing schemes. In all configurations, the ground state
lg) is coupled to an intermediate excited state |e) by a red probe
laser. A blue coupling laser then promotes atoms from the interme-
diate state to a Rydberg state. (a) Basic Rydberg EIT: Holding the
probe laser on resonance with the |g) <> |e) transition while scan-
ning the coupling laser frequency generates a transmission peak in the
probe laser transmission spectra. This peak appears when both lasers
reach resonance, signifying electromagnetically induced transparency.
(b) Autler-Townes splitting: Coupling the Rydberg state to a nearby
state |r;) with a resonant rf field splits the EIT peak. The resulting
separation between the two peaks directly corresponds to the strength
of the applied rf field. (c) Non-resonant Stark shifting: In the presence
of an external electric field, the Rydberg energy level shifts due to the
Stark effect. This shift moves the EIT transmission peak in frequency,

providing a direct measurement of the local electric field strength.

Three level ladder system with ground state |g), excited state |e) and
Rydberg state |r). Probe laser with coupling Rabi frequency 2, cou-
ples |g) and |e), while a coupling laser with Rabi frequency €2, couples
le) and |r). A, and A_ are the detunings of the probe and coupling

P

lasers, respectively.
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2.2

2.3

24

2.5

2.6

2.7

Steady state EIT model from coherence. (a) Sweep of the probe laser
detuning with A, = 0, I'y = 6 MHz x 27, I's = 8kHz x 27, Q_, —

0.5y, €, = 0.1T5, N ~ 10% m=3, and dy. — 3 x 1072 C-m. This

P
is a stationary atom steady state EIT absorption curve with no laser
linewidths. (b) Sweep of coupling laser detuning with A, = 0 and all
other parameters the same. Sweeping the coupling laser removes the
two-photon background signal.

Steady state population as a function of coupling laser detuning using
the same atomic parameters as in Fig. 2.2. When both lasers are on
resonance with the EIT transition, there is a dip in the population of
the excited state p... The dip in the excited state population is what
we use for fluorescence imaging in later sections.

Adapted from [2]. Wavelength dependence of Doppler averaging in
EIT. Top: transmission of individually shifted spectra per velocity

class for (al) A\, = A, = 780 nm (bl) A, = 780 nm and A\, =

C
480 nm. Bottom: Doppler-averaged probe laser transmission signals
corresponding to (al) and (bl).

Fitting Doppler broadened EIT spectra with different Lorentzian and

Gaussian functions. The fit shows that the Gaussian profile cap-

tures the central peak better than the Lorentzian function because

the longer tails of the Lorentzian function do not fit generated spectra.

Stark map of 36D Rydberg spectra. The heat map is the measured
atomic spectra, and the overlaid lines correspond to the Stark shifted
sublevels obtained through ARC [1].

Stark map of 58D Rydberg spectra using ARC [4]. This state is more
sensitive to electric fields and closer to neighboring Rydberg states, so

there is greater non-linearity in the state shifts.
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3.1

3.2

3.3

3.4

3.5

3.6

Image of the experimental apparatus. Components related to the elec-
tron beam are labeled in orange text. The green dashed line indicates
the e-beam path, and the Rb chamber is highlighted in the magenta
box.

Electron beam emission source. (a) Image of filament source installed
on the vacuum chamber. (b) Schematic diagram of the internals of
the emission source. (c¢) Diagram of the filament source with relevant
components numbered (figure from [Staib Instruments Manual|).
Electron beam controllers. (a) Filament source controller for energy,
emission current, and steering. (b) Voltage source.

Overview of electron beam pulser. (a) Pulser control box. (b) Pulser
unit installed on beamline. (c¢) Diagram of how the pulser works to
quickly modulate the electron beam.

Demonstration of “phantom beam” when using the pulser. (a) Faraday
cup signal of recorded voltage for when the beam is off (blue line).
When the beam is in the Faraday cup (orange curve). At 5 V, the
beam is allowed to pass into the Faraday cup, so the signal is high,
showing that there is beam hitting the cup, and at 0 V, the beam
is extinguished on top of the blue line. When the steering is large
enough to see the “phantom beam” (green curve). Here, the signal
is opposite to good pulser operation, where the beam enters the cup
when it should not. (b) Input signal to the pulser. 5 V beam on 0 V
beam off to compare what should be happening at the oscilloscope.
Rb vacuum chamber. (a) Image of the Rb chamber on the beamline.

(b) CAD rendering of Rb chamber to show path of electron beam and

26
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28

30

32

optical laser path. (c) Cross-section of Rb chamber to give dimensions. 33
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3.7

3.8

3.9

Heating elements for Rb chamber. (a) Heat delivery mechanism. The
air flow regulator sets how much air can flow through the tube. The
heating element is a metal pipe wrapped in heating tape controlled
by the variac power supply. Once the desired air flow and heat are
set, you never really have to touch this setup. (b) Heater box placed
around the Rb Chamber. The heating connector takes output from
the heating delivery mechanism. Inside the plastic box/oven, there is
a metallic shielding against magnetic fields.

OTR overview. (a) Camera setup for monitoring the OTR screen in
the vacuum setup. (b) Diagram of how the camera looks into the
four-way cross. The OTR screen is recessed from the center of the
cross, so to view the screen, the camera has to be at an angle to see
where the beam hits the screen. (c) E-beam OTR plot. The heatmap
plot shows the two-dimensional beam profile, and black lines are the
sum in horizontal and vertical dimensions. Fit lines are a Gaussian fit
to extract the full-width at half-maximum for each direction.

Graph demonstrating the relationship between focus value and grid
voltage with electron source controller. There will be combinations of
these parameters that do not allow for an electron beam to form, and
for each grid voltage set (A, B, C), there is an optimal focus value for

beam size.

3.10 Overview of impact fluorescence measurements. (a) Experimental

setup of the camera looking at the impact fluorescence region in the
Rb chamber. (b) Recorded impact fluorescence measurement of the

electron beam.
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3.11 Current sensing devices and measured currents. (a) Faraday cup in-

stalled on the vacuum system with a highlighted connector for readout.
(b) IPCT current monitor device. (c¢) Measured e-beam current vs.
emission current. These measurements are from the Faraday cup, but

both devices deliver the same current.

3.12 Effect of changing current on OTR and impact fluorescence measure-

4.1

ments. (a) OTR beam spot for increasing emission current and the
associated one-dimensional beam profile to show height changes with
increasing current. (b) Impact fluorescence signal for decreasing emis-

sion current, and associated one-dimensional beam profile.

(a) Three level atomic system with relevant atomic transitions, and
illustrating probe laser fluorescence of the 5P, state. (b) Experimen-
tal setup of the camera monitoring the probe laser fluorescence in the
Rb chamber. (c) Fluorescence detection method. The 780 nm probe
laser excites Rb atoms in the Rb chamber which fluoresce and are
imaged by a camera. The 480 nm coupling laser is frequency scanned
around the Rydberg atomic resonance, and we capture images of the
probe laser fluorescence in time. The pixels that contain the probe
laser are averaged and an average pixel photon count is extracted for
each point in time and position along the Az position axis. At each
position, the measured atomic spectra will be different depending on

the strength of the electric field in space.
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4.2

4.3

4.4

Fluorescence spectra with no e-beam. (a) Reconstructed spectra at
three locations along the cell position. One near the window where the
resonances are clearly split (green), one closer to the center showing
the change in electric field (red), and finally one near the center of the
cell where the electric field is near zero (black). (b) Fluorescence heat
map. Recorded spectra plotted along the cell positions.

Effect of ITO coating on windows for cell charging. (a) Recorded
fluorescence spectra in Rb chamber with copper plates. There is a
clear splitting of EIT resonances around the 6 mm cell position. (b)
Recorded fluorescence spectra in Rb chamber with ITO coated win-
dows and charged surfaces moved further away. There is a narrow
EIT line with no splitting along the entire cell position path.
Electric field produced by an electron beam. (a) Overview of experi-
ment. A charged particle beam produces an electric field and passes
through a cloud of Rb atoms shown as a nucleus with a yellow electron
cloud. We use lasers to excite these atoms to a Rydberg state (shown
as atoms with a larger electron cloud) to probe the electric field. We
assume the beam produces a radially symmetric Gaussian electric field
distribution described by Eq.(4.3). (b) Expected fluorescence spectra
of e-beam for given parameters simulated from Gaussian distribution

e-beam and simple shifted peaks.
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4.5

4.6

Demonstration of fluorescence based measurements of the electric field
of an e-beam. (a) The EIT spectra that constitute the heat map in
(b). The spectra are fit with Eq. (4.4) to determine the electric field
value shown as the shaded regions in each plot. (b) The measured
spectra of the 58D;/, Rydberg EIT peak for each position along the
laser beam fluorescence. The numbers correspond to the shown single
spectra in (a). (c¢) The reconstructed electric field value along the Rb
chamber. The measured field is fit with a function described by Eq.
(4.3). The minimum detectable field is shown as a grey strip along
the bottom of the plot, and error bars on the fit are also shown in
grey. (d) E-beam profile. Impact fluorescence (IF) shows a detection
method to verify where the e-beam is inside the Rb chamber, and the
reconstructed profile from the E-Field measurement is plotted on top
of the IF profile.

E-beam diagnostics for position and current. (a) and (b) are the same
style of plots shown in Fig. 4.5 (b)-(d). (a) Heat maps for two different
e-beam positions in the cell. The dashed lines in the plots show the
beam center. (b) Plots of heat maps for increasing e-beam current.
Current values recorded from the Faraday cup. (c) Diagnostic of e-
beam position in the Rb chamber. Error bars on the plot are derived
from uncertainty of the fit and smaller than the points on the graph.
(d) Fit of recovered Rydberg current vs. Faraday cup current. Error
bars on the plot are derived from uncertainty of the fit and smaller

than the points on the graph.
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5.1

5.2

5.3

Simplified optical setup. The blue laser is at an angle ¢ with respect
to the red laser. In this balanced detection scheme there are two red
laser paths to cancel any changes of atomic density in the chamber.
Where the blue laser crosses the red laser, this is the only region
where there is EIT signal therefore creating a localized electric field
measurement. The thick glass in the setup displaces the blue laser
and this interaction region, so it can move along the red laser path in
the Rb chamber.

(a) EIT spectra for the case of the e-beam off and on with 120 pA
total current. (b) Lock-in signal due to pulsing of the e-beam for dif-
ferent currents. (c) The heat map is the lock-in signal strength vs the
blue laser detuning and the e-beam current. Dashed lines corresponds
to the location of the lock-in curves shown (b). (d) Lock-in signal
maximum value vs the e-beam current.

Results (top row) and geometrical arrangements (bottom row) of the
electric field measurements in the horizontal and vertical directions. In
both plots the red/blue cylinders represent corresponding laser beams,
and the green cylinder is the e-beam. (a) The measured Stark shifts of
the EIT resonances as the electron beam is moved vertically through
the crossed laser beam region. (b) The lock-in signal modifications
as the the blue laser beam is moved horizontally with a thick plastic
plate. The central strong red spot corresponds to the location of the

electron beam. The e-beam current was set to 108 pA.
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5.4

2.5

5.6

5.7

Measurements of the e-beam motion along = direction. (a) Heat maps
of lock-in signal spectra vs the horizontal blue laser raster displace-
ment Ax for different horizontal positions of the e-beam. The black
dashed lines show the expected centers of the electron beam provided
by the pulser deflection. (b) Calculated PCA amplitudes of the heat
maps in (a) vs the horizontal laser beam displacement and their fits
with a Gaussian shape. (c) The Gaussian center location of fits in
(b) vs the pulser dialed displacement. The red dashed line is a lin-
ear fit line showing relationship between measured and dialed e-beam
positions. For this dataset the e-beam current was set to 108 pA.
PCA analysis of the experimental data. (a) First two principle com-
ponents (PC) or shapes that describe the data. (b) Example of two
lock-in spectrum traces and their approximation with the weighted
sum of these two principal components.

The PCA amplitude raster map of the e-beam raster. The e-beam
current was set to 108 pA.

(a) The PCA amplitude raster maps for different e-beam currents. The
displacement steps are not as fine as those in Fig. 5.6. (b) Dependence
of the PCA amplitude maximum in the raster map vs the e-beam

current for rasters in (a). The dashed red line is a linear fit.
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6.1 (a) Simplified energy level configuration of **Rb used to observe two-

photon EIT resonances. The 780 nm probe laser is on resonance
with the 551, — 5P3/ transition. The 480 nm coupling laser is
scanned across the 5P/, — nDs/ transition with frequency detun-
ing A,. Dashed lines depict Stark splitting of the Rydberg 46Ds,
level into |my| = 1/2,3/2,5/2 sublevels as the static electric field
strength increases. (b) Allowed transitions for optical field polarized
parallel (solid) or perpendicular (dashed) to the dc electric field for
a simplified fine structure of involved atomic levels. (c) Examples
of EIT spectra in the absence of electric field (black), with electric
field E applied perpendicular (magenta) and parallel (green) to both
laser polarizations (£). Dashed lines indicate the Stark shifts for
Mmy=sp = +1/2,43/2,£5/2 sublevels of the D5/, level. Solid and
hollow triangles show the locations of the EIT resonances associated
with transitions to Stark-shifted sublevels of the Dy, level [m ;| = 1/2
and |m ;| = 3/2, respectively (since these peaks are much weaker, we

do not use them in the analysis).
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6.2 (a) Experimental arrangement for uniform electric field measurements.

The electric field E points along the xz-axis when a voltage 1 is applied
to the top capacitor plate. The laser beams counter-propagate along
the z-axis, and their polarization orientations are defined by angles
¢, and ¢y, formed between the laser polarization vectors &, and &,
with the g axis. (b) Experimentally measured peak areas of |m | EIT
peaks as functions of independently varying laser polarizations. (c)
Experimentally measured dependence of all three peak areas on the
angle between the electric field and the laser polarization when &, and
& are matched, i.e. ¢, = ¢y (¢rp). (d-g) Corresponding theoretical
EIT area values calculated using the semi-analytical atomic model

(d,e) or by numerically the solving the exact interaction Hamiltonian

(f,2).
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6.3

6.4

Fluorescence based electric field magnitude measurements. (a-c) Elec-
tric field magnitude reconstruction as the wire is displaced a distance
Ay from the lasers. A retractable wire in our Rb vacuum chamber
creates a spatially varying electric field when a voltage Vj is applied.
In the diagram of the wire with respect to the lasers, the darker red
and blue lines indicate the laser fluorescence region monitored by the
camera, 0y = 0, denote the electric field variation with respect to
the z-axis in each position of the probe and ¢ indicate angles with
respect to the z- axis. Underneath these diagrams, the gray-scale
maps are recorded fluorescence spectra for laser polarization orien-
tation where the m; = £5/2 peak is minimized. Solid lines show
reconstructed peak positions of the 46Ds/, |my| = 5/2, 3/2 and 1/2
and dashed red lines are the peak positions of the 46D3/; levels. Fi-
nally, at the bottom we show the spatially reconstructed electric field
magnitude for each position of the wire with respect to the lasers.

Variation of g and ¢g for different Ay wire displacements. The dif-
ferent Af, . correspond to the different angular variations we show
in Fig. 6.3. (al) Experimental m41/2 peak area for different wire Ay-
positions, monitored with fluorescence at Az = 0 mm. Error bars are
an average of pixels from the center +0.25 mm. (bl) Experimental
m41/2 peak area for different wire Ay-positions with a fixed polariza-
tion when m4s5/, peak is minimum. (a2) Modeled my.;/, peak area for
different wire Ay-positions. (b2) Modeled m,/, peak area for differ-
ent wire Ay-positions with a fixed polarization when the m.5/, peak

1S at a minimum.
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7.1

7.2

(a) Temporal R® resonances: Atoms are prepared in the coherent su-
perposition with two EIT laser fields (red) during time t;, and then
allowed to evolve in the dark for time ¢,, while laser fields are turned
off. Any changes in the atomic coherence are read out with a second
light pulse (containing both EIT laser fields) of duration ¢3. Only the
initially prepared atoms remaining in the interaction volume (green)
contribute to the R? resonance. (b) Spatial R® resonances: Atoms
are prepared in the coherent superposition with two EIT laser fields
(red) in a prep interaction region, and move ballistically toward the
readout region (also containing two EIT laser fields), crossing the dark
region in between. Only the atoms reaching the readout region (green)
contribute to the R? resonance formation.

(a) Time sequence of temporal Ramsey interrogation for stationary
atoms. (b) Theoretically predicted R? optical response for stationary
atoms for different two-photon detunings dz. Black dashed lines indi-
cate the 150 ns integration region used to reconstruct Ramsey fringes.
(c) R? resonances as a function of the coupling laser detuning for dif-
ferent evolution in the dark time ¢5. The model parameters are Ap =
0, = 6 MHz x 27, I, = 3kHz x 27, Q¢ = 0.5I., Qp = T'e, N =
1.7 x 10" em ™3, dge = 1.46x 1072 C-m.
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7.3

7.4

7.5

7.6

Examples of Ramsey fringe modifications for longitudinal motion of
atoms (2). For (a) - (c), it is assumed that all atoms move with
the given velocities v, to illustrate the effects of phase and Doppler
mismatch. (a) Effect of Doppler mismatch of detunings. (b) Effect
of spatial phase variations. (c) Effect of both Doppler and phase
variations. (d) Fringes resulting from dark time ¢ = 1 us and 3 = 150
ns for a range of velocities integrated over a thermal 1D distribution
corresponding to 300 K; note the different scale for a.

(a) Spatially separated geometry model. Each interaction region (pur-
ple) contains counter-propagating probe and coupling beams. The
preparation region (top) is assumed sufficiently wide, and separated
by a distance d from the detection region that has a finite width w.
(b) Examples of Ramsey fringes for atoms with different transverse
velocities v, (resulting in different effective dark times ¢,) integrated
over the longitudinal velocities v,.

(a) Predicted R? absorption resonance as a function of coupling laser
detuning for d = 1 mm and w = 50 gm. The red box is the zoomed
scale for the traces in (b). (b) The narrow R? feature for laser linewidths
of the probe and coupling lasers at 0 kHz, 200 kHz, and 500 kHz. (c)
Amplitude and FWHM of the R? feature for increasing laser linewidths.
(d) Amplitude and FWHM of standard Doppler-broadened EIT for
increasing laser linewidths.

Simulated central R? spatial fringes for varying measurement param-
eters. (a) R? fringe for various channel separation distances d. (b)

Values for FWHM and height of the R? fringe vs. d.
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7.7

7.8

7.9

Comparison of the minimum detectable frequency shift between stan-
dard Doppler-broadened EIT, spatially separated R?, and temporally
separated Ramsey measurements. Af,,;, is calculated as described
in Eq ( 7.3). Here, the temporal Ramsey case is calculated with a
different At detection time to account for the short integration time
to produce the signal.

(a) Experimental setup for spatially separated beam geometry. (b)
The transmission of infrared light in channel B for a given beam sep-
aration D. Reported transmission is normalized to the peak steady-
state EIT transmission experimentally observed using only the in-
frared and blue beams of channel B (channel A blocked), shown on
the grey curve. Channel A and Channel B EIT signals are similar
when both red and blue lasers are present. Solid curves correspond
to simulated spectra for the same parameters. (¢) The experimentally
measured EIT peak height as a function of beam separation, as com-
pared with the results predicted by our theoretical model with no free
parameters.

Experimental time pulsed signal data: (a) Balanced detection scheme
used in experiment. (b) Probing dark state coherence in time. While
the lifetime of the state is 53us, the state decays in about 3 s, most
likely due to atoms leaving the interaction region. (c) Ramsey style
pulse as an attempt to see changes based on detuning of the laser
fields for a short dark time (to = 1us). (d) Ramsey style pulse as an
attempt to see changes based on detuning of the laser fields for a long
dark time (to = 17us). Since all the atomic coherence decays for this

long dark time, this shows the standard rise of the EIT signal.
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7.10 Time pulse fringe recreation: a.) Boxcar signal integration region of

Al

A2

interest. The regions probed in each are the steady state regime, the
rise of the pulse turn on, and a time shortly after the rise time of the
laser. b.) Boxcar averaged signal. In the steady state region, along

the rise, and at the last position for each graph.

Cases for scanning different laser fields for excitation to the Rydberg
state in a two-photon excitation scheme. Case 1: The probe laser fre-
quency is scanned for a fixed coupling laser detuning. The fine struc-
ture states of an nD Rydberg energy level sit on top of the Doppler
broadened background, and the frequency spacing between these en-
ergy levels must be calibrated for scanning the probe laser. Case 2:
The coupling laser frequency is scanned for a fixed probe laser detun-
ing. Here, the fine structure level spacing does not have to be adjusted
as the spacing is calculated with ARC.

Example EIT transmission spectra sweeping the coupling laser field.
The black line is the recorded spectra for the 36D Rydberg state. The
two large peaks are the fine structure states with a known frequency
separation of 256 MHz. The small peak corresponds to the 36Ds/,
Rydberg transition from the F' = 3 state of ®*Rb 5P; /2. Here, because
we scan the coupling laser, the frequency difference between the dif-
ferent F' states must be scaled to know the frequency spacing between

the two Ds /5 states.
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D.1

D.2

Effect of duty cycle on measured e-beam position measurements. (a
1-3) Signal at the Faraday cup for different duty cycles to show the
electron beam is present in the chamber for less time with reducing
duty cycle. (b 1-3) Corresponding signal of e-beam cross section for
changing horizontal displacement of laser beams. As the duty cycle
decreases, the blue part of the graph goes away, which is attributable
to less charging in the chamber.

Effect of pulse repetition rate on measured e-beam cross sections. As
the pulse speed increases, the signal grows stronger. This might be
due to charging the chamber, where now the signal is modulated on
top of a constant background the more the e-beam behaves as a CW

source.
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Chapter 1

Introduction

1.1 Why study electric fields?

Measurements of electric fields and electric potential play a critical role across a wide
range of scientific and industrial applications, because they provide direct insight into how
charges and currents behave in physical systems. For example, in accelerator science,
electromagnetic fields are used to accelerate charged particles (electrons, protons, or ions)
to high energies. This process depends on precise control of both the magnitude and
spatial distribution of these fields. Devices such as rf cavities and magnetic quadrupoles
are designed to generate electromagnetic environments, and their performance requires
millimeter-scale precision to ensure stable and accurate beam steering and focusing |5, 0].
At the same time, the particle beams (collections of moving charges) themselves generate
electromagnetic fields which can interact with external fields and influence overall system
behavior [7, &].

Similarly, plasma physics investigates systems composed of energetic, ionized particles,
in which collective electromagnetic interactions dominate system dynamics [9-11]. Un-
derstanding how charges move and organize within a plasma is essential for applications
such as controlled nuclear fusion, where maintaining confinement and stability is a major

challenge.



These environments are often extreme, in which temperatures are comparable to or
exceeding those found on the surface of the sun, which destroy diagnostic tools. As a
result, these applications require sensors capable of accurately measuring electric fields
under harsh conditions without degrading or perturbing the system [12-15].

Beyond fundamental research applications, electromagnetic field measurements are also
critical in industrial contexts. Engineers rely on field probes to monitor circuit performance
and characterize the behavior of microwave and radio-frequency antennas [16-18]. These
measurements enable optimization of device performance and ensure compliance with de-
sign specifications. Underpinning all of these applications is the fundamental principle
that Maxwell’s equations uniquely connect electric fields to their underlying charge and
current distributions to understand complex physical systems [19].

Classical sensors typically infer electric fields rather than measuring them directly.
Antennas, which measure oscillating rf fields [20, 21], convert intercepted radiation into
current via oscillating charges within the antenna hardware. For static dc fields, Josephson
junctions serve as the standard for measuring electric potential to infer the field [22, 23].
Here, the measurable signal is again a current generated within the superconducting junc-
tion. Both methods rely on proxy quantities to measure the field. A further drawback
involves the electrostatic boundary conditions at the probe surfaces, which perturb the
very fields they intend to measure. This interference disrupts the local charge distribution
and introduces systematic measurement errors.

These limitations motivate the development of sensors capable of non-invasive, direct
electric field measurements. Atomic sensors offer a promising platform because atomic
properties are immutable and universal, eliminating the manufacturing variances, cali-
bration, or degradation common in classical probes. These atomic sensors enable high-
precision measurements of electric and magnetic fields [24, 25] and form the foundation
of this dissertation. We present work utilizing Rydberg states of alkali-metal atoms to di-
rectly measure electric fields produced by an electron beam and to characterize dc electric

field vectors.



1.2 Properties of Rydberg atoms for electric field sensing

Rydberg states of alkali-metal atoms, such as rubidium and cesium, are excitations in
which the valence electron occupies a high principal quantum number state (n > 10) [1].
“Rydberg atoms” are named after Johannes Rydberg, who also described the discrete

energy levels of hydrogen with the Rydberg formula:

_thoo 1 meet

B, = — - Mmee
" n2 n? 8eoh?’

(1.1)

were, F, is the binding energy, R, is the Rydberg constant, m, is the electron mass, e is
the elementary electron charge, €y is the vacuum permittivity, and h is Plank’s constant.
Because the orbital radius also scales with principle quantum number as (r) o n2ag (where
ap is the Bohr radius), these atoms effectively become micron-scale electric dipoles. This

physical size makes them highly sensitive to external perturbations of electric fields.

(a) Rydberg EIT (b) Autler-Townes Splitting (c) Quadratic Stark Shift
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Figure 1.1: Rydberg EIT sensing schemes. In all configurations, the ground state |g) is coupled to
an intermediate excited state |e) by a red probe laser. A blue coupling laser then promotes atoms
from the intermediate state to a Rydberg state. (a) Basic Rydberg EIT: Holding the probe laser
on resonance with the |g) <> |e) transition while scanning the coupling laser frequency generates
a transmission peak in the probe laser transmission spectra. This peak appears when both lasers
reach resonance, signifying electromagnetically induced transparency. (b) Autler-Townes splitting:
Coupling the Rydberg state to a nearby state |r1) with a resonant rf field splits the EIT peak. The
resulting separation between the two peaks directly corresponds to the strength of the applied rf
field. (c) Non-resonant Stark shifting: In the presence of an external electric field, the Rydberg
energy level shifts due to the Stark effect. This shift moves the EIT transmission peak in frequency,
providing a direct measurement of the local electric field strength.



We can control and monitor atoms in these excited states using a coherent two-photon
process called electromagnetically induced transparency (EIT) [26-28], which allows us to
optically prepare and read out the energy levels of an ensemble of thermal atoms. Fig. 1.1
(a) shows EIT for a three-level ladder system. This spectroscopic transmission peak allows
for all optical interrogation and preparation of the Rydberg states of atoms. Chapter 2
provides a detailed derivation of this phenomenon, and Fig. 1.1 (a) provides context for how
atomic states are actually measured in experimental settings. A probe laser, with optical
frequency wp, couples a ground state |g) and intermediate excited state |e), while a coupling
laser, with frequency we, promotes atoms from |e) to the Rydberg state |r). When both
lasers are resonant with their respective atomic resonances, the medium exhibits a reduced
absorption in the probe laser transmission since the valence electron of the atom occupies
a coherent superposition of the ground and Rydberg states. Scanning the frequency of the
control laser around this two-photon resonance produces a peak in transmission when the
energy of the two lasers match the energy level difference between the ground and Rydberg
states wg +wp = % = %

In Eq. 1.1, we can see that as n increases, the energy level spacing between Rydberg
states with different n get closer together and can therefore be coupled by resonant rf
electric fields |27, 29-35]. This coupling produces Autler-Townes (AT) splitting of the EIT
resonance [36]. The splitting frequency Afar depends on the transition dipole moment

between the coupled Rydberg states dy and the rf electric field magnitude |E]:

Afar =dyuwl|E|/h. (1.2)

Fig. 1.1 (b) is a simple picture of how this AT splitting is measured experimentally. In
the presence of an applied rf-field, the EIT peak splits in frequency proportional to the
strength of the field. While not explored in this dissertation, this is a common method for
rf measurements with Rydberg atoms.

Non-resonant electric fields also exploit the big electric dipole moment of Rydberg



states via the quadratic Stark effect, which shifts the atomic energy levels with different

total angular momentum quantum numbers m; by:

1
AfStark = _ia(n,l,j,mj)|g’2/h' (13)

where A fgtark; denotes the frequency shift of the atomic energy level, a1 j ;) is the atomic
state polarizability, and |£] is again, the magnitude of the applied electric field [37]. This
scalar polarizability o, jmj), represents the ease of inducing an atomic dipole, scales
dramatically as n”. Fig. 1.1 (c) shows the Stark shift to the Rydberg energy level in
the three level diagram. The EIT peak shifts along the frequency axis based on the
strength of the quadratic Stark shift. Since the polarizability o, mj) depends on m,,
dc electric fields lift the degeneracy of high-angular-momentum Rydberg states, producing
Stark manifolds that reflect both the magnitude and orientation of the applied field [33—10].

This will be discussed more in Chapter 2.

Property Quantity | Scaling
Binding energy E, n=2
Level spacing AE, n=3
Orbital radius expectation value (r) n?
State lifetime T n3
Scalar electric polarizability Q n’

Table 1.1: Scaling laws of Rydberg states with principle quantum number n adapted from [1-3]

Table 1.1 summarizes the relevant scaling laws that govern Rydberg-atom properties.
One property in this table that is not directly related to electric field sensitivity is the
atomic state lifetime that scales as n3. This is particularly useful for spectroscopy mea-
surements because the longer state lifetime (7 ~ 100 us for n = 58) leads to narrower

atomic resonances, which in turn leads to more precise measurements of the electric field.



1.3 Brief overview of Rydberg atom based technologies

Rydberg atom technologies are at the core of many applications in both fundamental and
applied physics. Ultracold Rydberg states form the basis for neutral-atom quantum in-
formation platforms |11, 12]. These systems utilize long-range dipole-dipole interactions
between closely trapped atoms to realize the Rydberg blockade effect [13, 44]. In this
regime, the excitation of a single atom shifts the energy levels of neighboring atoms, pre-
venting them from resonant optical excitation to the Rydberg state. Researchers leverage
this effect to create logical qubits for quantum computers and to develop single-photon
sources |15, 40] for number state generation for quantum networks.

Beyond quantum information and computing, Rydberg sensors are in metrology appli-
cations. Cold Rydberg ensembles enable traceable thermometry by measuring blackbody
radiation [17, 18], relating temperature to measured frequency shifts via selective field ion-
ization. These applications require cold atoms that are confined in a magneto-optical trap
(MOT) or optical tweezer arrays, but practical applications involving Rydberg atoms can
be done at room temperature in glass vapor cells. These portable cells eliminate the need
for large, complex vacuum systems and magnetic confinement coils.

Since atomic-vapor based Rydberg sensors form the basis of the work for this disser-
tation, so now, we provide a brief overview of electric field metrology developments with
Rydberg atoms. Early Rydberg sensors relied on incoherent excitations to the Rydberg
state, promoting electrons using intense laser pulses. The plasma physics community used
this approach to develop several spatially resolved measurement techniques across various
atomic species [19-51]. These laser-induced fluorescence dip (LIF-dip) techniques monitor
atomic state populations by detecting fluorescence from excited states. However, this in-
coherent excitation produces broad resonance linewidths, limiting measurement precision.

Coherent excitations to a Rydberg state via EIT proviedes much narrower linewidths,
establishing alkali vapor cells as a rapidly advancing platform for both dc and rf metrology.

Initial efforts focused on creating an Sl-traceable electric field standard [37]. Because



of the quadratic Stark shift (Eq. 1.3) linking field strength to atomic polarizability and
fundamental constants, these sensors provide an intrinsically calibrated electric field probe.
A number of research groups have demonstrated dc electric field measurements using vapor
cells with embedded electrodes [37, 10, 52| or by inducing charges on cell walls via energetic
purple light photons [53, 541]. Nevertheless, dc sensing remains challenging; unlike magnetic
fields [55], low-frequency electric fields are screened by a Rb layer on the glass of the vapor
cell [35]. So, dc studies often require internal electrodes or specialized surface-charging
techniques [50] to even have a field to measure.

The field of Rydberg sensing expanded significantly with the advent of rf electric field
receivers [27, 29-35]. High-frequency rf fields penetrate vapor-cell glass, bypassing the
dielectric screening that plagues dc measurements. This property has enabled rigorous
studies of rf power standards and angle-of-arrival detection [57-60|. These systems can
also be adapted for higher frequency terahertz fields for imaging and sensing [38, 61—

|. Both of these field-sensing techniques leverage EIT and Autler-Townes splitting to
measure field strengths. Expanding beyond metrology, researchers have demonstrated
practical applications with the rf-receivers too, such as streaming audio and video signals

and enhancing existing rf ground-based satellites [61-67].

1.4 Sensing capabilities necessary for electron beam diagnos-
tics

The research presented in this dissertation confronts several technical challenges in state-
of-the-art Rydberg atomic sensing that must be addressed for implementing electron beam
diagnostics. The first challenge involves measuring spatially varying electric fields. Con-
ventional vapor-cell measurements detect laser transmission through the entire cell, which
integrates the electric field over the entire atom-light interaction volume. Because of this,
the recorded spectrum represents a spatial average rather than a localized measurement.

Previous studies have measured electric fields that are uniform in the laser propagation di-

7



rection but vary transversely across the vapor cell [53, 68]. However, achieving true spatial
resolution typically requires miniaturizing vapor cells or translating the interaction volume
in space to see where the field is changing. These constraints and methods currently hinder
the reconstruction of spatially varying dc field distributions because they are difficult to
implement, and can modify the very fields being measured.

A second challenge is the lack of intrinsic directional sensitivity to dc electric fields.
Characterizing arbitrary charge distributions requires measuring electric field vectors, but
the quadratic nature of the Stark effect is only sensitive to field amplitude. While atomic
selection rules and polarization control enable vector measurements in vapor-cell magne-
tometers |09, 70|, extending this capability to dc electric fields is non-trivial [71]. Unlike
rf field Rydberg receivers, where polarization selection rules facilitate directional measure-
ments [57], dc fields introduce optical pumping and complex population dynamics that
complicate vector extraction. As a result, directional dc electrometry remains largely un-
explored.

Finally, the linewidth of the atomic resonance fundamentally limits the sensitivity of
Rydberg vapor-cell sensors. In room-temperature vapors, Doppler broadening and transit-
time effects restrict the minimum achievable EIT linewidth, which determines the smallest
detectable electric field. To reduce this broadening, some groups explore Doppler-free,
three-photon excitation schemes that mitigate this broadening and increase electric field
sensitivity [33, 72-75]. These approaches reduce the sensing volume, but also lower the
signal strength through the reduced sensing volume, making it hard to achieve experimen-
tally. These limitations prevent current vapor-cells from reaching the low-field amplitudes

detectable by classical antenna-based methods.

1.5 Outline

This dissertation presents work on addressing all of these technical challenges and demon-

strating applications of Rydberg atom electric field sensors. It is organized as follows:



Chapter 2 gives a fundamental theory for EIT resonances involving Rydberg atoms and
their modification in the presence of electric fields. We use this theory to construct fitting
functions to extract values of electric fields in reported experiments.

Chapter 3 details the electron beam apparatus used in experiments in Chapters 4 and 5.
This chapter describes how the apparatus works, and serves as a guide for how to use it.

Chapter 4 describes the fluorescence-based detection method for measuring spatially
varying electric fields, and its application to measure the position, size and current of an
electron beam.

Chapter 5 provides an alternative e-beam diagnostic, in which to probe the spatially
varying fields, we cross the laser beams at an angle and record the transmission of light
through the cell.

Chapter 6 expands Rydberg EIT techniques into vector measurements through demon-
strating polarization-dependent dc electric field measurements.

Chapter 7 explores a new detection scheme for an all-optical Ramsey interrogation
of Rydberg coherences. We theoretically propose a method to reduce the EIT linewidth
in room temperature vapor cell experiments through a temporal or spatially separated
Ramsey interrogation.

Finally, Chapter 8 summarizes the dissertation and gives an outlook on the many future

directions this work can take.



Chapter 2

Atom-light interactions and Stark
shift theory

2.1 Three-level model for Rydberg EIT

As discussed in Chapter 1, EIT serves as the backbone for room-temperature Rydberg
state measurements. Because the physics governing EIT is well established, we present
an overview of atomic interactions with light and external optical and electric fields, and

describe some numerical methods for solving such atomic systems [2—1, 76-34].

2.1.1 Interaction Hamiltonian in the rotating wave approximation

Fig. 2.1 shows a three-level ladder system consisting of a ground state |g), an intermediate

excited state |e), and a Rydberg state |r). The atomic Hamiltonian can be written as

hwg 0 0
Hy = 0 hAw. O , (2.1)
0 0 Jw,

where hwg, hwe, hw, are the energies of the respective states.
We implement a semi-classical approach in which the atoms are treated quantum me-
chanically, and the optical fields are treated classically |33, 85, 86]. A probe field of

frequency €, drives the |g) <> |e) transition, while a coupling field of frequency £, drives
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Figure 2.1: Three level ladder system with ground state |g), excited state |e) and Rydberg state
|r). Probe laser with coupling Rabi frequency 2, couples |g) and |e), while a coupling laser with
Rabi frequency €2, couples |e) and |r). A, and A are the detunings of the probe and coupling
lasers, respectively.
the |e) <> |r) transition. The optical field produced from the two lasers that interact with
this atom is
1 , 1
E(r,t) = - B, ¢ elkerpl] 4 —p

2 P-P 2 CGC

eilkcr—wct] 4 c.c., (2.2)

are the wavevectors, ', , are the field

where €pc are the light polarization vectors, k po

P,C
amplitudes, and c.c. is the complex conjugate [2, 80, 83].

Under the dipole approximation (the wavelength of the light is much greater than the
size of the atom, A > ag), the spatial variation of this field across the atom is neglected.
The expression for the electric field then reduces to

) 1 )
E(t) = ZE, ¢, e “rpl + 3Fc e~wel 4 c.c. (2.3)

c-c

The atom-light field interaction is described by the interaction Hamiltonian

Hy = er-E(t). (2.4)

where r is the electron position operator and e is the charge of the electron. In the

{l9),1€),|r)} basis, this interaction Hamiltonian can be written as

11



hQ2

0 —Eewpt 0
My M
Hr = Tpe wpt 0 Tce iwet | + h.c., (25)
0 Mg gt 0

where h.c. is the Hermitian conjugate of the matrix, and the Rabi frequencies ({2, ) are

defined as

ek

2, = L g o) (2.6a)
el N
Q. = hc {elrvé |r). (2.6b)

The total Hamiltonian of this atomic system is H = Ho+ Hj. To handle time dynamics
of the system into the Hamiltonian and the state vector, we transform to the interaction

picture (i.e. rotating frame) using the unitary operator

eiwgt 0 0
U= 0 elwstwp)t 0 : (2.7)
0 0 ei(wg—l—wp—l—wc)t

The Hamiltonian and state vector |¢) transform as

) — ) = Ulyp), (2.8a)

of
H — H' =UHU" — i | (2.8D)

°
where U is the Hermitian conjugate, and I is a time derivative of the transformation
operator. Neglecting rapidly oscillating terms such as w, + w,, 2w, and 2w, (rotating

wave approximation), the Hamiltonian reduces to

Y
0 2 0
H =M _pA e . (2.9)
hQ
0 =% WA, +4A)

Here, the detunings, or deviations from atomic energy levels, are defined as

12



A, =w, — (We — wy) (2.10a)

A, =w, — (wr — we) (2.10Db)

This Hamiltonian forms the basis for the EIT transmission model developed in the

following sections.

2.1.2 Optical Bloch equations

Time evolution of atomic states may in principle be described using the time-dependent
Schrédinger equation. However, this approach does not account for dissipative processes
such as spontaneous emission or laser-induced dephasing. To incorporate these effects, we
employ a density matrix formalism, which allows us to treat both coherent and incoherent
decay dynamics consistently.

The density operator for pure states is defined as

Pgg Pge Pgr
, (2.11)

p(t) = ) (Y| = (Peg Pee  Per
Prg Pre  Prr

where the diagonal terms represent populations of the atomic states, and the off-diagonal
terms represent coherences between states.
The time evolution of the density matrix is governed by the Lindblad master equation,

8’5?) — %[H,p(t}] + Zﬁ(p, ), (2.12)

where H is the system Hamiltonian given by (Eq. 2.9), and £ is the Lindblad superoperator
defined by

L(p,oi) =Y aipo) — (o]oip+ poloi) /2, (2.13)

2

with o; representing collapse operators that describe dissipative processes.
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We consider two primary classes of collapse operators. The first describes spontaneous
decay of atomic populations, determined by the natural lifetimes of the states. The excited
state decays only to the ground state with a state lifetime I's, and the Rydberg state decays

to the intermediate excited state with a state lifetime I's.

0 Iy 0 0 0 O

oge=(0 0 0, oer={(0 0 I3|. (2.14)
0 0 O 00 O

There are no decays from the Rydberg state directly to the ground state due to selection

rules. The second class captures additional dephasing arising from finite probe and coupling
laser linewidths (v, . respectively). Three operators are introduced to construct a Lindblad

superoperator consistent with [30]:

V= + 9 + (0 +7e) 0 0 0 0 0
Olw, = 0 0 0f, ow,=10 \/70 +v — ('VP + 70) 0],
0 00 0 0 0

0 0 0
UZ_<00 0 )
w3
00 \/70_7P+(7P +’Yc)
(2.15)

From these collapse operators, the Lindblad superoperators for spontaneous decay and

laser-induced dephasing are

F2pee _%pge _%Pgr
ﬁD = _%peg _FQ/)ee + F3pr7‘ _F2;F3 Per | > (2163)
—jsprg - FQ;FS Pre P3prr
0 —YpPge _('713 + ’YC)Pgr
Ly = —VpPeg 0 — Y Per . (2.16b)
—(vp +76)Prg —VePre 0

Together with the system Hamiltonian and the trace condition pgg+ pee+prr = 1, these
equations fully determine the optical Bloch equations. For time-independent (or steady-
state) interactions, we can set the left side of Eq. 2.12 to zero, and find density matrix

elements for both state populations and coherences. Later, in Chapter 7, when we need
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to investigate temporal behavior, we will use numerical methods to accurately capture the
time evolution of atomic states.
For the steady state case, we can write an analytical form of the coherence between
the ground and excited state pge:
10*

. Iy
Poe =5~ [1Bp + 5 7 +

-1
Q. 1%/4
i(Ag +Ap) +T3/24+ 7, +7¢

: (2.17)

This coherence is related to atomic susceptibility x which dictates the absorption coefficient

« and refractive index of the medium ng,

2N |dge |?
A, A )= 2199 2.1
R (2.18)
a=k,Im|[x] (2.18b)
ng =1+ Re[x] /2, (2.18c)

where N is the number density of the ensemble of atoms, dg. is the dipole moment between
the ground and excited state, and peg = pj.
While Eq. 2.17 is the full steady state solution of the atomic coherence term, there are

a lot of terms in the equation which obscures why EIT is so beneficial for spectroscopic

sensing. In the case where A, =0 and v, ., = 0 Eq. 2.17 simplifies to

" 2iAC +1I'3
P 2|QC’2 + 2513 + %AC’ )

pge = i) (2.19)

Here its a little easier to see the benefits of EIT. For increasing coupling power, |2, | — oo
pge — 0. If pge — 0, then the absorption coefficient is also zero, so there is a completely
transmissive window. Also, pge depends on the lifetime of the Rydberg state I's. For
Rydberg states I's > I's, and therefore, this non-linear effect can produce spectroscopic

features that are much narrower than the lifetime of the intermediate excited state.
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Fig. 2.2 shows these benefits by plotting the transmission, 7', of probe light through the

oL “where L is the length of the atomic interaction region.

atomic medium, where T' = e~
The figure demonstrates two different scenarios. In Fig. 2.2 (a), the coupling laser is held on
resonance (A, = 0) while the probe laser sweeps across the atomic transition. Without the
coupling laser, the atomic response is an absorption profile governed by the intermediate

excited state lifetime, corresponding to the (1A, + %) term in Eq. 2.17. Activating the

coupling field creates a transmissive peak when the combined laser frequencies satisfy

the two-photon resonance condition (A, + A, = % = @) where E, and E, are
the energy of the Rydberg and ground state respectively [20, &3, 85]. This quantum

interference in the atomic coherence provides the primary advantage of EIT for high-
precision spectroscopy. Fig. 2.2 (b) shows another configuration where now the probe laser
remains fixed (A, = 0) while the coupling laser detuning is swept. In this configuration,
the transmissive peak is the only atomic response on top of a constant background. Due
to the dependence on the excited state lifetime, EIT yields a spectral linewidth much

narrower than the intermediate excited state.
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Figure 2.2: Steady state EIT model from coherence. (a) Sweep of the probe laser detuning with
A, =0,Ty =6 MHz x 27, I's = 8kHz x 27, Q. = 0.5y, Q, = 0.1, ' ~ 10*® m~3, and
dge = 3 x 1072 C-m. This is a stationary atom steady state EIT absorption curve with no laser
linewidths. (b) Sweep of coupling laser detuning with A, = 0 and all other parameters the same.
Sweeping the coupling laser removes the two-photon background signal.

Alternatively, instead of the coherence between the ground and excited state, we can

also monitor the population of the intermediate excited state through fluorescence mea-
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surements which is of interest in Chapter 4. To model this, we numerically solve the
Lindblad master equation with QuTip |[76] and extract the steady state pee density matrix
element. Fig. 2.3 shows the excited state population as a function of the coupling laser de-
tuning. The important thing to note about this graph is that at the two-photon resonance
condition, there is a depletion of the excited state population. So, just like monitoring
the coherence p., that correlates to transmission of light through the cell, now we can
monitor the fluorescence of the intermediate excited state and see similar behavior as the
narrow spectroscopic EIT peak. However, it is easier to observe spatial variations of the

fluorescence along the probe laser path.
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Figure 2.3: Steady state population as a function of coupling laser detuning using the same
atomic parameters as in Fig. 2.2. When both lasers are on resonance with the EIT transition,
there is a dip in the population of the excited state p... The dip in the excited state population is
what we use for fluorescence imaging in later sections.

2.2 Doppler effect in thermal vapors

While the steady-state solution of the Lindblad equation captures the coherent and dissipa-
tive dynamics of stationary atoms, it does not account for atomic motion. The formalism

described previously is valid for stationary atoms where Doppler shifts due to atomic mo-
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tion do not play any role, but in our experiments, the atoms are in a thermal vapor inside
a glass cell. To account for the effects of atomic motion at fixed temperatures, we must
incorporate Doppler shifts arising from the velocity distribution of the atoms along the
direction of laser propagation.

The atomic motion is assumed to follow a thermal Maxwell-Boltzmann velocity distri-

bution. In one dimension along the laser propagation axis, this is expressed as

1 oo
P(u) = 7= /OO e du, (2.20)
where P(u) is the probability of atoms having atomic velocity u, u = v, /0, is the dimen-

sionless velocity, o, = /2kpT/m is the root-mean-square velocity for atoms of mass m at

temperature T', v, is the velocity along the optical axis, and kp is the Boltzmann constant.
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Figure 2.4: Adapted from [2]. Wavelength dependence of Doppler averaging in EIT. Top:

transmission of individually shifted spectra per velocity class for (al) A, = A, = 780 nm (bl)
A, = 780 nm and A, = 480 nm. Bottom: Doppler-averaged probe laser transmission signals
corresponding to (al) and (bl).

In the rest frame of the atoms, they “see” the light at slightly different frequencies

thereby modifying the two-photon resonance condition. The Doppler shift modifies the
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effective detunings of the probe and coupling lasers for each velocity class v, as

27

A (v.) = A, + Evz, (2.21a)
2

A/C ('UZ) = AC — EUZ, (221b)

where A\, are the wavelengths of the probe and coupling fields. The susceptibility be-

joXe,
comes velocity-dependent such that x(A’,, A’) = x(v.). For effective cancellation of the
Doppler shift, because the wavelength of the probe and coupling lasers are significantly dif-
ferent, most experiments employ a counter propagating geometry of the probe and coupling
laser [77, 78, 87].

Fig. 2.4 (al - bl) show the velocity dependent shift of the EIT resonance when the
wavelength of the probe and coupling laser are the same, and when Ap = 780 nm and
Ao = 480 nm. In these heat maps, the bright red colors show the location of the two-
photon EIT peak. For the case when the wavelengths are the same, there is very little
spread across the frequency axis. This is because the Doppler mismatch of the two laser
fields is zero. In contrast for our mismatched wavelength case, there is a sharp spread
of the red line along the frequency axis. This highlights the challenge of why there is
a “residual Doppler broadening” of the atomic resonance. Another consequence of these
mismatched wavelengths is that the scaling between atomic resonances changes based on
the laser being frequency scanned. Appendix A discusses the frequency scaling in the
frequency mismatched ladder system more.

The Doppler-averaged susceptibility is obtained by integrating over the thermal distri-

bution of longitudinal velocities

1 & 2
X = — e " x(vy)dv,. (2.22)
e /oo

We use this Doppler-averaged susceptibility for accurate modeling of the EIT lineshape
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in thermal vapor. Fig. 2.4 (a2 - b2) show the averaged response of all shifted velocity
classes. In these plots, again for the case where the wavelengths are the same, there is a
narrow peak, but in the mismatched wavelength case, there is a reduction in amplitude and
substantially broader resonance. To avoid excessive calculations of atomic spectra, it is

useful to understand the lineshape of this Doppler broadened resonance to use in primitive

simulations.
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Figure 2.5: Fitting Doppler broadened EIT spectra with different Lorentzian and Gaussian func-
tions. The fit shows that the Gaussian profile captures the central peak better than the Lorentzian
function because the longer tails of the Lorentzian function do not fit generated spectra.

Fig. 2.5 shows a comparison of a Gaussian and Lorentzian lineshape used to fit the
atomic spectra. In the simulated spectra, there is more nonlinearity away from the central
peak that is not described by either function. In experimental spectra, this nonlinearity
is washed away due to power broadening, misalignment broadening, or other broadening
mechanisms not accounted for in the simple Doppler broadening case, but is has been
observed with strong enough laser power and is known as electromagnetically enhanced
absorption [387, 88]. However, it is apparent that the tails of the Lorentzian function fall
away from the spectra near +5 MHz. Doing a reduced x? analysis between these two fits,

neither model really captures the behavior of this data, but the Gaussian fit has a value
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closer to one and therefore is used to model EIT resonances for future analysis. As such

in Chapters 4 and 6, we model the EIT signal S as Gaussian with the form

[Ac — AfS’tcwk(E”2
b7

S(A) = exp(— ) (2.23)

where A fgiqrk(F) is the Stark shifts of the atomic energy levels using methods described
in the next section and ygrr is an empirically set linewidth of the EIT resonance that

captures the Doppler broadening of experimental spectra.

2.3 Static electric fields and Stark Effects

We now consider the interaction of Rydberg atoms with static dc electric fields. In the
presence of an external dc electric field g , a neutral atom with electric dipole operator er

experiences the following interaction energy:

U,=er-E (2.24)

This interaction is treated with time-independent perturbation theory and gives rise to
shifts of the atomic energy levels known as the Stark effect. For states with low angular
momentum (¢), the first-order (linear) Stark shift vanishes, and the leading contribution

is the second order term. The quadratic Stark shift is given by

ropt gl o . 2
2 ’<n767]7mj|er'8|n7£7,77mj>|
n’,Z’,j’,m;. n,0,5,m; n.,E’,j’,m;.

Here, E©) denotes the unperturbed atomic energies, and the unperturbed eigenstates are

written as

’n7£7j7 m]) = p*,r(.r) yj,mj,£(97¢)7 (226)
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where p.(r) is the reduced radial wavefunction and Vj ,; ¢(6, ¢) are the generalized spher-
ical harmonics |2, 19, 83]. In the case where the electric dipole moment is directed along
g , the induced Stark effect in terms of a state-dependent polarizability is

2 _ 1 2
AEgtark = —§a(n,l,j,mj)E . (2.27)

where F is the magnitude of the electric field and is the same as in Eq. 1.3. The polariz-
ability o1 jm;) has scalar and tensor components:

T 3m?—j(j—|—1)

_ S
a(n,l,j,mj) - a(n,l,j,mj) + a(n,l,j,mj) ](2] — 1) (228)

9 is independent of the total angular momentum sublevels, while the

The scalar term «
tensor term o’ introduces differential shifts between m,; states depending on the projection
of the electric field onto the quantization axis.

This perturbative formulation is exact for hydrogen. Although alkali-metal Rydberg
states are hydrogen-like at large principal quantum numbers, they deviate from hydrogenic
behavior due to the finite ionic core and associated quantum defects. To account for this
discrepancy, accurate Stark shifts are obtained by numerically diagonalizing the full Stark
Hamiltonian in a sufficiently large basis of unperturbed Rydberg states to account for core-
induced mixing and level interactions. ARC and the full numerical solution of the Stark
Hamiltonian process is a tool for us, and an complete derivation of this numerical method
can be found in these sources [1-3, 1.

Fig. 2.6 shows experimentally measured Stark-shifted Rydberg energy levels for the
36D state compared with the numerical calculations obtained using the Alkali-Rydberg
Calculator (ARC) [1]. In the plot there are two degenerate fine structure states that are
split into three resonances for 7 = 5/2 and two resonances for j = 3/2. This is because
the Stark effect lifts the degeneracy of the m; states and because it is quadratic the +m;
states will shift the same. For the j = 5/2 peaks, the |m;| = 5/2 peak shifts in frequency

the most because it is the state with the largest dipole moment. Also notice that while
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the |m;| = 5/2,3/2 peaks go down in energy, the |m;| = 1/2 peak actually shifts the other
direction. In the j = 3/2 state, both peaks shift the same direction, but at different rates.
We expect that at small electric fields compared to the sensitivity of the Rydberg state,
the Stark shifts will be nearly quadratic following Eq. 1.3, and for the electric field range

sampled in Fig. 2.6, all shifts are nearly quadratic with no dramatic shifts.
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Figure 2.6: Stark map of 36D Rydberg spectra. The heat map is the measured atomic spectra,
and the overlaid lines correspond to the Stark shifted sublevels obtained through ARC [4].

In contrast in Fig. 2.7, we see the deviation of simple quadratic shifts of the Stark effect
that arises from quantum defects of the finite core of alkali-atoms. For this numerically
solved Stark map, we now consider the n = 58D Rydberg state which is far more sensitive
to electric fields, and closer to other Rydberg energy levels. Note that the axis in Fig. 2.7
covers a much smaller range of electric field than that in Fig. 2.6. While the energy level
degeneracy of the fine structure levels is the same as in Fig. 2.6, the difference is that there
is less of a quadratic response of the j = 5/2 |m;| = 1/2 peak for the n = 58D state. It

follows the quadratic rise until ~ 80 V/m, but then turns back on itself. Because of this
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non-linearity present in the Rydberg atom response to electric fields, instead of using the
simple quadratic Stark shift like in Eq. 2.27, in Chapters 4, and 6, we use an interpolation
of the numerically calculated Stark maps to reconstruct electric field values from measured

spectra.
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Figure 2.7: Stark map of 58D Rydberg spectra using ARC [4]. This state is more sensitive to
electric fields and closer to neighboring Rydberg states, so there is greater non-linearity in the
state shifts.

2.4 Summary

The framework developed in this chapter connects static electric fields to experimentally
measured Rydberg EIT transmission spectra. Electric fields shift Rydberg energy levels
through the Stark effect; these shifts modify the two-photon detuning in the three-level
Hamiltonian; the steady-state coherence determines the optical susceptibility; and Doppler
averaging produces the transmission profile observed in thermal vapor. In the following
Chapters, this model is applied to extract quantitative electric field values from measured

spectra and solve for the time dynamics of the interaction Hamiltonian.
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Chapter 3

Experimental Apparatus

The experiments described in Chapters 4 and 5 investigate non-invasive diagnostics for an
electron beam (e-beam). This Chapter provides a description of the e-beam apparatus.
Technical descriptions of the key components are based on STAIB instrument documenta-
tion for the electron gun and related hardware.

Fig. 3.1 shows an overview of the vacuum system used for these experiments. The
electrons follow a path through the chamber known as the beamline. This beamline origi-
nates at the electron emission filament source, where a high current flows through a wire
to produce a continuous wave (CW) source of electrons that are accelerated and focused
into a collimated beam. For pulsed control of this CW beam, the electrons pass through
a pulsing unit designed to quickly turn the beam on and off at a rate up to 1 MHz.

As the beam propagates further, it enters a four-way cross that houses a movable optical
transition radiation (OTR) screen. By intercepting the beam with this piece of copper,
we can monitor the two-dimensional profile of the beam along the propagation axis at
this specific location. Beyond this cross, the e-beam traverses a Rb chamber containing
rubidium vapor. This component serves as the primary science interaction region, enabling
non-invasive coherent sensing of electric fields via EIT and incoherent impact fluorescence
measurements of the e-beam. Finally, the beam terminates at a Faraday cup, which also

serves as a beam dump. This diagnostic tool captures the total electron flux, providing a
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real-time monitor of the relative e-beam current.

The whole vacuum chamber is maintained at a base pressure of approximately 5 X
108 Torr using a PFeiffer HICUBE 300 ECO turbo pump. Pressure is monitored with
a Kurt J. Lesker cold cathode/Pirani combination gauge mounted on the top port of the
four-way cross that houses the OTR, screen.

- %
{

filament S5l e-beam
source [ pulser

L1

Figure 3.1: Image of the experimental apparatus. Components related to the electron beam are
labeled in orange text. The green dashed line indicates the e-beam path, and the Rb chamber is
highlighted in the magenta box.

3.1 Functional beamline components

3.1.1 Electron beam source

The electron source in our apparatus is a STAIB Instruments EH-30 thermionic emission
electron gun. Fig. 3.2 (a) shows the source installed on the vacuum chamber, along with
schematic diagrams of its internals, Fig. 3.2 (b). These diagrams shows what this compo-
nent looks like, and the simplified diagram of the internals illustrates the working principle
of the device and different stages of control within the emission source.

Thermionic emission sources generate electrons by heating a metallic cathode “hairpin”

filament to high temperatures by running current through the wire. The applied heating
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current of 3.25 A raises the filament temperature sufficiently for electrons to overcome the
material work function, resulting in continuous electron emission [39].

The source is designed for operation in the 10 - 30 keV energy range. Beam energy, emis-
sion current, focusing, and steering are controlled electronically through a rack-mountable
box. Fig. 3.3 shows the electron gun controller and the 20 keV high-voltage power supply
used to accelerate the emitted electrons. For safe operation, the controller is connected
to the lab door interlock system. If the interlock is triggered, power to the electron gun
controller is disabled, and a system reboot is required.

-Grid (adjustable)

- Filament Hairpin

- Fastening ring

- Filament holder

- Centring screws

- Filament blocking ring
- Filament contact nuts

" [Flament Source " # (c) ’
e

B 7 |

NOuUBsWNE

Deflection Focus Grid and Filament 7
Beam Size

Figure 3.2: Electron beam emission source. (a) Image of filament source installed on the vacuum
chamber. (b) Schematic diagram of the internals of the emission source. (c¢) Diagram of the
filament source with relevant components numbered (figure from [Staib Instruments Manuall).

The parameters on the control units are: (1) the filament heating current, which con-
trols the amount of current flowing through the cathode filament and determines the
maximum emission current (current of the emitted e-beam); (2) the grid voltage, which
controls the amount of electrons accelerated from the filament and therefore sets the work-
ing emission current; and (3) the focus voltage, which controls beam divergence and focal
position. In our apparatus, a filament current of 3.25 A should provide emission currents
up to approximately 1 mA, according to the manufacturing datasheet. In reality, the most

I have seen is 500 puA reported by the gun controller before installation of the pulser unit.
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Increasing the filament heating and current more than 3.25 A can provide more emission
current, but greatly reduces the lifetime of the filament.

During approximately two years of regular operation of running the cathode at 3.25 A,
the filament burned out once. Fig. 3.2 (c) is a diagram of the source assembly that is
in the metallic shielding, and points to where the filament sits within this component.
The filament is easily broken during handling, so use extreme caution when handling. A
detailed procedure is in the user manual of the electron source, so refer to this if you ever
need to change it. Although the filament replacement can be performed in-house, the
people at the STAIB office can also do it if you need to order a new filament, so sometimes

it is easier to transport the source to them so they can do it.

Figure 3.3: Electron beam controllers. (a) Filament source controller for energy, emission current,
and steering. (b) Voltage source.

Beam position is controlled using magnetic deflection coils located downstream of the
focusing element within the emission source. Independent potentiometers control the X
and Y steering currents supplied to these coils. In the construction of our apparatus, these
deflection coils are used primarily to align the beam with the pulser aperture (discussed in
the following section). When the pulser is not in use, these coils provide the only means

of beam position adjustment.
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The controller also provides a beam blanking function. This feature allows low-frequency
modulation of the beam (~ 10 Hz) or temporary beam shutdown when not actively col-
lecting data. This method is preferable for short periods of inactivity (~ 1 hr), when the
beam can be blanked and quickly brought back, as an alternative to shutting down the
system. Documentation of the blanking mechanism is limited; however, discussion with
STAIB staff indicates that blanking is achieved by defocusing the beam at the source,
thereby preventing downstream transmission.

For measurements reported in this work, the optimal operating parameters were: grid
setting 2.80, focus setting 3.04, filament current 3.25 A, and beam energy 20 keV. To ensure
proper transmission through the pulser and alignment with the Faraday cup, the X and Y
deflection coil settings were 5.14 and 5.12 divisions, respectively. Table 3.1 is a reference for
these values that can easily be found for later use. These values, once set, will be roughly
the same day to day, and do not need changed. However, if the environment around the
beam is disturbed by adding magnets or moving equipment, this may slightly deflect the
beam, and you would need to find a new baseline for coupling into the Faraday cup. A
detailed operating procedure and factory-recommended filament settings are provided in

Appendix B.

Energy |kV| | Filament Current [A] | Focus [div.] | X-deflection [div.] | Y-deflection |div]

20.0 3.25 3.04 5.14 5.12

Table 3.1: Normal operating parameters of electron beam.

3.1.2 Electron beam pulser

The electron source described above provides a CW beam that can be modulated by
blanking at repetition rates < 10 Hz. The e-beam pulser enables faster modulation (up to
1 MHz) enabling lock-in detection, and was installed onto the vacuum system to improve
e-beam measurements in the presence of charging of the chamber.

The pulser is a commercial component manufactured by STAIB Instruments. Fig. 3.4
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Figure 3.4: Overview of electron beam pulser. (a) Pulser control box. (b) Pulser unit installed
on beamline. (c) Diagram of how the pulser works to quickly modulate the electron beam.

(a-b) shows the rack-mountable control box and the pulsing unit installed on the beamline,
respectively. The device is designed to produce short, uniform electron pulses from the
continuous beam generated by the source. Pulses are controlled by an external function
generator connected to the pulser unit with a BNC cable, with 0 V corresponding to the
beam-off state and 5 V corresponding to the beam-on state.

Fig. 3.4 (c) shows the operating principle of the pulser. In the absence of an applied
voltage, the internal deflection elements steer the e-beam into an aperture, preventing
transmission down the beamline. When a 5 V signal is applied, the beam is allowed to
pass through the aperture. The maximum beam deflection is controlled by the amplitude
setting on the pulser control unit. Increasing the amplitude increases the displacement
of the beam into the blocking aperture. However, larger deflection amplitudes reduce
the maximum achievable pulsing frequency. Conversely, lower amplitude settings reduce

the beam displacement and may result in incomplete beam extinction, and can be tuned
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to gain faster pulsing speeds of the e-beam. In our experiments, we used the maximum
deflection to get full beam suppression.

During operation of the pulser, we found that using minimal deflection can lead to
the beam still being present in the Rb chamber when it is supposed to be blocked by the
aperture. Deflection coils after the pulsing aperture allow us to steer the beam. We found
that we still have a “phantom beam” that persists for some values of e-beam amplitude
deflection as shown in Fig. 3.5. Here, the plots in Fig. 3.5 (a) are output voltages produced
by the Faraday cup, and Fig. 3.5 (b) is the signal sent to the pulser to modulate the beam.
When the e-beam is in the cup, the voltage is non-zero, and when the beam is blocked,
the voltage is at zero. In this plot, the orange curve shows how the pulser should operate.
When 5 V is applied to the pulser, the beam enters the Faraday cup; however, we see
that in the green curve, the behavior is the exact opposite. This is because we were using
minimal deflection amplitude parameters on the pulser, so if the beam was steered using
the deflection coils, we could still see the beam that should have been extinguished. For a
full procedure of how the pulser alignment and operation are performed, see Appendix C.

According to the manufacturer’s specifications, the pulser supports modulation fre-
quencies up to 1 MHz. In our setup, the highest observed pulsing frequency is on the order
of ~ 100 kHz when measured at the Faraday cup. This limitation arises from suboptimal
coupling to the Faraday cup, which needs high gain on the current preamplifier used to

measure the beam current and, therefore, a slower response to modulations of the signal.

3.1.3 Rb vacuum cell

The most unique component of the beamline is a vacuum cell that contains a dilute Rb
vapor.

Fig. 3.6 shows (a) a photograph of the chamber, (b) a CAD rendering illustrating the
e-beam trajectory relative to probing laser paths, and (c) a cross-sectional schematic with
relevant internal dimensions. The cell body is a Kimball Physics 4-way cross that mounts

directly into the beamline. To avoid loss of Rb, this is attached with differential pumping
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Figure 3.5: Demonstration of “phantom beam” when using the pulser. (a) Faraday cup signal
of recorded voltage for when the beam is off (blue line). When the beam is in the Faraday cup
(orange curve). At 5 V, the beam is allowed to pass into the Faraday cup, so the signal is high,
showing that there is beam hitting the cup, and at 0 V, the beam is extinguished on top of the
blue line. When the steering is large enough to see the “phantom beam” (green curve). Here, the
signal is opposite to good pulser operation, where the beam enters the cup when it should not. (b)
Input signal to the pulser. 5 V beam on 0 V beam off to compare what should be happening at
the oscilloscope.
connectors that go from 2.7 in ConFlat (CF) flange to a 1.33 in CF flange. We found
out later that Rb tends to coat the inside of the vacuum chamber and not move along
the beamline, so this is not really needed, but it was part of the original design. The
chamber also has two gate valves, one before the chamber controlled with compressed air,
and another after that is manually turned so the Rb chamber can be isolated from the
rest of the vacuum system. This isolation provided protection to the Rb during power
outages, where these valves should be shut, and isolation for operations to other vacuum
components without compromising the Rb in the chamber. If the Rb is exposed to air, it
will completely oxidize, rendering it useless for experiments.

Two large viewports provide primary optical access to the inside of the chamber. We
mount Thorlabs high-vacuum flange windows to these viewports, allowing for the trans-
mission of interrogating laser beams. The windows are coated to minimize loss near 480 nm

light. We use non-magnetic hardware (brass screws) near the beam to limit stray magnetic

fields that may steer the beam, and rubber gaskets for vacuum sealing.
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Figure 3.6: Rb vacuum chamber. (a) Image of the Rb chamber on the beamline. (b) CAD
rendering of Rb chamber to show path of electron beam and optical laser path. (c) Cross-section
of Rb chamber to give dimensions.

Rb is supplied by a 1 g ampule placed at the bottom of the chamber. We control the
Rb vapor density by heating the chamber in a plastic-insulated enclosure (i.e. oven) with
hot airflow. Air from the building is at 100 psi, so a pressure regulator takes this down
to ~60 psi. Fig. 3.7 (a) shows the heating contraption that takes this lower-pressure air
to deliver heat to the Rb chamber. The air passes through a flow controller, producing a
constant stream of low-flow rate air. This low-flow rate air then passes through a metal bar
that is wrapped with heating tape connected to a variable voltage power supply (Variac)
to make it hot. Once the Rb pressure is set, and the chamber is at a desired temperature,
you basically never touch this. Fig. 3.7 (b) shows the oven. The connector for the hot air
flow is made of a plastic that does not melt at high temperatures, and there is a magnetic
shield of mu metal within the walls cut to fit on the inside.

The design of this cell was guided by two major factors. First, the sensing volume, the
region where the lasers overlap with the electron beam, was designed to be as compact
as possible to maximize the signal that the electron beam contributes to the overall laser
transmission (to minimize the area where the lasers do not interact with the e-beam). We
found later that this was not necessary for the fluorescence based detection, but this was
the consideration before we started doing fluorescence measurements. Second, we aimed to
reduce stray electric fields and charging effects that were significant in an earlier all-glass
version of the cell.

To mitigate charging in this design, we added blank copper gaskets in front of the

windows, with small apertures for laser access. The intent was for the copper to act as a
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Figure 3.7: Heating elements for Rb chamber. (a) Heat delivery mechanism. The air flow
regulator sets how much air can flow through the tube. The heating element is a metal pipe
wrapped in heating tape controlled by the variac power supply. Once the desired air flow and
heat are set, you never really have to touch this setup. (b) Heater box placed around the Rb
Chamber. The heating connector takes output from the heating delivery mechanism. Inside the
plastic box/oven, there is a metallic shielding against magnetic fields.

local electrostatic shield; however, in practice, this did not fully eliminate spurious charg-
ing. As we will discuss later, the blue laser involved in EIT excitation contributes to
photo-charging of the glass. A more robust charge mitigation strategy is to place windows
farther from the sensing volume and use I'TO-coated, electrically conductive windows that
can be grounded. After the e-beam experiments reported in this dissertation, I upgraded
the chamber to incorporate both of these changes. This reduced the effect of stray charg-

ing that we were seeing in fluorescence measurements, and we will discuss this more in

Chapter 4.2 when we describe fluorescence measurements of electric fields.

3.2 Electron beam diagnostics

Accurate characterization of the e-beam in our experimental apparatus requires both di-
agnostics of the beam profile and current. A wide range of diagnostic techniques have
been developed for accelerator-based experiments, and in this work, we employ some of
these methods to monitor the relevant beam parameters. The beam profile is measured

using optical transition radiation (OTR) [90, 91| and incoherent electron-induced impact
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fluorescence imaging [92, 93]. The relative beam current is measured at the beam dump
using a Faraday cup and along the beamline using an integrated current transformer. Al-
though these diagnostic techniques are well established, a detailed understanding of their
implementation and limitations in our apparatus is essential. In particular, the measure-

ment approach directly influences the interpretations of systematic effects and informs the

experimental uncertainties discussed in subsequent chapters.

3.2.1 Optical Transition Radiation (OTR)

Optical transition radiation (OTR) is a method for monitoring beam shape by looking at
the emitted radiation when the beam strikes a metallic screen. OTR beam diagnostics are
well established for both relativistic and non-relativistic charged particle beams in acceler-
ators. When implemented with properly calibrated materials and well-defined observation
angles, OTR can provide two-dimensional beam imaging and serve as an indirect beam
current monitor [91].

OTR works by a charged particle beam striking a screen (typically a metallic surface).
The beam generates electromagnetic fields because it is a moving stream of charged par-
ticles. When it comes close to the metallic surface, the electrostatic boundary condition
between the beam and metal must be satisfied. The only way this can happen is that there
is a generated field in the optical frequency range which is monitored by a camera [94].

Our apparatus employs OTR solely as a two-dimensional beam imaging diagnostic.
Fig. 3.8 (a) shows the OTR setup along the beamline. The OTR screen is housed in a
four-way cross with optical access, positioned downstream of the pulser deflection coils.
The OTR screen itself is a piece of copper mounted on a rotatable vacuum flange. The
plate has a known horizontal length of 1.5 cm, and alignment markers (a “+" sign and a
circle) etched onto its surface to assist with camera focusing at the plane of the screen.
During operation, the plate is rotated into the beam path such that it is visible through
the window on the four-way cross. The camera observes the screen through leaded glass,
which provides radiation shielding while maintaining optical access.
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Figure 3.8: OTR overview. (a) Camera setup for monitoring the OTR screen in the vacuum
setup. (b) Diagram of how the camera looks into the four-way cross. The OTR screen is recessed
from the center of the cross, so to view the screen, the camera has to be at an angle to see where
the beam hits the screen. (¢) E-beam OTR plot. The heatmap plot shows the two-dimensional
beam profile, and black lines are the sum in horizontal and vertical dimensions. Fit lines are a
Gaussian fit to extract the full-width at half-maximum for each direction.

For optimal OTR, collection, the screen is typically oriented at 45 degrees with respect
to the e-beam propagation axis. However, as seen in Fig. 3.8 (b), in our setup, the screen is
offset from the center of the flange to accommodate a larger beam steering range. Conse-
quently, the camera cannot view the screen directly when it is along the central axis of the
window. Instead, the plate is tilted to intercept the beam while remaining fully visible to
the camera at an angle. The known horizontal dimension of the plate is used to calibrate
the spatial scale in the horizontal direction and determine the screen angle.

Fig. 3.8 (c¢) shows a representative OTR image. The heatmap corresponds to the
two-dimensional beam intensity distribution recorded by the camera. To estimate the
beam size, the image is projected onto the horizontal and vertical axes, producing one-
dimensional intensity profiles. Each profile is fit with a Gaussian to extract the full width
at half maximum (FWHM) in both directions. Using this diagnostic, we calibrated the
vertical and horizontal deflection response of the pulser coils and identified optimal beam-
shaping parameters for a given emission current.

Focusing the beam on the OTR screen follows this procedure. First, set the desired

filament heating current. This sets the limit on the maximum achievable emission current,

and should always be at the maximum 3.25 A. Next, adjust the grid voltage for the target
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emission current. For any emission current, there is an optimal grid voltage and focus for
minimal beam size. Fig. 3.9 shows the effects of different grid voltage and focusing param-
eters on beam shape. For illustrative purposes, it shows three different grid voltages (A, B,
and C), which correspond to different emission currents from the e-beam controller. These
do not correspond to any particular grid voltage settings, but serve as some illustrative

regimes.

Grid ¢ Line of

Voltage Cut-Off.
No Beam Region

.‘...... ..¢.......‘. ....‘.":.‘....‘ O_
k4

. 9 Large

2 8 Beam

I Region
Focus Value

Figure 3.9: Graph demonstrating the relationship between focus value and grid voltage with
electron source controller. There will be combinations of these parameters that do not allow for
an electron beam to form, and for each grid voltage set (A, B, C), there is an optimal focus value
for beam size.

In all cases, there is a region where there is no beam for low focus values. Much like
the beam blanking options, the beam will become so de-focused that it does not travel
down the vacuum chamber. As the focus value increases, there is a beam threshold that is
marked by the cut-off line. In cases A and C, increasing the focus value beyond this cutoff
for sub-optimal grid voltages will elongate the beam in one direction. In case B, there is
a minimum achievable spot size marked by the black dot. At this optimal grid voltage,
for increasing focus parameters, it will make the beam larger in all directions, and not
elongate the beam like in other sub-optimal grid configurations. The minimal spot size of
the e-beam is the goal of focusing on the OTR screen, and this shows that it is a balance

of all parameters from filament current, grid voltage, and focus control.

The emission source is designed for an operational working distance of 445 mm, yielding
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a nominal beam spot size of approximately 1 mm at the focal region. It is important to
note that this OTR screen is not where we do our measurements. Therefore, OTR is
useful for initially shaping and monitoring the beam, but it does not give us an in-situ

beam profile.

3.2.2 Incoherent Rb impact fluorescence

As a second method to monitor beam shape, we image incoherent electron impact-induced
fluorescence of Rb vapor. In this approach, electrons collide with Rb atoms, which are
excited and then decay, producing broadband fluorescence that can be collected with a
camera.

Impact fluorescence profiling is more commonly performed by introducing a high den-
sity of gas, such as helium, into the vacuum chamber that boosts the impact fluorescence
signal through increased interactions. In our apparatus, the Rb density is sufficient that
with a high quantum efficiency camera and long exposure time, we can resolve the e-
beam’s one-dimensional intensity profile through the viewport at the top of the Rb cham-
ber. Specifically, we use a 10 s exposure time and average over 5 frames with a high
quantum efficiency camera. This long exposure time means that there are not a lot of
impacted Rb atoms, and doing this measurement with lower quantum efficiency camera
needed collection of light for ~ 15 mins.

Fig. 3.10 (a) shows the imaging setup. A PIXIS 1024 camera is placed above the
vacuum chamber with a 50 mm focal length lens to image the plane of the 780 nm probe
laser fluorescence in the Rb chamber. Because the camera sensor is sensitive to background
light in the room, we add an IR filter and surround the camera with light-tight foil. We
then align the e-beam to the lasers by monitoring the non-linear magneto-optical rotation
signal of the 780 nm transmission with a photodiode [95]. Once the imaging system is in
focus and the e-beam is aligned through the system, we record impact fluorescence images
as shown in Fig. 3.10 (b). The bright red column corresponds to the e-beam trajectory

through the vapor. Compared with OTR imaging (a spot on a single plane), impact
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Figure 3.10: Overview of impact fluorescence measurements. (a) Experimental setup of the cam-
era looking at the impact fluorescence region in the Rb chamber. (b) Recorded impact fluorescence
measurement of the electron beam.

fluorescence is useful for visualizing the beam along its propagation axis and at the right

location.

3.2.3 E-Beam current diagnostics

The Faraday cup in our system is a Kimball Physics FC-73, and is the main beam current
diagnostic for our system. A major drawback of our apparatus is that we cannot measure
the current at the location of the Rb chamber. As such, the post-chamber Faraday cup
is our best way to measure the current compared to the emission current reading on the
e-beam controller. This makes us rely mostly on “remote” measurements of beam current.

The operating principle of a Faraday cup is that electrons are collected by a conductive
cup, and the resulting charge flow is measured as a current proportional to the incident
electron flux. The Faraday cup has a 5 mm aperture. The cup current is amplified with
a Stanford Research Systems SR570 low-noise current preamplifier, converting current to
a voltage that is monitored on an oscilloscope. Fig. 3.11 (a) shows the installed cup and
the electrical feedthrough used for readout. The Faraday cup assembly also includes bias
grids intended to suppress secondary electron emission and improve charge collection. We
do not use these grids in our experiments to avoid introducing additional charged surfaces

and stray fields near the laser-interaction region.
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Figure 3.11: Current sensing devices and measured currents. (a) Faraday cup installed on the
vacuum system with a highlighted connector for readout. (b) IPCT current monitor device. (c)
Measured e-beam current vs. emission current. These measurements are from the Faraday cup,
but both devices deliver the same current.

In our system, the Faraday cup current is consistently lower than the emission current
reported by the electron gun controller. Fig. 3.11 (c) quantifies this discrepancy. Although
the measured current increases linearly with the reported emission current, only about
~ 30% of the emission current is collected at the Faraday cup.

As a secondary current diagnostic, we use an integrated parametric current transformer
(IPCT) to measure the beam current along the beamline [Fig. 3.11 (b)]. The IPCT is
placed around the vacuum tube and works based on dc current transformer technology
developed at CERN [96]. This fluxgate sensor detects the magnetic field produced by the
beam current through electronic compensation coils that null the flux through the sensor.
The corresponding output signal is proportional to the current passed through the IPCT
opening.

When installed on this apparatus near the Faraday cup, the IPCT agrees with the
Faraday cup readout. However, when the IPCT was installed closer to the electron emission
source (on another e-beam apparatus), it instead agreed more closely with the emission
current output of the controller. These measurements support the conclusion that the
beam in our apparatus is clipped along the beamline before it makes it to the Faraday

cup. It is still a question if this is due to clipping along the beamline, poor coupling
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into the Faraday cup, or clipping at the pulser aperture. For future vacuum chamber
constructions, it is important to know that the beam can be clipped along the beam path,
and it should be as open as possible so this does not happen.

In addition to these quantitative diagnostics, both impact fluorescence and OTR. de-
pend on beam current. In principle, this allows the image brightness to be calibrated
against the e-beam emission current readout on the controller. This provides a quantita-
tive proxy for current, in addition to imaging beam size. Fig. 3.12 shows the change in
signal for both methods as the emission current is varied. For the OTR images Fig. 3.12
(a), all the spot sizes look exactly the same, meaning that we are at an optimal focusing
point, but the cross-sectional graph shows a Gaussian profile increasing in amplitude for
increasing emission current. The same holds true for the impact fluorescence measurements
in Fig. 3.12 (b). These measurements were taken with a lower quantum efficiency camera,
so the counts are a lot lower than the PIXIS, but the cross-section still shows the trend of

increasing amplitude Gaussian profile for increasing emission current.
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Figure 3.12: Effect of changing current on OTR and impact fluorescence measurements. (a)
OTR beam spot for increasing emission current and the associated one-dimensional beam profile

to show height changes with increasing current.

(b) Impact fluorescence signal for decreasing

emission current, and associated one-dimensional beam profile.
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Chapter 4

Fluorescence-based electron beam

measurements

4.1 Introduction

Electron beams are broadly used across science, industry, and medicine for imaging, mi-
croscopy, materials processing, welding, lithography, radiation generation, and high-energy
particle acceleration, thanks to their ability to deliver precisely controlled, high-energy
streams of electrons. As a result, there has been an increasing demand for more robust
non-invasive beam property diagnostics.

A variety of diagnostic techniques have been developed to measure beam profiles and
currents. Optical and imaging methods based on signals such as impact fluorescence
(IF) 192, 93], synchrotron radiation [97], and X-rays generated by moving particles [90]
have played an essential role in accelerator research and beam operations. However, each
of these beam diagnostics also bears some intrinsic drawbacks, and their applicability is of-
ten limited by factors such as sensitivity and system complexity. For example, synchrotron
radiation only exists near particle trajectory-bending components |97, 98], Compton scat-
tering laser wire requires high laser intensity and slow scanning between particle and laser

beams [99, |, and the gas-ionization-based 2D gas curtain devices rely on complex

43



mechanical systems and have low sensitivity [101, 102].

In this Chapter, we describe a proof-of-principle experiment demonstrating an atom-
based, minimally invasive method for measuring an e-beam’s width, centroid position, and
current in a single measurement of the e-beam’s electric field. Sections from this Chapter

are adapted from previously published work [103, |.

4.2 Fluorescence measurements of electric fields

Our detection scheme relies on fluorescence measurements of atomic populations in Rb.
The method combines LIF-dip used to observe electric fields in plasmas [19, 71, 105-107]
with EIT [1, 26-28, 31, 83, ].

In this experiment, the Rb atoms are excited to a coherent superposition of the ground
and Rydberg state using two laser fields: a near-infrared probe field, resonant with the
5512 — 5P3/ optical transition (wavelength 780 nm 5 W), and a 480 nm blue control
field (70 mW) that couples the intermediate 5P, state with the desired Rydberg state (in
this experiment 58 D5 5). The probe and control field are collimated to similar beam waists
(0.33 mm full width at half maximum (FWHM)) and have the same linear polarization.

Recall that in Chapter 2, we describe the interaction of light fields with atoms. Specif-
ically, in Fig. 2.3 the excited state population diminishes when the sum of the laser fre-
quencies matches the frequency difference between the ground and Rydberg states. Mon-
itoring the probe laser transmission has been done to spatially map electric fields in the
past [35, |, but this coherent fluorescence-based imaging technique [506, ) | pro-
vides finer spatial resolution across the atomic sensing volume.

Fig. 4.1 illustrates the main concept of the fluorescence-based detection scheme. A
camera monitors the fluorescence of the atoms decaying from the 5P/, state. We collect
images at a fixed frame rate while the coupling laser sweeps across the Rydberg atomic
resonance. These images are then used to create spectroscopy curves for position along

the Az laser position axis. As the electric field changes, the recorded spectra have resolved
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Figure 4.1: (a) Three level atomic system with relevant atomic transitions, and illustrating probe
laser fluorescence of the 5P;/; state. (b) Experimental setup of the camera monitoring the probe
laser fluorescence in the Rb chamber. (c) Fluorescence detection method. The 780 nm probe laser
excites Rb atoms in the Rb chamber which fluoresce and are imaged by a camera. The 480 nm
coupling laser is frequency scanned around the Rydberg atomic resonance, and we capture images
of the probe laser fluorescence in time. The pixels that contain the probe laser are averaged and an
average pixel photon count is extracted for each point in time and position along the Az position
axis. At each position, the measured atomic spectra will be different depending on the strength of
the electric field in space.

peaks where the frequency separation of the peaks is related to the strength of the electric
field.

For our specific experiment, we use the same PIXIS 1024 camera with a 50 mm lens
focused on the probe laser as described in Chapter 3.2.2. We collect images with 60 ms
exposure time for 600 frames while the coupling laser sweeps across the 58D Rydberg state
for 300 s and is triggered to the sweep of the blue laser. We use the known frequency
separation of the 58D5 /5 and 58D3/, Rydberg states [1] to calibrate the frequency axis
from the acquired frames.

For a demonstration of how this works, we measure electric fields generated by the
blue laser on the windows of the Rb chamber. Fig. 4.2 (a) shows recorded spectra at
different spatial locations along the interaction volume in the Rb chamber. In each of
these locations, the electric field is different, and therefore, the shape of the recorded
resonance changes. Fig. 4.2 (b) shows stacks these atomic spectra spatially to show the

corresponding change of electric field over the interaction volume displacement. Recall that

in the construction of our Rb chamber in Fig. 3.6 (¢), there are grounded copper gaskets
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Figure 4.2: Fluorescence spectra with no e-beam. (a) Reconstructed spectra at three locations
along the cell position. One near the window where the resonances are clearly split (green), one
closer to the center showing the change in electric field (red), and finally one near the center of
the cell where the electric field is near zero (black). (b) Fluorescence heat map. Recorded spectra
plotted along the cell positions.

whose role is to attenuate possible electric charge buildup on the fused silica chamber
windows from scattered electrons or photoelectrons produced by the blue laser |56, .
The absence of stray charging should manifest itself as narrow EIT peaks along the entire
interaction volume. However, in Fig. 4.2 (b), we observe a large splitting of the EIT peak
near the windows at the +£6 mm Az positions (positions along the laser propagation axis
direction where Az = 0 mm is the center of the observed volume), indicative of residual
spurious charging. We can clearly see that our charge mitigation did not work, and there
is charging along the interaction volume.

To mitigate this charging, after experiments presented here concluded, we installed
indium tin oxide (ITO), a transparent electrically conductive coating, on the Rb chamber
and moved the window surfaces further from the center of the cross with vacuum spacers
as mentioned at the end of Chapter 3.1.3. Fig. 4.3 (a) is the recorded fluorescence spectra
before the installation of ITO coated windows and Fig. 4.3 (b) is the recorded spectra
after they were installed. ITO windows mitigate charging near the 6 mm cell position
mark as indicated by a narrow fluorescence peak at that location. This creates a cleaner

electrostatic environment for measurements and increases the effective sensing volume that

is useful for e-beam measurements.
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Figure 4.3: Effect of ITO coating on windows for cell charging. (a) Recorded fluorescence spectra
in Rb chamber with copper plates. There is a clear splitting of EIT resonances around the 6 mm
cell position. (b) Recorded fluorescence spectra in Rb chamber with ITO coated windows and
charged surfaces moved further away. There is a narrow EIT line with no splitting along the entire
cell position path.

4.3 Theoretical modeling of expected electric field produced

by the electron beam

With this parasitic background signal in mind, it is important to have an estimate of
what the electric field produced by the electron beam should be, so we can see charac-
teristic behavior in the recorded spectra. Fig. 4.4 (a) shows a radially symmetric electric
field distribution, produced by an e-beam assuming a Gaussian beam profile. The charge

distribution p(r) of electrons assuming this form is:

I _

p(r) = pr=Li (4.1)

s

where I is the beam current, v, is the electron speed that is related to the beam energy V,
mass of the electron m. and electron charge e as ve = 4/ %, and o is related to the width

of the beam as FWHM = 204/In(2). We define r, the radial position away from the e-beam
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Figure 4.4: Electric field produced by an electron beam. (a) Overview of experiment. A charged
particle beam produces an electric field and passes through a cloud of Rb atoms shown as a nucleus
with a yellow electron cloud. We use lasers to excite these atoms to a Rydberg state (shown as
atoms with a larger electron cloud) to probe the electric field. We assume the beam produces
a radially symmetric Gaussian electric field distribution described by Eq.(4.3). (b) Expected
fluorescence spectra of e-beam for given parameters simulated from Gaussian distribution e-beam
and simple shifted peaks.

center as, 7 = 1/(Az — 29)2 + (Ay — yo)2 where zy and yo are the displacement along the
z- and y-direction, respectively. Using this radially dependent charge distribution, we can

solve for an enclosed charge (genc):

r! 2 pl 11 )
Qene = / / / p(r)rdrdedl = —(1 —e™" /o ). (4.2)
o Jo Jo Ve

Where [ is the dimensional length of a cylindrical Gaussian surface around the e-beam.

Then, using Gauss’s law, we can solve for a radially dependent electric field

E(r)A(r) = qu (4.3a)
li(l - 67102/02) I 1 2/ 2

E(r) = e “(1—e T/, 4.3b

(r) eo2mrl 27750116 ( ) (4.3b)

Here A(r) is a Gaussian surface of a cylinder enclosing charge, and ¢ is the permittivity
of free space constant.
Now using this expression for electric field, we can simulate shifts to atomic spectra for

specific beam sizes and shapes to understand what the recorded spectra should look like
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as seen in Fig. 4.4 (b). This heat map shows the shifted EIT spectra for a 2 mm diameter
e-beam with 200 pA current. The picture is symmetric and has a distinct two-lobe feature
that corresponds to a rise, drop, and rise again in the electric field cross-section of the
e-beam the lasers sample.

Recall in Chapter 2, we simplified the shape of EIT resonances to be nearly Gaussian,
but shifted by values of applied electric fields Eq. 2.23. Now we extend this form to account
for all sublevels in the Rydberg fine structure states, so the total EIT fluorescence spectra

F is modeled as a combination of three Gaussian resonances:

—[AC = Afi, | (B)]?

2
27EIT

F=A Z W)y, €XP

Im;|

(4.4)

Here, wjy,;| are amplitudes for each |m;| level of the Rydberg state empirically set and
constant for all fits The relative orientation of the electric field laser wave vector and
polarization certainly changes the relative amplitude of various m; resonances, in the
reported experiments we used the configuration in which the resonance amplitudes were
relatively insensitive to changes in the E-field direction, so it was possible to not include
their variations in the fit. The dependence of polarization on different EIT sublevels will be
discussed in Chapter 6. A¢ is the coupling laser frequency detuning, v,,, is the linewidth
of the EIT resonance set constant for all peaks, and A fj;, | (E) is the frequency shift of the
Rydberg energy level described by numerically solving the Stark shift with ARC [4]. While
the EIT lineshape should be Lorentzian, due to broadening of the resonances Gaussian

curves describe the data well.

4.4 Electron beam measurement results

Fig. 4.5 shows an example of the recorded fluorescence spectra and resulting e-beam profile
analysis. Fig. 4.5(a) shows three samples of the EIT fluorescence spectra for different

positions along the laser beam path [Fig. 4.5(b)|: (1) at the region of minimal electric
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field; (2) at the edge of the e-beam where its electric field is the highest; (3) near the
surface of the copper blank gasket where residual charging produces a relatively strong
electric field. To extract the value of the electric field at each point, we fit the recorded
spectra with (4.4), where the only free parameters are the total amplitude of the EIT

profile, A, and the value of electric field magnitude, E.
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Figure 4.5: Demonstration of fluorescence based measurements of the electric field of an e-beam.
(a) The EIT spectra that constitute the heat map in (b). The spectra are fit with Eq. (4.4) to
determine the electric field value shown as the shaded regions in each plot. (b) The measured
spectra of the 58D5 /5 Rydberg EIT peak for each position along the laser beam fluorescence. The
numbers correspond to the shown single spectra in (a). (¢) The reconstructed electric field value
along the Rb chamber. The measured field is fit with a function described by Eq. (4.3). The
minimum detectable field is shown as a grey strip along the bottom of the plot, and error bars
on the fit are also shown in grey. (d) E-beam profile. Impact fluorescence (IF) shows a detection
method to verify where the e-beam is inside the Rb chamber, and the reconstructed profile from
the E-Field measurement is plotted on top of the IF profile.

The reconstructed electric field distribution is shown in Fig. 4.5 (c¢). In the center,
one can clearly see the characteristic two-lobed feature, expected when the laser beams go
through the center of the e-beam, as shown in Fig.4.4 (a). The position and width of this
feature matches well with the IF signal, shown in Fig. 4.5 (d). As discussed earlier in this
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chapter, the background electric field near the edges is not directly related to the e-beam,
but caused by residual charging of the cell windows and walls.

To extract the e-beam parameters, we fit the reconstructed curve with the analytical
form of the radially dependent electric field in (4.3). The fit also accounts for the finite
width of the laser beam and the y-deflection from the center of the e-beam. The free param-
eters in this fit are the e-beam width ¢, e-beam current I, and the zy and yy-displacement
of the electron and laser beams respectively. We only fit the region of the reconstructed
electric field where |[Az| < 3 mm because it avoids the large parasitic background field,
and we found that varying this range has little effect on the reconstructed width, current
and centroid position.

The reconstructed e-beam cross section is plotted on top of the IF measurement in
Fig. 4.5 (d), showing excellent agreement between the two measurement methods. The e-
beam FWHM is measured to be 1.07 & 0.06 mm with the IF method and 1.1 & 0.1 mm with
the Rydberg electric field reconstruction method. The value of the width is measured from
five repeated measurements with a fixed Faraday cup current of 35 pA. The uncertainty
of the width measurement is the standard deviation of the reconstructed beam width and
is 100 pm.

Further diagnostics of the e-beam position and current are shown in Fig. 4.6. For these
measurements we either moved the e-beam [Fig. 4.6(a)| or changed its current [Fig. 4.6 (b)]
and tracked the variations in the reconstructed electric field distribution. For example, if
the beam position changes, the two lobes shift by the corresponding amount. To verify the
accuracy of our method, we fit the reconstructed electric field with a functional form, as
described above. Fig. 4.6(c) shows excellent agreement between the reconstructed beam
position with that measured using the IF method.

To estimate the uncertainty of the beam position, we use the uncertainty of the fit of
the electric field with Eq. 4.3. A free parameter in this equation is the centroid position of
the beam, and while this might not correspond to the true center of mass of the e-beam,

it gives us a metric for position. In the region of fit, there are ~ 220 points with 20 pum
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spacing. If you only consider this point-like uncertainty for the beam position, this would
be the associated uncertainty, but we fit the measured electric field, so the uncertainty of
the center position is much smaller than the precision of the camera position. The shown
uncertainties for the Rydberg EIT methods are from the error of the fit parameters, and
the centroid position is known within 8 um. Again, this is due to the amount of points in
the region of interest for the e-beam position and the sharp features around the center dip
in Fig. 4.5(c).

Changing the emission current seems to also slightly deform and shift the e-beam due
to electron repulsion or focusing effects that we see in both electric field reconstruction
[Fig. 4.6(b)| and IF measurements. Both profiles show an asymmetry that may be due to
the background field present within the Rb chamber visible near the edges. Fig. 4.6(d)
shows a clear linear correlation between the recorded Faraday cup current and the current
values reconstructed from the electric field. The reconstructed current values are about
twice larger than the measured Faraday cup current, possibly due to the e-beam clipping
somewhere in the beamline before the Faraday cup. Further verification requires accurate
in situ e-beam current measurements using, e.g., a co-located harp scanner.

In this experiment, the smallest measurable electric field value is limited by the smallest
detectable shift. We can estimate it as ~ 7,,,/(SNRy/n) = 0.1 MHz [111, 112], where
SNR = 20 is the signal to noise ratio (defined as a ratio between EIT resonance amplitude
and the standard deviation in each frequency bin), and n ~ 90 is the number of data points
within the linewidth of a recorded resonance. This corresponds to a minimum detectable
electric field of Ep,;p &~ 0.02 V/cm, which matches our more thorough statistical analysis
with simulated data of similar SN R. The precision of the reconstructed electric field value
improves for higher electric field, because of the non-linear Stark shift dependence on
applied field, and at field values around 0.1 V/cm the precision is < 0.01 V/cm. We note
that to achieve this precision, it is crucial to link resonance shifts via the Stark splitting
model (rather than fitting them independently) and to keep fixed widths and amplitudes

of contributing resonances.
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Figure 4.6: E-beam diagnostics for position and current. (a) and (b) are the same style of plots
shown in Fig. 4.5 (b)-(d). (a) Heat maps for two different e-beam positions in the cell. The
dashed lines in the plots show the beam center. (b) Plots of heat maps for increasing e-beam
current. Current values recorded from the Faraday cup. (c) Diagnostic of e-beam position in the
Rb chamber. Error bars on the plot are derived from uncertainty of the fit and smaller than the
points on the graph. (d) Fit of recovered Rydberg current vs. Faraday cup current. Error bars on
the plot are derived from uncertainty of the fit and smaller than the points on the graph.

Since our current approach is only sensitive to the absolute value of the electric field,
our current fit model does not take into account the direction of the electric field, and its
influence on the shifts and transition amplitudes of the different |m;| levels of the Rydberg
state. We also note that magnetic fields can distort the EIT resonance [55], but we have
shielding for ambient magnetic fields and the magnetic field produced by the e-beam is
small compared to what is needed to modify the resonance [95]. In addition, presence of the
background electric field can produce additional systematic error in beam reconstruction

due to its unknown direction. More accurate current measurements requires improvement

of the Rb vapor chamber design to further reduce the parasitic charging.
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4.5 Summary

To summarize this Chapter, we apply Rydberg fluorescence-based detection to measure
spatially varying dc electric fields produced by an e-beam and to reconstruct the center-
of-mass beam position to within 8 pym, determine the beam width to within 100 pgm, and
measure the beam current in a simultaneous measurement. We expect this technique to
be useful for diagnostics of charged particle beams of any energy, and for diagnostics of
charged particles in general, such as in low-density plasmas [19, (8, 71, -107, |.
Further diagnostics such as full beam cross-sectional profiling can be achieved using sheet
laser beams [103, 110], especially if the full electric field vector is reconstructed [57, 58].
The detection speed can be improved by using a faster higher dynamic range camera or
an array of spatially separated Rydberg atom clusters to study the temporal dynamics of

electron beams [114].
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Chapter 5

Transmission-based electron beam

measurements

5.1 Introduction

Spatial field reconstruction can be efficiently performed by imaging the EIT-induced changes
with fluorescence as discussed in the previous Chapter. However, fluorescence requires ad-
ditional optical access for measurements and has a limited detection speed imposed by the
camera. In this Chapter we explore an alternative approach for a two dimensional spatial
electric field mapping technique that is based on transmission of light through the Rb
chamber for a non-collinear EIT geometry. The general concept of the detection principle
is the same as before where the electric field produced by the electron beam generates a
Stark shift of the energy of a targeted Rydberg state.

In this experiment instead of using traditional counter-propagating optical fields, we
introduced a small angle between them to reduce the electric field sensing volume which
is constrained by the beam overlapping region. A drawback of this method is increased
Doppler broadening of EIT resonances |37] leading to lower electric field sensitivity. Nev-
ertheless, by rastering the two dimensional detection space, we are able to reconstruct the

profile of the e-beam with sub-mm precision. The work presented in this Chapter high-

95



lights work that lead up to the fluorescence based measurements and the text is adapted

from a previously published conference proceeding [115].
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Figure 5.1: Simplified optical setup. The blue laser is at an angle ¢ with respect to the red laser.
In this balanced detection scheme there are two red laser paths to cancel any changes of atomic
density in the chamber. Where the blue laser crosses the red laser, this is the only region where
there is EIT signal therefore creating a localized electric field measurement. The thick glass in the
setup displaces the blue laser and this interaction region, so it can move along the red laser path
in the Rb chamber.

o
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5.2 Transmission based detection scheme

The general idea of the transmission based detection scheme is illustrated in Fig. 5.1. Here
we have two parallel red laser beams that serve as a sensing beam and a Doppler background
subtracting beam, respectively. In the sensing beam we introduce a blue laser at an angle
to allow for a small region of overlap within the Rb chamber. Looking at the EIT signal,
the only atoms that contribute to the measured signal are those in the overlapped beam
region, therefore we can gain spatial information along the sensing volume by moving this
overlap region within the chamber.

For the specifics of our sensing apparatus, we have a blue laser whose power is fixed
at 60 mW and has a beam FWHM size of &~ 0.2 mm. The 780 nm red laser is tuned and
locked to the ®Rb 531 /2 (F=3) — 5P3/5 (F’'=2,3 crossover) resonance using a saturation
absorption spectroscopy reference. The red laser power is fixed at 60 pW and is split with

a polarizing beam displacer into two identically polarized beams both with a FWHM of ~
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0.2 mm.

In the Rb chamber, the red and blue beams are crossed at an angle ¢ ~ 7°, creating
a sensing region of ~ 5 mm. The size of this region in z- and y- dimensions is set by the
laser beam cross-section. While better spatial resolution may be achieved with a larger
angle between the beams ¢, we here are limited by the opening size in the copper plates
placed within the Rb chamber (see Fig. 3.6 (c)). Also, larger ¢ causes rapid broadening
of EIT peaks [37], and we wanted to keep the EIT resonance width to below 100 MHz to

remain sensitive to small electric fields.
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Figure 5.2: (a) EIT spectra for the case of the e-beam off and on with 120 uA total current. (b)
Lock-in signal due to pulsing of the e-beam for different currents. (¢) The heat map is the lock-in
signal strength vs the blue laser detuning and the e-beam current. Dashed lines corresponds to the
location of the lock-in curves shown (b). (d) Lock-in signal maximum value vs the e-beam current.

To measure the EIT spectra we lock the red laser and sweep the frequency of the blue
laser around the 58D Rydberg resonance. Fig. 5.2 (a) shows an example of our recorded
EIT spectra in to the presence of the e-beam. To overlap the e-beam and the lasers,
we use polarization rotation methods to align the red laser with the e-beam as discussed

in Chapter 3.2.2, and then move the blue laser until the spectra difference is maximized
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between e-beam on and off cases. The frequency axis is calibrated with a separate EIT
reference cell by observing a known hyperfine splitting of the 58Dj5/5 and 58D3/5 sub-
levels [1]. As shown Fig. 5.2 (a), the EIT spectra have FWHM of about 100 MHz due to
the laser beams crossing at non zero angle ¢. The electric field produced by the e-beam is
inhomogeneous in the sensing region and not strong enough to visibly split the 100 MHz
wide spectral line, like in the fluorescence measurement experiment. Consequently, the e-
beam produces some reshaping of the EIT spectrum, shown for comparison for the e-beam
on and off in Fig. 5.2 (a). For small e-beam current this reshaping is hardly noticeable,
and can be further distorted by parasitic electric fields inside the chamber.

To get a signal that is only dependent on the presence of the e-beam, the solution
is to pulse the e-beam on and off at 5 kHz modulation frequency and performed lock-in
detection. We found that this pulse speed allowed for minimal charging of the chamber
and strong response from the e-beam discussed in Appendix D. This distills and amplifies
the electron contribution. Fig. 5.2 (b) shows a much higher contrast of the lock-in signal
with more easily resolvable features within the EIT linewidth. Fig. 5.2 (¢) shows a heat
map of such signals as a function of the e-beam current (y-axis) and the blue laser detuning
(z-axis). There is a clear growth of maximum lock-in signal with the e-beam current. We
can see the location of the lock-in signal maximum shifts to the negative blue detuning
as the electron current, and correspondingly its electric field, increases, in good agreement
with the theoretical expectation of the negative Stark shift for m; = 5/2 level. We plot
the maximum value of the lock-in signal as a function of the e-beam current in Fig. 5.2
(d). This dependence is monotonic, even if not strictly linear, and it can be used as a
calibration curve for the value of the current. Thus, our scheme provides a non invasive
way to measure the e-beam current.

To gain spatial information about e-beam profile, we raster the relative position of the
e-beam and the sensing region in x — y plane perpendicular to the e-beam propagation
direction (z). To change vertical (along y) relative position, we deflect the e-beam relative

to the lasers with the pulser e-beam steering controls, see Fig. 5.3 (a). This is not ideal,
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Figure 5.3: Results (top row) and geometrical arrangements (bottom row) of the electric field
measurements in the horizontal and vertical directions. In both plots the red/blue cylinders rep-
resent corresponding laser beams, and the green cylinder is the e-beam. (a) The measured Stark
shifts of the EIT resonances as the electron beam is moved vertically through the crossed laser
beam region. (b) The lock-in signal modifications as the the blue laser beam is moved horizontally
with a thick plastic plate. The central strong red spot corresponds to the location of the electron
beam. The e-beam current was set to 108 pA.
since motion of the e-beam could change the electric field environment in the chamber
due to stray charge deposition. But this is easier, since we do not have to translate two
laser beams with respect to each other in sync. The heat map of lock-in signals in Fig. 5.3
(a) shows the presence of the feature at £0.5 mm range around 0 displacement. Since
the spatial resolution is defined by the convolution of the laser beams and the e-beam
diameters, in the y-direction it is limited by the e-beam diameter of 1 mm which matches
the size of the spectral feature. For large y-displacements, we would expect the lock-in
signal to be zero, but the largest displacements of +1.5 mm are not large enough to move
the e-beam outside of the EIT sensing region. Nevertheless the lock-in signal drops with
the increase of displacement.

Since the sensing region size along z is about 5 mm and we need to raster at least
factor of two larger range, we cannot use the e-beam steering controls in this direction.

Otherwise the e-beam would be clipped by its entrance aperture of about 8 mm diameter.

Thus we change the z (horizontal) relative position Az by translation of the blue beam
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with a tilt of a thick acrylic plastic plate (see Fig. 5.1d). The tilt angle 6 is geometrically

connected to the beam translation d and Az by the following equations

d = t[tan§ — tan(arcsin[y])] cos 6 (5.1a)
Tp

Az = d/sin ¢. (5.1b)

Where ¢t = 1.2 cm is the thickness of the plastic plate, n, = 1.5 is the index of refraction
of the plate, and ¢ = 7° is the angle of intersection between the red and blue lasers.
Fig. 5.3 (b) shows the resulting lock-in signal heat map vs the horizontal motion. From
its asymmetric shape with respect to zero displacement location and non vanishing signal
at large displacements, it is apparent that there is an electric field gradient generated by
the pulsing e-beam within the Rb chamber. This can be attributed to the modulation of
charges on the glass optical window ports via Rb ionization or any number of charging
effects that we do not have the infrastructure to mitigate in our Rb chamber. However,

there is a strong feature near zero displacement that is due to the e-beam itself.

5.3 Electric field measurements

To confirm that we are sensitive to the x direction motion of the e-beam, we displace the e-
beam horizontally with the pulser deflection controls and observed that the lock-in spectra
maximum also moves in sync with the horizontal position sweep (see Fig. 5.4). Fig. 5.4
(a) is the lock-in spectra heat map vs the blue laser horizontal (x-direction) position scan
and it shows that the maximum of the signal is moving proportionally to the e-beam
displacement. We show the spectra center position vs the e-beam displacement in Fig. 5.4
(c), there is a clear linear relationship but we see that the measured beam center position
does not follow one to one relationship. We attribute it to the charging effects in the
chamber which skew the relationship. However, in a real setup it can be calibrated in

advance and still provides a useful e-beam position monitor.
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Figure 5.4: Measurements of the e-beam motion along z direction. (a) Heat maps of lock-in
signal spectra vs the horizontal blue laser raster displacement Az for different horizontal positions
of the e-beam. The black dashed lines show the expected centers of the electron beam provided
by the pulser deflection. (b) Calculated PCA amplitudes of the heat maps in (a) vs the horizontal
laser beam displacement and their fits with a Gaussian shape. (¢) The Gaussian center location
of fits in (b) vs the pulser dialed displacement. The red dashed line is a linear fit line showing
relationship between measured and dialed e-beam positions. For this dataset the e-beam current
was set to 108 pA.

5.3.1 Principal Component Analysis (PCA)

Since every raster point in x — y-plane acquires the lock-in signal spectrum, we need
to perform data reduction to generate a metric related to the e-beam strength at this
position. We chose to use principle component analysis (PCA) to extract a physically
relevant parameter. The PCA extracts characteristic patterns (principal components)
which describe the experimental data [116] (i.e. the lock-in signal spectra vs the blue laser
detuning). Theoretically the number of needed patterns is equal to number of collected
spectra, but PCA sorts the patterns in the order of their contribution. Typically only
a couple of first patterns are required to provide a good description for the data (see
Fig. 5.5 where only two patterns were used). The contribution of the other patterns
monotonically drops and they could be thought as describing the noise in the data or its

outliers. Consequently, every lock-in spectrum S; ~ wi, x PCy + wy; X PCy, where 7 is
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index of the measured spectrum, PC; is the shape of the principal component, and w2,
is the weight (contribution) of corresponding component. We chose to use the amplitude
A; =/ wi_ + w%i as a metric describing the e-beam strength at the given raster point (we

refer to it as the PCA amplitude).
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Figure 5.5: PCA analysis of the experimental data. (a) First two principle components (PC) or
shapes that describe the data. (b) Example of two lock-in spectrum traces and their approximation
with the weighted sum of these two principal components.

5.4 Extraction of the e-beam parameters

We measured the e-beam = — y raster (profile) and show resulting heat map of the PCA
amplitude as a function of displacement relative to the e-beam in Fig. 5.6 and Fig. 5.7
(a). The e-beam appears stretched along z-direction but this is to be expected since the
spatial response is determined by the largest size from the actual e-beam cross sections
and the laser beam overlapping region. For the x-direction we estimated the laser beam
overlap size as 5 mm. The FWHM size in this direction is about 2.3 mm which is smaller
than the overlap size, but a more precise estimate would require calculation of the beams
shapes and the EIT power response convolution, which is smaller than our simple estimate.
The vertical (y-direction) FWHM of 0.9 mm is limited by the e-beam size, size since it is
limited by the width of the lasers.

We found that the maximum PCA amplitude in rastered 2D profiles has linear depen-
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Figure 5.6: The PCA amplitude raster map of the e-beam raster. The e-beam current was set to
108 uA.
dence on the e-beam current as shown Fig. 5.7 (b). This dependence can be used as a

calibration curve in a non-invasive e-beam current monitors.

5.5 Summary

This Chapter shows how one can use Rydberg atoms as non-invasive sensors to generate
a 2D profile of an e-beam to deduce its size, position, and current using only optical
transmission measurements. This technique can easily be extended for a 3D profiling. The
resolution of the profile is limited by the largest limiting dimension of the overlap between
the laser beams and the e-beam. In contrast to the Rydberg fluorescence profiling [103,

|, the presented laser beam crossing techniques can be used where an extra optical port
is unavailable or in environments which are too harsh to collect images on a camera due
to presence of, e.g., X-rays or ionizing radiation. The presented method is not limited to

only e-beam detection but can be used for characterization any spatial distribution of the

electric fields, for example generated near plasma boundaries.
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Chapter 6

Polarization-based electric field

direction measurements

6.1 Introduction

As discussed in Chapter 2, the quadratic nature of the Stark shift makes Rydberg electric
field measurements sensitive to the magnitude of external dc-electric fields, but direction
is more difficult. In this Chapter, we discuss efforts to reconstruct a dc electric field vector
by recording both the frequencies and relative strengths of EIT two-photon resonances for
different sub-levels of a Rydberg state. This approach relies on the polarization dependence
of the transition probabilities between various Zeeman sub-levels, and has been explored
previously to determine the direction of magnetic fields [69, 117, 118] and rf fields [57, 119].
In our experiments we demonstrate that we can determine the orientation of the electric
field inside a vacuum chamber filled with Rb atoms by rotating the laser polarization
and tracking changes in amplitudes and areas of Stark-split EIT peaks. Detection of EIT-
induced fluorescence dips allows us to obtain spatial information about the inhomogeneous
electric field, and reconstruct changes in its magnitude and orientation. We also present a
semi-analytical atomic model that qualitatively agrees with our experimental data. This

work was adapted from previously published work [120].
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Figure 6.1: (a) Simplified energy level configuration of 3*Rb used to observe two-photon EIT
resonances. The 780 nm probe laser is on resonance with the 5S;/, — 5P3/5 transition. The
480 nm coupling laser is scanned across the 5P3,5 — nDs/p transition with frequency detuning
Ap. Dashed lines depict Stark splitting of the Rydberg 46 D5/, level into |my| = 1/2,3/2,5/2
sublevels as the static electric field strength increases. (b) Allowed transitions for optical field
polarized parallel (solid) or perpendicular (dashed) to the dc electric field for a simplified fine
structure of involved atomic levels. (c) Examples of EIT spectra in the absence of electric field
(black), with electric field E applied perpendicular (magenta) and parallel (green) to both laser
polarizations (£). Dashed lines indicate the Stark shifts for m j_5/,, = +1/2,43/2,£5/2 sublevels
of the D55 level. Solid and hollow triangles show the locations of the EIT resonances associated
with transitions to Stark-shifted sublevels of the D35 level [m ;| = 1/2 and |m | = 3/2, respectively
(since these peaks are much weaker, we do not use them in the analysis).

6.2 Basic sensing scheme

In this Chapter, we employ the same ladder-type EIT scheme to excite Rb atoms to the
46D Rydberg levels using two counter-propagating lasers at 780 nm and 480 nm, as all
other previous experimental Chapters, shown in Fig. 6.1(a). As discussed in Chapter 2, the
Stark effect lifts the degeneracy of the fine structure Rydberg states splitting the (J = 5/2)
into three and (J = 3/2) into two. We use this splitting to determine the strength of the
applied electric field.

The relative orientation of the electric field with respect to the light field propagation
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direction and polarization does not affect the frequency positions of the EIT resonances,
thanks to the quadratic nature of the Stark shift (at least for relatively low electric field
amplitudes that do not produce Rydberg state mixing). However, the coupling strength
to individual Zeeman sublevels of either fine (my) or hyperfine (mp) component of the
Rydberg state is polarization sensitive. Selection rules dictate that the laser polarization
(€) component parallel to the electric field (m-polarization) can only excite transitions with
Am = 0, while the circularly polarized components (o) are responsible correspondingly
for Am = =1 transitions. As a result, the populations of the various Rydberg sublevels,
and thus the amplitudes of the associated EIT resonances for a given electric field orien-
tation are determined by the choice of both polarizations for the red (&) and blue (&)
lasers.

A simplified interaction scheme ignoring the hyperfine structure [shown in Fig. 6.1(b)]
provides a simple intuitive understanding of this polarization dependence. While this
over-simplified approach is too crude to accurately describe the experimental results, it
helps to qualitatively understand the experimental EIT spectra shown in Fig. 6.1(c). For
these measurements, both laser fields have identical linear polarizations, directed either
perpendicular or parallel to the constant electric field. When the laser polarizations are
perpendicular to the electric field, we observe all three Stark-shifted EIT peaks within the
(J =5/2) Rydberg transition. Indeed, in this case only optical transitions with Am; = +1
are active, as shown by the dashed lines in Fig. 6.1(b). In this situation, the mj; = £5/2
EIT peak has the highest amplitude due to the largest transition matrix elements involved,
as previously reported [109]. At the same time the amplitude of m; = £1/2 EIT peak
is relatively low. However, when the lasers are polarized along the electric field, the
myj = £5/2 EIT peak completely disappears, since only Am; = 0 transitions are allowed,
and there is no excitation path to reach states with mj; = £5/2. Thus, we expect that
by rotating the polarization and tracking the amplitudes of Rydberg EIT resonances, we
should be able to determine the relative contributions of different transitions and thus

extract the information about the electric field orientation.
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6.3 Transverse uniform electric field measurements

Our experimental setup, Fig. 6.2(a), consists of a vacuum chamber filled with Rb vapor
at room temperature that also contains built-in capacitor plates (24 mm separation) to
produce a nearly homogeneous electric field in the z-direction. To test the effect of po-
larization on a constant field, the bottom plate is grounded and the top plate is held at
a constant Vy = 5 V. A 780 nm probe (500 W power and ~ 0.3 mm wide) laser drives
the 557 /5, F' = 3 ground state of 85Rb to an intermediate 5P39, F' = 4 excited state, while
a 480 nm coupling (50 mW power and ~ 0.3 mm wide) laser drives the transition from
the intermediate state to a Rydberg state. To calibrate the frequency axis we use the
known splitting between the 46D5/5 and 4603/, Rydberg states as calculated using the
Alkali Rydberg calculator (ARC) [1] and match it with the spectra measured within a ref-
erence Rb cell. The probe and coupling laser fields counter-propagate through the vacuum
chamber and the reference cell, partially canceling the Doppler shift of each atom |26, 87].
We employ two complementary measurement approaches to detect EIT resonances (and
corresponding Stark shifts of the D5/, Rydberg energy levels) as we scan the frequency
of the coupling laser. First, we measure the 780 nm probe laser transmission and iden-
tify the centroid frequencies and areas under the EIT peaks. This method provides total
contribution of all Rb atoms along the laser beam and is better suited for measuring the
uniform electric field produced by the capacitor plates. Second, we record the changes in
the 780 nm fluorescence along the probe laser beam, as discussed in Chapter 4, to obtain
the local electric field information.

Fig. 6.2(b) experimentally demonstrates the dependence of the three J = 5/2 EIT
peaks’ strengths on the polarization orientations of both red (¢,) and blue (¢) lasers.
These measurements report EIT peak areas rather than peak amplitudes. For simplicity,
we use the product of the amplitude and the full-width at half maximum proportional to
the peak area, using the values obtained from a Gaussian fit. This helps mitigate broad-

ening due to local electric field gradients. The general peak behavior is consistent with
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Figure 6.2: (a) Experimental arrangement for uniform electric field measurements. The electric
field E points along the z-axis when a voltage Vj is applied to the top capacitor plate. The
laser beams counter-propagate along the z-axis, and their polarization orientations are defined
by angles ¢, and ¢, formed between the laser polarization vectors &, and &, with the y axis.
(b) Experimentally measured peak areas of |m ;| EIT peaks as functions of independently varying
laser polarizations. (c¢) Experimentally measured dependence of all three peak areas on the angle
between the electric field and the laser polarization when &, and &, are matched, i.e. ¢, = ¢p (¢rp)-
(d-g) Corresponding theoretical EIT area values calculated using the semi-analytical atomic model
(d,e) or by numerically the solving the exact interaction Hamiltonian (f,g).

the expectations for the semi-analytic interaction model [Fig.6.1(b)]: the m.5,, resonance
is highest for ¢, and ¢, equal to either 0° or 180° (aligned with g-axis) when the laser
polarizations are perpendicular to the electric field in the Z-direction, and they disappear
for ¢p ~ ¢, =~ 90° when the laser polarizations and electric field vectors are aligned. The
m4q /o resonance displays the opposite behavior, increasing when the two laser polariza-

tions are parallel to the electric field, and reducing (but not disappearing) when they are

orthogonal.

6.4 Models of polarization dependence of Zeeman structure

To accurately calculate the amplitudes of Stark-shifted EIT peaks we need to take into ac-
count the hyperfine structure. The exact solution, however, is computationally expensive,
due to the large number of states involved. While for the ground and intermediate states

we may choose particular hyperfine levels I} and F5 with the laser frequency, the hyper-
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fine structure of the Rydberg state is unresolvable, and interactions with all the states
F3 =1...4 have to be considered. Also, since the Stark shift depends only on the electron
total angular momentum, we must track which of the two-photon resonances contribute
to which EIT peak based on the electron total angular momentum quantum numbers J3,
my, of each Rydberg state hyperfine Zeeman sublevel.

We developed a simplified semi-analytical model, inspired by previous studies of Zeeman-
resolved Autler-Townes measurements of Rydberg states [55]. In this model we consider all
allowed two-photon transitions contributing independently into the final EIT transmission
spectrum with the weight proportional to its interaction strength. For the probe laser
& we directly calculate the interaction dipole moments de1 —m between the hyperfine
mp states of the ground 551,5, F1 = 3 and intermediate excited 5P/, Iy = 4 states.
The Stark shifts for these states are negligible. We then further simplify the description
of the control laser 6_’;) interactions by calculating effective dipole moments between the
intermediate state Zeeman manifold and the fine-structure m s, States — de2_>mJ3 — by
summing the transition strengths of all m Py hyperfine sublevels, contributing to each m Js
state. This approach accurately accounts for the strength of various atomic transitions
for any directions of polarization and electric field vectors, but treats any possible ladder
scheme independently and does not account for their interactions. In this case the total

EIT transmission spectra S(Ap) is a sum of individual contributions:

2
2YErr

S(A) = Y S, exp (_ [Ay — AfmJ|(E)]2> ’ 6.1)

where A is the frequency detuning of the blue laser, Af|,,,|(E) is the Stark shifted fre-
quency of each |m | peak interpolated from a Stark map numerically solved using ARC [1],

~verr is the width of the EIT resonance, and SmJ is the total probability of all allowed

3
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two-photon transitions contributing to each |m | peak:

— 2 2
SmJ3 - Z Z del —Mmp, de2%mJ3 : (62)

Mp MRy

The dipole moment of a transition between any two hyperfine Zeeman sublevels depend
on both the initial and final state quantum numbers and on the relative orientation of the
laser polarization & and applied electric field E. For example, to calculate the transition
strength induced by the probe laser field &, between the ground and intermediate state
Zeeman manifolds, we need to consider both the selection rules and the relative strength

of the laser polarization components:

AN (6.3)

—

L &
<n1,L1,J1,F1,mF1| —€r- ﬁ|n27L2’J27F27mF2> =

Z Al (ny, Ly, Jl,Fl,mFl\ — erq|na, Lo, JQ,FQ,mF2>.
q=0,+1

Here we choose the quantization z axis along the electric field direction, and we use the
standard spectroscopic notation for atomic states (n is the principal quantum number,
L is the total orbital angular momentum, J is the total angular momentum, F' is the
total atomic angular momentum, mpg is the azimuthal component of the total angular
momentum). A7 and r, describe the components of the probe laser polarization &, and
the radius vector in the spherical tensor basis of m and o4 polarizations (¢ = 0,=£1),
correspondingly. The dipole matrix elements between different hyperfine mp states of the
intermediate and the Rydberg states de2 —m, Are calculated the same way, but for the
control laser polarization vector &

To find the effective dipole moments de _m . for the transitions between the inter-
2 3

J.
mediate and Rydberg states, we sum the dipole matrix elements of the transitions between
My, and all Rydberg hyperfine sublevels with the same m Js value. the given use the same

approach for calculating the weights. However there is an extra complication of connecting
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the hyperfine structure m,, states to the fine structure m, states [55]:

F; mF/

3
A, —m, Z Z Z ImIngJSd My gy (6.4)

3—1 mFé—fF mjf—I

where C’

Im /ngJ

are Clebsch-Gordan coefficients, and I = 5/2 and m; being the total

nuclear spin angular momentum and its azimuthal component, respectively.
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Figure 6.3: Fluorescence based electric field magnitude measurements. (a-c) Electric field mag-
nitude reconstruction as the wire is displaced a distance Ay from the lasers. A retractable wire in
our Rb vacuum chamber creates a spatially varying electric field when a voltage V} is applied. In
the diagram of the wire with respect to the lasers, the darker red and blue lines indicate the laser
fluorescence region monitored by the camera, g = 0, . denote the electric field variation with
respect to the z-axis in each position of the probe and ¢g indicate angles with respect to the x-
axis. Underneath these diagrams, the gray-scale maps are recorded fluorescence spectra for laser
polarization orientation where the m; = £5/2 peak is minimized. Solid lines show reconstructed
peak positions of the 46D5/, |my| = 5/2, 3/2 and 1/2 and dashed red lines are the peak positions
of the 46D3 /5 levels. Finally, at the bottom we show the spatially reconstructed electric field mag-
nitude for each position of the wire with respect to the lasers.

Fig. 6.2(d) shows the predictions of the semi-analytical atomic model for each EIT
peak for the spectrum of probe and coupling laser polarization directions. We observe

a clear similarity between these calculations and the experimental data. For the mj; =
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+5/2 resonance both the model and experiment show the highest peak amplitudes for
nearly-parallel laser polarizations that are perpendicular to the electric field, while for the
my = £1/2 peak this arrangement minimizes the resonance amplitude. There is a small
discrepancy between predicted and measured polarization configurations to maximize the
my = £1/2 peak amplitude. We speculate it is caused by some residual ellipticity of the
laser fields and some spatial inhomogeneity of the electric field. The model is less successful
in capturing the behavior of the mj; = +3/2 peak. This peak has the most complicated
composition of optical transitions, so it is not surprising that it is most strongly affected by
the limitation of the model that neglects quantum interference between different excitation
paths and population redistribution due to optical pumping. For that reason, in the later
analysis we rely primarily on the m; = +5/2 and mj = £+1/2 resonances when using the
semi-analytical model.

We also carry out exact numerical calculations of the optical transmission using a
density matrix approach with the full interaction Hamiltonian and the complete hyperfine
structure of all three atomic levels (details in Chapter 2). The resulting heights of Stark-
shifted EIT resonances, shown in Fig. 6.2(f), match well with the experimental results,
and notably more accurately reproduce the angular dependence for the m; = £3/2 peak.
For the other two resonances the predictions of the exact numerical calculations and semi-
analytical theoretical models are in reasonable agreement. Because the exact numerical
calculations are computationally expensive (owing to the large manifold of atomic states
and Doppler broadening), this gives us additional confidence in using the semi-analytical
model in further analysis.

The EIT “maps” in Fig. 6.2 suggest that to determine the direction of the electric field,
it makes sense to align two laser polarizations and rotate them together. Figs. 6.2(c,e,g)
show variations in EIT strengths for all three resonances for parallel polarizations: experi-
mentally measured (c), calculated using our semi-analytical model (e) and exact numerical
model (g). It is clear that such an arrangement provides maximal change in contrast in

signals for the my = +1/2 and m; = 4+5/2 EIT peaks as the laser polarizations are ro-
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tated. It is also convenient that the polarization dependencies of the my = £5/2 and
my = £1/2 peak areas are opposite to each other, e.g., the maximum of one corresponds
to the minimum of the other and vice versa. This provides a robust tool to identify the
direction of the azimuthal component of the electric field vector by finding the polarization
orientation corresponding to the extrema in the EIT peak strengths. Importantly, since
we observe very good agreement between results from experimental data and both the
semi-analytical and full numerical models, we can, with a fair degree of confidence, use
the semi-analytical EIT model for analysis of the m; = £5/2 and m; = £1/2 EIT peaks’

polarization dependence.

6.5 Longitudinally varying electric field measurements

To test our method in a more realistic situation, we apply it to characterize a spatially
inhomogeneous electric field generated by a piece of thin wire (1.4 cm length and 0.8 mm
diameter) placed inside the Rb chamber (the plane electrodes are grounded for these mea-
surements and have little effect). Applying a voltage V{ to the wire induces electric charge
accumulation at the rim of the wire cylinder tip, as confirmed by numerical solution of
the Poisson equation for our experiment geometry. We also confirmed that we can neglect
the wire thickness and approximate the charge distribution as a point charge gy at dis-
tances exceeding =~ 1 mm from the wire. With this simplification, the electric field at any
point is directed along the line connecting the tip of the wire and the observation point

A7 = (dy, Ay, Az):
1 q0 .
— A
dreg d2 + Ay? + Az? "

E = (6.5)

where ¢g is the vacuum permittivity constant, and d, = 2 mm is the vertical displacement
of the laser beam from the wire.

Capturing spatial variations in the electric field vector requires fluorescence-based EIT
detection [103, |, where we image the fluorescence of the probe transition along a section

of the laser beams near the wire and record EIT spectra for each camera pixel. We then fit
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these fluorescence data using the Stark shift information from the ARC database [103, 104]
for each z-position to get the magnitude of the spatially varying electric field. Fig. 6.3
shows an example of EIT fluorescence spectra and the reconstructed electric field strength
at three positions of the wire: when the laser beams are directly below the wire tip Ay =0
(a), when the wire is retracted by Ay = 5 mm (b) and Ay = 10 mm (c). To achieve
roughly the same maximum electric field magnitude between the measurements, we adjust
the applied voltage Vg for each position. As expected we see the strongest electric field
magnitude variation along the laser beams (z direction) near the wire tip, where it rapidly
falls off with distance Az. As the wire is pulled farther away we observe a smaller change
in the electric field over the imaging region.

Since the laser beams have finite size, we integrate the the recorded signal across
their transverse cross-section (along x and y dimensions of the interaction volume). If the
gradient of the electric field across this region is sufficiently strong, it causes inhomogeneous
broadening of EIT resonances. This broadening is particularly noticeable for the m; =
+5/2 resonance that has the largest polarizability and, therefore, is the most affected by
the field gradients. As a result, for some of the following analysis we mostly rely on the
my = +1/2 resonance measurements. We note, however, that the m; = +5/2 resonance
becomes more attractive for Rydberg EIT measurements at lower n Rydberg states [121].

To characterize the electric field direction we use two angles: longitudinal 6z (defined
as an angle between the electric field and the laser propagation direction), and azimuthal
¢p (defined as an angle between the transverse x — y component of the electric field and
x-axis), as shown in the diagrams of the field generated by the wire in Fig.6.3. For example,
in the earlier measurements the vertical electric field was perpendicular to the laser beam

propagation: 0p = 90° and ¢ = 0°. Using Eq.(6.5), we can estimate values for both
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Figure 6.4: Variation of g and ¢g for different Ay wire displacements. The different A8, ¢
correspond to the different angular variations we show in Fig. 6.3. (al) Experimental m; /, peak
area for different wire Ay-positions, monitored with fluorescence at Az = 0 mm. Error bars are an
average of pixels from the center £0.25 mm. (b1l) Experimental m,/, peak area for different wire
Ay-positions with a fixed polarization when m.5,5 peak is minimum. (a2) Modeled m44 /o peak
area for different wire Ay-positions. (b2) Modeled m. /o peak area for different wire Ay-positions
with a fixed polarization when the m.5/, peak is at a minimum.

angles:

Ay

cos(op) = \/ﬁ, (6.6)
Az
COS(QE) \/Cl% + AyQ + Az2 ’ (67)

The value of the azimuthal angle ¢ depends primarily on the distance between the
wire and the laser beam, and does not depend on the position along the laser beam. In the
experiment we can find the azimuthal angle ¢ at each location by synchronously rotating
the laser polarizations &, 5 and finding the angle at which the amplitude of the m; = £1/2

fluorescence peak is maximized. Fig. 6.4(al) shows examples of such measured dependence
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for three different distances Ay of the wire away from the laser beam, measured at the
center Az = 0 mm. We observe that when the wire is directly above the lasers (Ay =
0 mm), the area of the mj; = +1/2 EIT peak is maximized when the laser polarizations
are nearly vertical (¢p = ¢, = 90°). As the wire is retracted, this maximum shifts toward
horizontal polarizations (¢, = ¢, — 0°), indicating the expected change in ¢p. For
comparison, in Fig. 6.4(a2) we plot the m; = +1/2 amplitudes calculated using our semi-
analytic model and assuming an electric field distribution given by Eq.(6.5), which then
agree well with experiment.

When we track the change in electric field direction along the laser beam, it primarily
occurs in the longitudinal direction, as given by Eq.(6.7). Note that this variation depends
on the horizontal distance Ay between the wire and the laser beam and we investigate three
different wire positions in Fig.6.3. Since we monitor the same absolute z-range for each wire
position, we expect to sample a smaller fg variation when the wire is farther away from
the lasers. At the same time, measurement of fz is more challenging since the longitudinal
component of the electric field does not fundamentally change the interaction symmetry
and, consequently, the polarization dependence of the EIT peaks. Instead, reducing the
angle between the electric field and the laser beams makes the polarization dependence
less pronounced, reducing the span of azimuthal variations and eventually eliminating any
polarization dependence as 6 — 0°. For our experimental arrangement we thus expect to
find the mj; = +1/2 EIT peak to be the strongest for 65 = 90° and then become smaller
as 0 decreases.

Fig.6.4(b1) shows the experimental dependence of the m; = +1/2 EIT peak area
along the laser beam on the angle 0, calculated using Eq.(6.7). For each wire position,
we adjust the laser polarizations to maximize the EIT contrast. The corresponding semi-
analytic model calculations are shown in Fig.6.4(b2). As expected, we observe that the
experimental EIT data generally follow the expected behavior: the measured resonance
peak areas are largest at the position corresponding 0r =~ 90°, and they all have similar

shapes but cover different range of angles. Specifically, the data for Ay = —5 mm and
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Ay = —10 mm positions match the semi-analytic theory predictions extremely well. There
is some deviation in overall resonance strength for Ay = 0 (most likely caused by some
known imperfection in the wire and the effect of stronger field gradients, or our assumption
that the wire acts as a point charge breaks down this close to the wire), but it still closely
follows the expected dependence. This gives us some confidence that with better calibration
it should be possible to use the EIT resonance analysis to reconstruct full vector information
of inhomogeneous electric fields.

It is important to note that our method intrinsically does not allow us to distinguish
between ¢p and ¢g + 180° as well as between 0 and 180° — 0, as these angles result
in identical interaction schemes. To uniquely identify the electric field direction we may
need another degree of freedom. For example, introducing an additional magnetic field to
set a clear quantization axis [55, |. However, this approach requires creating a more
robust model to describe the interplay of Stark and Zeeman effects and will be a subject
of future studies. Another challenge is that in our current experimental setup we cannot
directly vary the orientation of the electric field, and thus it is impossible to experimentally
verify the effect 0 has on EIT resonances independently. Instead, we have to rely on the

semi-analytical model for this information.

6.6 Summary

In this Chapter, we demonstrated that the strong dependence of various Stark-split m ;
EIT resonances on the polarizations of optical fields can be useful for vector electric field
measurements. Moreover, we showed that these changes are accurately described by a
semi-analytic atomic model for the m; = £5/2,£1/2 Rydberg states, but a more com-
plete model and additional experimental verification are needed to describe the full EIT
spectrum more accurately. Using the data available in this study, we estimate the uncer-
tainty of electric field orientation to 0.5° for 8 and ¢g. This is in the range of angles

and polarization with maximum variation of amplitude response. In orientations of the
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electric field and polarization where the m; = +1/2 peak does not vary in amplitude the
sensitivity is worse, but laser polarization can be optimized to achieve sub-degree angular
resolution. The reported results suggest a viable approach for vector electric field mea-
surements that will enable accurate reconstruction of electric charge distributions for, e.g.,

electron beam characterization [104] and plasma diagnostics [121-123].
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Chapter 7

Reducing EIT linewidth with optical

Ramsey Interrogation

7.1 Introduction

This Chapter describes a novel detection scheme designed to further enhance the sensitiv-
ity of Rydberg atomic sensors. We extend the three-level interaction model discussed in
Chapter 2 to describe Raman-Ramsey resonances in both temporally and spatially sepa-
rated interaction schemes. Preliminary experimental efforts are also presented, together
with an analysis of the practical challenges associated with realizing these resonances.

For practical applications, moderate power broadening of EIT resonances can be ad-
vantageous, as increased laser power improves coherence preparation and enhances EIT
amplitude. Ultimately, the sensitivity of room-temperature Rydberg sensors is limited by
power broadening and thermal atomic motion.

To mitigate these limitations, we propose a Raman-Ramsey interrogation scheme con-
sisting of two laser interactions separated by a dark evolution time [121], as shown in
Fig. 7.1. The main idea is that the atoms are initially prepared in a coherent superposition
of the ground and Rydberg state with an optical pulse of two laser fields (EIT). The atomic

coherence is then left to evolve in the dark in the absence of the light fields. During this
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Figure 7.1: (a) Temporal R® resonances: Atoms are prepared in the coherent superposition
with two EIT laser fields (red) during time ¢;, and then allowed to evolve in the dark for time
to, while laser fields are turned off. Any changes in the atomic coherence are read out with a
second light pulse (containing both EIT laser fields) of duration ¢3. Only the initially prepared
atoms remaining in the interaction volume (green) contribute to the R® resonance. (b) Spatial R?
resonances: Atoms are prepared in the coherent superposition with two EIT laser fields (red) in
a prep interaction region, and move ballistically toward the readout region (also containing two
EIT laser fields), crossing the dark region in between. Only the atoms reaching the readout region
(green) contribute to the R? resonance formation.

dark evolution time, the phase of the atomic coherences change. The accumulated phase
difference can be read out using a second (detection) pulse, whose duration and intensity
are optimized to maximize the signal-to-noise ratio. Because the majority of the phase evo-
lution occurs in the dark, power broadening is significantly suppressed, even when strong
fields are used during the preparation and detection stages.

We consider two possible scenarios: temporal separation, which uses two bi-chromatic
optical pulses to first prepare and then read out atomic coherence between the ground and
Rydberg states, as shown in Fig. 7.1(a); spatial separation, where moving atoms encounter
two separate interaction regions of continuous optical fields, shown in Fig .7.1(b).

Numerical modeling shows that both approaches produce a narrow Rydberg Raman-

Ramsey (R?) spectral feature in addition to the conventional Doppler-broadened Rydberg
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EIT resonance. Because only slow atoms contribute constructively to the R? signal, the
effective Doppler broadening is substantially reduced. Temporal Raman-Ramsey interro-
gation schemes have been successfully implemented for improving the performance of the
atomic clocks based on A-based EIT systems [125, |, and a spatial Ramsey interroga-
tion has been demonstrated [127]; however, neither approach has yet been implemented
in Rydberg atom-based sensors. Text and figures from this Chapter are adapted from

previously published work [125].

7.2 Time evolution of density matrix elements model

We now describe how to numerically model this optical Ramsey interrogation. Fig. 7.2(a)
shows the temporal Ramsey interrogation sequence. Using the density matrix formalism

introduced in Chapter 2, we solve the Lindblad master equation

900 — L1, p(0)] + Y0 £, 00) (r.1)
i
to solve for the atomic coherences as they evolve in time.

For an initial state preparation time t¢1, the lasers for EIT prepare the atoms in a
coherent superposition of the ground and Rydberg state. The preparation time t; is
assumed to be sufficiently long enough for the system to reach the steady state for the
given laser parameters.

Following the preparation pulse, the laser fields are quickly turned off, and the long-
lived coherence between the ground and Rydberg states pg, is allowed to evolve in the
dark for time 1/, > t9 > 1/T'., where I'. and I, are the state lifetimes of the excited and
Rydberg states, respectively.

For the dark evolution time to > 1/T., the population of the intermediate excited
state and the coherence between the ground state and intermediate excited state quickly

vanish. The population of the Rydberg state p,, and the coherence between ground and
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Figure 7.2: (a) Time sequence of temporal Ramsey interrogation for stationary atoms. (b)
Theoretically predicted R? optical response for stationary atoms for different two-photon detunings
dr. Black dashed lines indicate the 150 ns integration region used to reconstruct Ramsey fringes.
(c) R? resonances as a function of the coupling laser detuning for different evolution in the dark
time t5. The model parameters are Ap = 0, I'e = 6 MHz x 27, I, = 3kHz x 27w, Q¢ = 0.5,
Qp =T, N = 1.7 x 10" em™3, dge = 1.46x 10729 C-m.

Rydberg states pg, survive, as they decay much slower, and we can take advantage of this
consideration to simplify the model by replacing the exact numerical simulations for all

atomic parameters at the end of the dark evolution with simple analytical solutions for

non-vanishing coherences:

Prr = prr,sse_mrr (723)
Pgg =1 = prr (7.2b)
Por = pgrsse” 3 el BcHAR, (7.2¢)
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Here, prrss and pgr ss refer to the steady state solution of the density matrix elements
before the dark time. In cases of non-zero two-photon detuning dp = Ac + Ap # 0, pg,
acquires a phase ert2,

The density matrix, containing only pgg, prr, and pg., is then used as the initial con-
dition in the Lindblad master equation (Eq. 7.1) for numerical time evolution during the
detection pulse of a fixed duration ¢3. Fig. 7.2(b) shows simulated time responses of dif-
ferent coupling laser detunings. Dotted vertical black lines indicate the 150 ns integration
window used to reconstruct the R3 resonance.

If this time is shorter than the time required to re-establish the steady-state EIT,
the probe laser transmission is largely determined by the accumulated phase of py., and
displays a clear interference-like fringe pattern, as shown in Fig. 7.2(c) with the frequency
inversely proportional to the dark evolution time. Thus, in this case of stationary atoms

that experience this interaction scheme, we can theoretically achieve the spectral resolution

limited only by the Rydberg state decoherence time.

7.3 One-dimensional atomic motion in time evolution model

Atomic motion in thermal atomic vapor greatly affects the characteristics of two-photon
optical resonances. For temporal Raman-Ramsey excitation, we only consider atomic
motion in the laser propagation direction (z). This longitudinal motion of atoms produces
two generally undesirable effects on the R? fringe formation, both related to the large
frequency mismatch between the two optical fields. The first one is the spatial phase
variation between the probe and coupling fields, and the other is the differential Doppler
shift for atoms with different longitudinal velocities.

We first consider the contributions due to the Doppler effect, as it equally affects R?
and steady-state EIT resonances, and has been identified as one of the main limiting
factors for Rydberg EIT-based sensor sensitivity. An atom with longitudinal velocity

v, along the laser beam experiences a Doppler shift wv,/c. Even for counter-propagating
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Figure 7.3: Examples of Ramsey fringe modifications for longitudinal motion of atoms (%). For
(a) - (c), it is assumed that all atoms move with the given velocities v, to illustrate the effects of
phase and Doppler mismatch. (a) Effect of Doppler mismatch of detunings. (b) Effect of spatial
phase variations. (c) Effect of both Doppler and phase variations. (d) Fringes resulting from dark
time to = 1 us and t3 = 150 ns for a range of velocities integrated over a thermal 1D distribution
corresponding to 300 K; note the different scale for a.
beams, residual wave-vector mismatch produces a velocity-dependent two-photon detuning
dr(v:) = (Ac+Ap —wyg) + (kp — kc)v,. Even when the lasers are tuned precisely to the
two-photon resonance, only atoms with small longitudinal velocities contribute significantly
to EIT formation. The residual Doppler mismatch broadens the observable EIT linewidth
to a few MHz.

In the case of Raman-Ramsey excitation, such a Doppler mismatch makes the phase
acquired during the dark evolution dependent on atomic velocity. This results in a relative

shift of the Ramsey fringes for each velocity group, as shown in Fig. 7.3(a). When inte-

grated over all velocity classes, this effect alone can substantially suppress fringe contrast.
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We also need to take into account the spatial variation of the relative phase of the
two optical fields along the beam path. The initial phase of pg4. is set by the relative
phase of Q- and Q2p. Because the two fields possess different wave vectors, this phase
depends on position along the beam path. When an atom moves between the preparation
and detection steps, the accumulated coherence phase reflects the spatial phase difference
between those two positions.

This effect almost exclusively affects R? fringe formation, rather than steady-state
EIT, since in the latter case the coherence phase adiabatically adjusts as atoms move
along the laser beams. However, in the Raman-Ramsey process, moving atoms, detected
at z = 0, have been prepared at the location —v,t2, and thus their coherent state carries
an additional phase —(kp — k¢ )v,te (for the counter-propagating optical fields). Again,
the contributions of different velocity groups destructively interfere, in principle limiting
the fraction of atoms that can contribute to the observation of R3 resonance. Fig. 7.3(b)
shows the fringe shifts due to the spatial phase mismatch for different v,. However, when
considered together, these two phase shifts partially compensate each other. Fig. 7.3(c)
shows that the Doppler effect and relative displacement effects work together to bring the
fringes back to constructive interference and preserve narrow fringes. Thus, R? fringes
“survive” the integration of the 1D Maxwell-Boltzmann velocity distribution of atoms in
the z-direction, as shown in Fig. 7.3(d) for a single to dark time, albeit with reduced
amplitude compared to the cold atom case due to fewer participating atoms.

This analysis gives a somewhat optimistic outlook on the possibility of observing nar-
rower Rydberg EIT features using Raman-Ramsey excitation. However, from the practical
point of view, such temporal interrogation may introduce some technical complications,
such as the need for excellent pulse synchronization, fast pulse turn-on/turn-off, and a low

detection duty cycle.
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7.4 'Two-dimensional atomic motion in time evolution model

An alternative approach to realizing Raman-Ramsey interrogation with continuous-wave
lasers is to spatially separate the preparation and detection regions. In this configuration,
the dark interval arises naturally as atoms propagate between the two interaction regions.

To model the spatial implementation of the R? resonance, we consider two parallel inter-
action regions separated by a distance d, as illustrated in Fig. 7.1 (b). Each region contains
a counter-propagating probe and coupling beams. To increase the number of participating
atoms, both regions are extended along the direction perpendicular to atomic motion. Un-
der these assumptions, the relevant dynamics can be reduced to two-dimensional atomic
motion between the regions, as shown in Fig. 7.4 (a).

Atoms are assumed to reach a steady state in the preparation region before exiting
with transverse velocity v,. Those with nonzero v, traverse the separation distance d
and subsequently enter the detection region, thereby recreating the temporal sequence
analyzed in the previous section. For a given transverse velocity, the effective dark time is
to = d/v,. Different transverse velocity classes correspond to different effective dark times
and therefore produce Ramsey fringes with different periods, as shown in Fig. 7.4 (b).

To fully account for thermal motion, the resulting signal is integrated not only over
the transverse velocity distribution but also over the longitudinal velocity distribution in
the z-direction. The z-motion captures phase shifts associated with Doppler and spatial
displacement effects discussed previously. After integration over both velocity components,
a narrow central R3 fringe remains.

Fig. 7.5(a) shows a theoretically predicted R?® resonance, calculated using the same
atomic parameters as Fig. 7.2 with a beam separation of d = 1 mm and a second interaction
region of width w = 50 um. Here we integrate the contributions to the optical susceptibility
from each longitudinal velocity class for a given dark time t5, and then integrate these
results over all possible dark times t9 = d/v,.

Because of the mutually destructive contributions of atoms with different velocities,
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Figure 7.4: (a) Spatially separated geometry model. Each interaction region (purple) contains
counter-propagating probe and coupling beams. The preparation region (top) is assumed suffi-
ciently wide, and separated by a distance d from the detection region that has a finite width w.
(b) Examples of Ramsey fringes for atoms with different transverse velocities v, (resulting in dif-
ferent effective dark times t2) integrated over the longitudinal velocities v,.

we carefully optimized the number of velocity classes included in the simulations. For the
longitudinal integration, the simulated density matrix element reaches a stable point at
an integration range of -6um < Az < 6um with 75 included velocity classes. For the
transverse integration range, we use 0 < v, < 400 m/s with 50 velocity classes. These
limits not only help manage simulation run time but also show that the integrated signal
is not a product of numerical instability.

The resulting optical absorption in Fig. 7.5(a) clearly shows two spectral features of
different widths. The broader resonance is a “standard” Doppler-broadened EIT resonance
due to atoms interacting with light only in the detection region. However, the second
interaction for slower atoms produces an additional narrow feature on top of the broad
EIT resonance - the R? resonance. The details of these narrow spectral features are best
shown in Fig. 7.5(b). The full-width half maximum (FWHM) of the resulting resonance
is quite narrow, near 120 kHz, which is almost two orders of magnitude narrower than the
broad EIT feature, even though its amplitude is much smaller as well. What is remarkable
is that this narrow linewidth is fairly immune to the finite laser linewidth. For example,

if we calculate the width of the R3 resonance assuming that the probe and coupling lasers

have zero, 100 kHz, and 500 kHz linewidth, the FWHM of the narrow feature increases

88



~~
[
N’

(b) x10?

R 8 4 — 0 kHz
i " —— 200 kHz
£ £ 5 —— 500 kHz
3 6 3
= e,
0 5 |3}
o o}
O O
4 4 s 1
o o0
<3 L=
0
-5.0 -25 00 25 50 -100 -50 0 50 100
Coupling Laser Detuning (MHz) Coupling Laser Detuning (kHz)
(0 @
£ 140 % g
2 T E 6o poR
< - 3 jan)
3 120 & 50 e
2 ] s
s 2 2 a0 1208
£ 0.02 100 5 =
° o £ 115 E
¢ 80 S =
E 1om
£ 0.00 o, £20
% 0 2 4 B0 2 4
Laser Linewidth (MHz) Laser Linewidth (MHz)

Figure 7.5: (a) Predicted R® absorption resonance as a function of coupling laser detuning for
d=1mm and w = 50 pm. The red box is the zoomed scale for the traces in (b). (b) The narrow
R? feature for laser linewidths of the probe and coupling lasers at 0 kHz, 200 kHz, and 500 kHz.
(c) Amplitude and FWHM of the R? feature for increasing laser linewidths. (d) Amplitude and
FWHM of standard Doppler-broadened EIT for increasing laser linewidths.
from 116 kHz to 121 kHz and 125 kHz, correspondingly. Fig. 7.5(c) gives a more complete
picture of the effect of the laser linewidths on the R? resonance. For this simulation, the
laser linewidths ¢ and «p are considered equal for simplicity. The FWHM of the fringe
remains relatively constant, but its amplitude drops as the laser linewidth increases. This is
not unexpected: only a fraction of atoms with intact coherence contribute to the detection
of the Raman-Ramsey feature, while additional dephasing reduces the fraction of atoms
participating in R? resonance formation. In contrast, the linewidth of the standard EIT
resonance increases linearly with the laser detuning, as shown in Fig. 7.5(d).

Fig. 7.6 shows the impact of interaction channel separation distance d on the FWHM
and amplitude of this central fringe. Fig. 7.6(a) demonstrates the evolution of the fringe as

the separation distance d increases. Fig. 7.6(b) shows the same analysis of the amplitude

and FWHM as done for Fig. 7.5 but now as a function of separation distance d. As
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Figure 7.6: Simulated central R? spatial fringes for varying measurement parameters. (a) R3
fringe for various channel separation distances d. (b) Values for FWHM and height of the R?
fringe vs. d.

expected, we observe a reduction of resonance amplitude for larger channel separation; the

height of the peak reaches its maximum value near d = 1 mm and then starts to decay, as

fewer coherently prepared atoms survive the crossing between the two regions.

7.5 Theoretical comparison of different interrogation schemes

To compare the potential advantage of a narrow R? resonance over standard single-interaction
steady-state EIT, we have to choose a figure of merit for spectral resolution (or sensitivity).
A small frequency variation Af from the EIT peak due to an incident electric field pro-
duces a change in the probe transmission proportional to the first derivative of the spectral
response vs. coupling laser frequency. Assuming shot-noise limited measurements, we can

then calculate the minimum detectable frequency change A fiin:

1
Oa P
2L 3 [o-Vat| (7.3)

were L = 2.5 cm is the interaction region length, P is the power of the probe laser for a given

Qp, and At is the duration of the measurements. Fig. 7.7 shows the dependence of A fi,in
for the different interrogation schemes for At =1 s. It is clear that the time-separated
R? fringe should provide significantly higher sensitivity. However, such a straightforward

comparison gives it an unfair advantage for the temporally separated Ramsey case, since
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in reality only a small fraction (first 100 ns of the read-out pulse) of the time sequence is
devoted to the data collection, since it takes t; &~ 1 us to reach the steady-state EIT regime.
Thus, assuming the dark time to = 1 us, the useful signal is collected only during 1/50 of
the whole cycle. Thus, to properly compare the three different methods, we also include

the sensitivity trace for the temporally separated Ramsey fringe case with At =0.02 s.

—— Doppler Az = 1s
10124 — Spatial R* At =1s 4
= = Temporal Ramsey Az = 0.02s
——Temporal Ramsey Az = 1s

Figure 7.7: Comparison of the minimum detectable frequency shift between standard Doppler-
broadened EIT, spatially separated R?, and temporally separated Ramsey measurements. A f,in
is calculated as described in Eq ( 7.3). Here, the temporal Ramsey case is calculated with a
different At detection time to account for the short integration time to produce the signal.

A comparison of the Af,,;n as a function of the probe Rabi frequency is shown in
Fig. 7.7. Both Ramsey-style measurements predict a smaller detectable frequency shift
than the standard Doppler-broadened case. Thus, at least in the idealized case considered

here, the method of spatially and temporally separated Ramsey fringes can lead to a more

sensitive measurement.

7.6 Spatially separated measurements

Here we present some preliminary experimental investigations of the spatially separated
beam geometry using a two-channel detection scheme as shown in Fig. 7.8 (a). In these

measurements, the coupling laser is tuned to resonance with the 5P3 /5 — 56 D5 /5 transition.
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Channels A and B refer to two spatially separated optical interrogation regions, each
containing one or both of the 780 nm probe or 480 nm coupling light propagating along
the z-direction. For these experiments, we did not have the ability to control the relative
phases of the optical fields in the two channels. Therefore, the measurements focused
on phase-independent Rydberg population transfer, monitored via changes in the probe

absorption in each channel separately.
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Figure 7.8: (a) Experimental setup for spatially separated beam geometry. (b) The transmission
of infrared light in channel B for a given beam separation D. Reported transmission is normalized
to the peak steady-state EIT transmission experimentally observed using only the infrared and
blue beams of channel B (channel A blocked), shown on the grey curve. Channel A and Channel
B EIT signals are similar when both red and blue lasers are present. Solid curves correspond to
simulated spectra for the same parameters. (c) The experimentally measured EIT peak height as
a function of beam separation, as compared with the results predicted by our theoretical model
with no free parameters.

The laser beams in both channels were oval-shaped and identical in size. The probe

beam diameters were 100 ym in the x-direction, and 8 mm in the y-direction, while the
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coupling beam diameters were 100 ym in z, and 6 mm in y. The separation distance D
between the two channels was adjusted to investigate its effect on probe transmission.

To eliminate optical crosstalk between channels, we maintained sufficient channel sep-
aration. Residual interference between beams of the same wavelength was observed for
separations below D = 0.5 mm, as verified using a beam profiler placed at the location
of the vapor cell. All measurements were therefore performed at separations exceeding
this threshold. We confirmed negligible stray probe light from channel A reaching the
channel B detector (and vice versa). The absence of an EIT signal arising from overlap be-
tween channel A coupling light and the channel B probe verified negligible cross-interaction
between these fields.

Using this setup, we clearly observed the effects of the Rydberg atoms moving between
the two interaction regions. For these measurements, only atoms in Channel A were excited
to the steady-state Rydberg EIT state via the two-photon transition, while Channel B
contained only the 780 nm probe laser. Nevertheless, if the frequency of the 480 nm laser
was varied in Channel A across the EIT transmission peak, matching variation in the
nominal probe absorption was detected, as shown in Fig. 7.8(b), indicating the presence
of atoms prepared in a Rydberg-dressed dark state from Channel A. In Fig. 7.8(c), we
show that as the channels are moved further apart, the detected EIT peak in channel B
decreases in amplitude. This result is supported by the numerical model and is qualitatively
explained by the correlation of larger values of D with higher average transverse speed v,
of the detected Rydberg atom population. Because the readout channel has a fixed width,
a higher transverse speed results in a reduced readout interrogation time and a decrease
in signal amplitude.

While this observation of the flight of room-temperature Rydberg-dressed atoms be-
tween two channels is a necessary first step for spatially-separated Ramsey interrogation,
the setup is not yet optimized to achieve a sufficient signal-to-noise ratio to observe a
Ramsey fringe experimentally. Additionally, laser frequency and optical path-length sta-

bilization concerns must be addressed in order to stabilize the anticipated Ramsey phase.

93



7.7 Temporally separated measurements

For the temporally separated measurements, the 780 nm laser was locked to the ®Rb
Doppler-free saturation spectroscopy F= 2 co 3 peak, and the 480 nm laser was locked to
the n = 45 Dj/o EIT peak. The vapor cell was encased in magnetic shielding and heated
to 50°C.

Both lasers were pulsed simultaneously using two synchronized acousto-optic modula-
tors (AOMs) driven by a 10 kHz square-wave signal with a variable duty cycle, allowing
control of the dark time t5. The coupling and probe powers were 35 mW and 250 uW,
respectively.

Fig. 7.9 (a) shows the balanced detection scheme implemented in these measurements.
One channel is overlapped with the coupling laser, and the other is not, so we are sensitive
to only changes in EIT absorption. The balanced photodiode output exhibited transient
artifacts during the first 200 ns of the pulse rise and fall times, which obscured potential
Ramsey dynamics. To mitigate this effect, time traces were recorded both with and without
the coupling beam present, and the resulting signals were subtracted to isolate the EIT-
related contribution.

The first test in this setup was measuring the effective coherence lifetime under pulsed
excitation. The 10 kHz square pulse simultaneously switched both AOMs, preparing the
atoms in the steady-state EIT dark state. After a variable to, only the probe beam was
reintroduced to determine whether Rydberg coherence persisted.

Fig. 7.9 (b) shows that although the intrinsic lifetime of the 45Ds5, state is 50 us, the
detectable coherence decayed on a much shorter timescale of approximately 3 us. This
discrepancy is attributed primarily to the motion of thermal atoms leaving the interaction
region. The measured coherence decay time, therefore, establishes an upper bound on ex-
perimentally useful dark times. While also not directly related to the Ramsey interrogation
scheme, this also shows the maximum time that atoms spend in the Rydberg interaction

region, so it is useful for other experiments utlizing Rydberg atoms.
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Figure 7.9: Experimental time pulsed signal data: (a) Balanced detection scheme used in exper-
iment. (b) Probing dark state coherence in time. While the lifetime of the state is 53us, the state
decays in about 3 us, most likely due to atoms leaving the interaction region. (c) Ramsey style
pulse as an attempt to see changes based on detuning of the laser fields for a short dark time (¢5
= 1us). (d) Ramsey style pulse as an attempt to see changes based on detuning of the laser fields
for a long dark time (to = 17us). Since all the atomic coherence decays for this long dark time,
this shows the standard rise of the EIT signal.

After this initial test, we attempted to reproduce the detuning-dependent temporal
response predicted in Fig. 7.2 (b). For a fixed to, the model predicts that the transient
response after reintroducing the optical fields should depend on two-photon detuning. To
vary the detuning, both laser fields remain frequency-locked as before, and the probe
detuning was adjusted by varying an rf-drive frequency supplied to the AOM. In practice,
this method introduced many technical challenges. Changes in the rf-frequency produced
slight beam displacement as we did not double-pass the AOM, and there were also some

power fluctuations. To compensate, the probe power before the vapor cell was actively

readjusted for each detuning value, and the balance between the detection channels was
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changed after the beam displacer.

Fig. 7.9 (c-d) shows a representative plot of the time-domain EIT signals for two dark
times. Fig. 7.9 (c¢) is the atomic response for to = lus. With this short dark time, the
coherence is still present in the interaction channel, apparent by the sharp rise in the signal
when the light fields are turned back on. This is the same as Fig. 7.2 (b), where the optical
fields re-establish the coherence, but instead of monitoring the decay from the excited
state after this initial rise, now the presence of the blue laser continues to re-establish
the overall level of EIT. However, unlike the expected response of the atoms from the
numerical modeling, all the responses look nearly identical with no notable fringe pattern
in the signal.

Fig. 7.9 (d) is another example of changing the detuning of the laser field now with the
dark time t9 = 17us. Here this is long enough that all the atomic coherence has decayed
as indicated from all the traces starting from the 0 mV level. Again, while not useful for
Ramsey fringe measurements, we can see the characteristic time it takes to establish the
EIT conditions ~ 6 us.

To improve signal detuning stability and enhance sensitivity to transient features, a
boxcar integrator was used to reproduce fringes in the numerical results of Fig. 7.3 (d).
The working principle of a boxcar integrator is that it averages a lot of samples in time for
a set time frame. For example, Fig. 7.10 (a) shows a 20 ns integration window indicated
by narrow pulses in the blue, orange and green curves. The dark blue curve indicates the
pulse of the blue light in the Ramsey time sequence. The boxcar integrator is able to
average signals in that fixed time of the laser pulse so we can have a running average of
values as we sweep the blue laser detuning.

With this piece of equipment, we try to reproduce curves for the temporal Ramsey
sequence as shown in Fig. 7.3 (d). We do this boxar integration at three temporal regions
along the pulse sequence to observe dynamics for (1) the steady-state region, to verify
consistent EIT peak amplitude across measurements, (2) the initial rise following pulse

turn-on, where Ramsey-type interference is expected, and (3) a later time point, to probe
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Figure 7.10: Time pulse fringe recreation: a.) Boxcar signal integration region of interest. The
regions probed in each are the steady state regime, the rise of the pulse turn on, and a time shortly
after the rise time of the laser. b.) Boxcar averaged signal. In the steady state region, along the
rise, and at the last position for each graph.
possible delayed dynamics. Fig. 7.10 (b) shows the resulting integration signals. For the
stead state integration window, all the curves lie on top of one another, showing that for
all pulse durations, we return to the steady state EIT condition before the laser is turned
off. In the integration at the pulse rise, we see that all the curves come back, but now they
are offset based on the dark time 9, mot likely due to the decay of the atomic coherence
in the intermediate excited state. Finally, if we integrate these signals for some time after
the blue laser is reestablished, we see that there EIT peak comes back, but all the traces
come back to a different level. While this is exciting on its own because it shows some
dynamics of atoms decaying and being probed for various decay times, there are no fringes
in the recreated boxcar traces.

Several experimental limitations likely suppress the observable Ramsey signal. First,
the AOM rise and fall times (150 ns) deviate significantly from the ideal square pulses
assumed in the model, effectively smoothing the temporal phase evolution and reducing

fringe contrast. Second, uncontrolled optical phase variations between pulses may wash
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out the coherent phase accumulation necessary for fringe formation. Third, the predicted
effect is intrinsically weak, and the residual technical noise may obscure small modulation
signals. Finally, the available coupling-laser power limits the achievable Rabi frequency.
With access to a higher-powered blue laser, the stronger coupling fields would increase the
prepared coherence and potentially enhance the Ramsey contrast.

Although Ramsey fringes were not observed in this preliminary experiment, these mea-
surements establish the relevant coherence timescales and identify the principal technical

constraints that must be addressed in future experiments.

7.8 Summary

In this Chapter we developed a model for Rydberg Raman-Ramsey (R?) EIT resonances
by calculating the atomic response due to the repeated interactions with two optical fields
in two-photon Raman resonances. We focused on the effect of the atomic motion on the
resulting narrow spectral feature for both spatially and temporally separated interaction
regions.

We predict that even for thermal atoms, it should be possible to observe R? resonances
in the temporal and spatially separated cases, even with the inclusion of decoherence
mechanisms due to laser linewidths. However, preliminary experimental arrangements
prove that these resonances are either too small for detection, or do not appear because of

other phase and timing instabilities.
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Chapter 8

Conclusion and future work

The primary focus of this work is the non-invasive diagnostics of an electron beam. To
achieve this, we developed two spatial mapping protocols based on probe-laser transmission
and fluorescence. With the fluorescence technique we were able to reconstruct the center-
of-mass beam position to within 8 pum, determine the beam width to within 100 pm,
and measure the beam current in a simultaneous measurement. For the transmission
measurement we performed similar diagnostics with more coarse precision, but were able
to reconstruct a two-dimensional beam profile.

Developed in collaboration with NIST, the fluorescence based detection protocol has
already proven valuable for rf-field sensing applications and cell charging studies [50, ,

, |. Our lab continues to improve fluorescence imaging and has recently demon-
strated its use for non-invasive plasma diagnostics [121]. Ongoing work aims to extend
this technique to magnetic-field imaging. In the future, this approach may enable a vari-
ety of spatially resolved field measurements, including traceable laser-intensity profiling.

Transmission-based measurements of spatially varying fields were also a major effort
described in this dissertation. Although these results are more challenging to interpret
than the fluorescence measurements, the technique offers advantages for studying the time
dynamics of spatially varying charges and can be implemented in environments where

cameras are impractical.
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On the more fundamental side of Rydberg measurements, we explored a new detection
protocol based on Ramsey interrogation. While our initial implementation did not yield
the desired results of observed narrow fringes, Ramsey interrogation of Rydberg atoms has
been realized using rf puled fields [130]. Our work is not cited in this study, but success
gives hope that future Ramsey interrogation schemes may still be feasible.

Finally, we started work towards dc electric-field vector electrometry. While the concept
itself is not new, we demonstrated that tracking state populations through the contrast of
different EIT fringes can reveal the orientation of an electric field. This remains an active
area of current research in the lab, and we are extending these efforts by incorporating
external magnetic fields to gain further insight into field direction like other groups are
doing for rf fields [119].

We have covered a lot of ground in starting the Rydberg sensing program at William
& Mary, and while my time here is coming to a close, there is always another five papers

worth of ideas and applications of the work presented here looming around the corner.
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Appendix A

Frequency mismatch scaling

One consequence of the large wavelength difference between the probe and coupling laser

fields for EIT excitation is that the observed atomic resonance spacing must be scaled

depending on which laser is frequency scanned. The most common way this presents itself

in our experiments is through the frequency spacing of the fine structure EIT peaks (nDj /2

and nD3/5).
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Figure A.1: Cases for scanning different laser fields for excitation to the Rydberg state in a
two-photon excitation scheme. Case 1: The probe laser frequency is scanned for a fixed coupling
laser detuning. The fine structure states of an nD Rydberg energy level sit on top of the Doppler
broadened background, and the frequency spacing between these energy levels must be calibrated
for scanning the probe laser. Case 2: The coupling laser frequency is scanned for a fixed probe
laser detuning. Here, the fine structure level spacing does not have to be adjusted as the spacing

is calculated with ARC.
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Fig. A.1 shows the two possible cases of sweeping each laser field. In the case where the
coupling laser detuning is held constant, and the probe laser field is scanned (Case 1), the
fine structure EIT peaks are on the varying Doppler background, and for a known energy

level spacing of the fine structure Rydberg states, the frequency axis should be scaled as

Ao

- )\P), (A1)

/
Meas = AM@CLS(l

where Ajpjeqs is the measured frequency separation of the two peaks, and Apc are the
wavelengths of the probe and coupling field, respectively [2].

Alternatively, in (Case 2) where the coupling laser is frequency scanned, there is no
need to scale the frequency axis, as the splittings between the fine structure levels are
known and calculated with ARC [1].

However, another way this has presented itself in our experiment is through measuring
the transitions to the Rydberg state from other fine structure F' states in 3*Rb. Fig. A.2
shows a typical measured EIT transmission curve sweeping the coupling laser detuning for
the 36D state. Here, the two large peaks are the fine structure Rydberg states that have a
known frequency separation of 256 MHz. There is another smaller peak near 100 MHz that
was a mystery for a long time. The frequency separation between the ' =4 and F = 3
states of 8®Rb 5P /2 18 120 MHz [131], so at the surface, this peak looks like it corresponds
to nothing. However, if you account for the frequency scaling, for the intermediate excited
state populations while sweeping the coupling laser,

A
?\Jeas - A]\46(15(1 - £)7 (AQ)
Ap

then the splitting of the F' = 4 and F' = 3 states is 75 MHz and lines up with this
mysterious peak. So, through using this frequency scaling argument, we found this peak
corresponds to driven Rydberg transitions from the F' = 3 state of °Rb 5P /2, When we

usually drive it from the F' = 4 state with larger contrast. Table A.1 shows how to adjust
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spacing between states for different splittings in the ground, excited, and Rydberg states

for different laser sweeps.

Ground state Excited state Rydberg state
splitting splitting splitting
Case 1 (probe scans, 1 |2 Ao
coupling fixed) Ap Ap
Case 2 (probe fixed, Ap e 1
coupling scans) Ac Ac

Table A.1: Frequency scaling factors for mismatched ladder system adapted from [2].
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Figure A.2: Example EIT transmission spectra sweeping the coupling laser field. The black line
is the recorded spectra for the 36D Rydberg state. The two large peaks are the fine structure
states with a known frequency separation of 256 MHz. The small peak corresponds to the 36Ds /o
Rydberg transition from the F' = 3 state of 3°Rb 5P s2- Here, because we scan the coupling
laser, the frequency difference between the different F' states must be scaled to know the frequency
spacing between the two Dj /o states.
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Appendix B

Electron beam operation procedure

To preserve the cathode filament, there is a procedure to turn the electron gun apparatus

on and off.
To turn the electron beam on the procedure is :

1. Monitor the pressure readings. This should be below 5 x 1076 Torr.
2. Increase the filament current to 1 A in 30 seconds.

3. Increase the voltage to 5 keV in 20 seconds.

4. Increase the filament current to 1.5 A in 30 seconds.

5. Increase the voltage to 10 keV in 20 seconds.

Increase the filament current to 2 A in 30 seconds.

Increase the voltage to 15 keV in 20 seconds.

Increase the filament current to 2.5 A in 60 seconds.

© % N o

Increase the voltage to 20 keV in 30 seconds.

10. Monitor the pressure and it should be near the original pressure.

11. Increase the current to 2.8 A in an interval of 30 seconds in steps of 0.1 A.
12. Increase the current to 3 A in an interval of 30 seconds in steps of 0.1 A.

13. The Faraday cup and emission current should read between 50 pA to 100 pA.
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14. After achieving 3 A the steps should be in the 0.05 A.

Notes:

Above 3.3 A current reduces the filament lifetime, and this Faraday cup can’t handle

that much current.

The pressure readings will change for current above 3 A, but it shouldn’t exceed 5 x 1076

Torr, unless you are filling with some injected gas.

Turning Off:

1. Reduce the current to 0 A, no need to take your time with this.
2. Reduce the voltage, no need to take your time with this.

When trying to focus the beam, this is a difficult procedure as all the parameters
contribute to beam shape. As a baseline of operating parameters set by the factory, the

manual for our source shows:

Energy [kV]| | Filament Current [A] | Focus [div.] | Grid [div] | Emission Current [pA]
2.60 1
2.46 10
10.0 3.25 2.18 919 100
1.34 500
4.24 1
4.08 10
20.0 3.25 370 3.60 100
2.24 500
1.32 1000
5.68 1
50 5.48 10
30.0 3.25 4.80 100
2.78 500
1.60 1000

Table B.1: Power supply settings for focused beam
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Appendix C

Electron beam pulser alignment

procedure

Terminology:

E-Beam Deflection Coils: x and y control from e-gun controller

Pulser Deflection Coils: x and y control on pulser controller

Focus: Focus of electron gun on e-gun controller

Grid: Electron acceleration control on e-gun controller

Diagnostic Tools:

Optical Transition Radiation (OTR) Screen: Copper imaging plane in vacuum system
Ethernet Camera: USB camera leads to poor hot pixels and inconsistent background
Procedure that worked:

1.) Imsert OTR screen in vacuum chamber after pulser aperture. This is on a rotation
mount with the black knob under the pressure gauge on the Rydberg QET setup. The
copper screen will block the beam path through the vacuum system. Set up an imaging
system at the viewing port looking at this plate. Set the e-beam deflection coils and pulser
deflection coils to 5.0 on the x and y potentiometers, and the Focus and Grid settings to
the STAIB recommended values.

2.) With a friend or viewing the OTR screen on the camera monitor, use the E-Beam
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Deflection coils to maximize the signal on the OTR screen (by eye this signal looks like a
tiny white spot on the copper plate).

3.) Once a good signal is achieved on the OTR screen, adjust the focus and grid parameters
with the E-Beam deflection coils X and Y locked, monitoring the beam size with the
imaging system.

4.) Move the OTR screen out of the way so it is no longer blocking the beam, and check
the Faraday cup signal using the Pulser Deflection coils to maximize the signal.

5.) Once the Faraday cup signal is maximized, keep checking the signal on the OTR screen
to make sure it is not moving a lot, and you can still image the beam spot with the imaging
system.

6.) After maximizing the OTR signal and Faraday cup, move the imaging system to image
the electron beam with the Rubidium Fluorescence.

7.) Fluorescence images done for this work were done with the heater/cell temperature at
50C, and 30 s exposure time with an average of 10 frames.

8.) To see fluorescence, you have to take a background image and subtract the signal image

(roughly 10 counts/ 100 uA emission current).
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Appendix D

Pulsing electron beam temporal

dynamics

Early transmission measurements required a robust understanding to distinguish the pri-
mary e-beam signal from parasitic charging in the Rb chamber. We controlled two primary
parameters to isolate these components, the pulse duty cycle and the pulse repetition rate.

While this was about a year of work and many methods were tried to de-convolve
these charging systems, in this Appendix we only give a brief overview of some of the main
findings. However, in addition to this optimization of e-beam pulse settings, we also tried
to study temporal dynamics (i.e. characteristic timescales of the e-beam and chamber
charging dynamics). However, these measurements never really gave any insight into these
characteristics due to reproducibility issues, and therefore should be the center of studies
moving forward with this apparatus.

Initially, we implemented the pulser to minimize the e-beam’s presence in the chamber,
thereby suppressing spurious charging and isolating the e-beam induced signal. As shown
in Fig. D.1 (a 1-3), reducing the duty cycle directly limits the time the chamber is exposed
to the e-beam. For these plots, when the signal is non-zero, this is when the beam is
in the chamber for a set pulse length duration. For measurement of the electron beam,

Fig. D.1 (b 1-3) shows a horizontal cross section of the e-beam using transmission-based
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Figure D.1: Effect of duty cycle on measured e-beam position measurements. (a 1-3) Signal at
the Faraday cup for different duty cycles to show the electron beam is present in the chamber
for less time with reducing duty cycle. (b 1-3) Corresponding signal of e-beam cross section for
changing horizontal displacement of laser beams. As the duty cycle decreases, the blue part of the
graph goes away, which is attributable to less charging in the chamber.

measurements for varied duty cycles. The (a) and (b) labels correspond to the different
(1-3) cases of reduced duty cycle. In this cross section, the central red dot, the center of
the electron beam, is present in all three cases. This means that for the lower duty cycle,
we are isolating the e-beam signal from parasitic charging effects, the blue signal in the
50 % duty cycle measurement.

While this was a promising step, it is difficult to prove that this signal is truly due to
the electron beam, because it could be the case that we are just no longer integrating long
enough to see the background signal, and it is still there. As such, for all tests, we just use
the 50 % duty cycle when pulsing the e-beam and know that there is residual charging in

the chamber.

The duty cycle changes the strength of the varied signal, but the pulse repetition rate
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also plays a crucial role in charge mitigation. Fig D.2 shows measured e-beam cross sections
for varying pulse repetition rates. If the pulse speed is too low, the beam will appear to be
CW to the chamber where it is fully charged, and if the pulse speed is too fast, then the
beam is also CW to the chamber because it never has a chance to turn off. In Fig D.2, as
the pulse speed increases, so does the strength of the signal. More importantly, notice that
the central e-beam signal increases, but the background charge signal increases as well.
Again, a more detailed study on the time dynamics is necessary to fully understand
what is charging, how fast the atoms respond to the presence of the electron beam, and
many other factors that go into what the recorded lock-in signal is influenced by, however,
we found that pulsing the e-beam at 5 kHz gives us a good balance between charging and
data acquisition time. These were the considerations we used in choosing a pulse speed,

and data acquisition protocol.
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Figure D.2: Effect of pulse repetition rate on measured e-beam cross sections. As the pulse speed
increases, the signal grows stronger. This might be due to charging the chamber, where now the
signal is modulated on top of a constant background the more the e-beam behaves as a CW source.
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