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We demonstrate a new profiling method of an electron beam in 2-dimensions using a single-
probe atomic magnetometer. An electron beam passes through a hot atomic vapor of rubidium
atoms, perturbing the magnetically-sensitive quantum states of the atoms, resulting in a perturbed
interation with a resonant probe laser field. By monitoring the polarization of the probe laser and
comparing the magnetic response in the presence of the electrons, we can locally resolve the spatial
characteristics of the electron beam magnetic field and reconstruct the original current density of the
electron beam to determine position, width, and total current. Current efforts are towards enhancing
the magnetometer response through quantum-entangled optical fields, resulting in greatly reduced
noise of the detector in an effort to optimize the sensitivity down to the single particle detection.
This proposed particle detection method is a non-invasive and robust solution for a large bandwidth
of particle beam energies and intensities for contemporary high energy particle experiments probing
fundamental and new physics beyond the standard model.

It is known that the physics at the most fundamen-
tal level is understood through indivisible constituents
of matter listed in the standard model. Contemporary
research is often looking beyond this theory for exotic
particles to address fundamental questions of the uni-
verse. Indeed, searching for these exotic species requires
massive amounts of energy, as well as novel and sensitive
detectors capable of capturing traces of these fundamen-
tal particles.

The field of cosmic rays provides a natural source
for high energy particles. These particles, appropriately
dubbed, ”Ultra-High energy cosmic rays,” accelerate fun-
damental particles up to 1 EeV!, dramatically lying in
the relativistic regime compared to experimental labs
which, although still relativistic, only generate up to 7
TeV accelerated particles?. By accelerating particles to
higher energies, more parameter spaces are revealed to
expose fundamental or exotic particles to understand bet-
ter the makeup of the matter in the universe.

However, while these particles are generated and de-
tectable, they are exceedingly rare in frequency, shown
to only detect one event every year for a 1 m? detector
area®®. Therefore it is paramount to use detectors sensi-
tive enough to capture these particles while still preserv-
ing the particle to be able to capture these high-energy
events.

The field of quantum sensing holds many applications
in probing fundamental physics as well as searching for
new physics beyond the standard model. Dark matter
searches are speculated to be detected through a net-
work of precise atomic clocks® or an array of atom-based
magnetometers’ through corresponding shifts in atomic
clock rates and spin couplings, respectively. Atom-
based interferometers demonstrate precise measurement
of gravitational constants® and can be used as space- and
terrestrial-based detectors®'? of gravitational waves.

Given the precise accuracy of coherent atomic sensors,
we propose applying vapor-based atomic magnetometry
for the field of high-energy charged particle detection
by probing the electromagnetic field generated by the
charged particle beam. In measuring the field produced
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by the particle beam using a dilute hot atomic vapor,
negligible loss is introduced to the particle beam, which
makes the technology a prime candidate detector for low
current beams. Additionally, due to the small scattering
cross-section and collision rate of the incident electron
beams on the atoms in the detection medium, such a de-
tector can excel in high current applications where oth-
erwise sensitive detectors would become damaged from
the energy deposition of the incident particle beam. In-
deed, such a detector capable of probing a large energy
and intensity bandwidth would be a boon to the particle
tracking community to assist in searches for fundamental
and new physics.

In this paper, we detail the mechanisms of measure-
ment through the coherent atomic interaction, summa-
rize the current results demonstrating the viability of
the detector, and provide some preliminary outlook for
contemporary quantum enhancement based on entangled
quantum magnetic gradiometers for further sensitivity
enhancements.

The outline of the measurement principle is given in
Figure 1(a), where an electron beam generates an ax-
ial magnetic field, perturbing the magnetically sensitive
atomic states of the rubidium atoms in the detection
medium. We monitor the atomic state perturbation us-
ing a linearly polarized and resonant probe laser, of which
polarization will rotate proportionally to the magnetic
field sensed by the atoms. By using the atoms as local-
ized probes of the magnetic field and imaging the cor-
responding polarization angle of the probe field, we can
spatially resolve the magnetic field generated by the elec-
tron beam through the process outlined in Figure 1(c -
d).
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This effect, known as nonlinear magneto-optical rota-
tion (NMOR), is capable of sub-pT sensitivities'!? due
to the atomic spin state superposition as well as the res-
onant and coherent interaction between the atom and
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FIG. 1. (a) The basic concept of the charged particle beam detection method. A linear polarization of a laser beam (red) is
perturbed by the magnetic field (dashed light blue circles) of an electron beam (dark blue) mediated by the spin coherence of
Rb atoms. (b) Schematic of the experimental setup, where a flipper mirror determines BPD- or CCD camera-based detection.
(c) Laser intensity profile at the output of the PBS, recorded by the CCD. (d) The electron-beam-induced polarization rotation
angle, ¢(y, z), calculated using Equation 2. (e) The electron current density distribution reconstructed from the error function
fit in Equation 3. For all the image analysis an intensity mask is applied to eliminate data points with laser intensity below
5% of the peak value to prevent infinities arising from Equation 2

resonant optical field. The Zeeman effect results in op-
posing shifts of atomic states corresponding to pairs of
magnetic hyperfine sublevels, mp = £1, which are driven
by left- and right-circularly polarized components of the
optical field. In the case of a small magnetic field ori-
ented perpendicular to the polarization of the laser, a
sharp response in transition probabilities skews the re-
sulting output polarization of the laser in favor of one
circular polarization component over another, resulting
in a rotation in the linear polarization angle of the opti-
cal field according to Equation 1, where ¢ is the linear
polarization angle of the laser, v = 5 Hz/nT the gy-
romagnetic ratio for 8> Rb atoms, B the magnetic field
along the laser propagation direction, and fA,c,N,\,I, are
the reduced Planck constant, speed of light, atomic va-
por density, laser wavelength, and laser intensity, respec-
tively. Note that the direction, and equivalent sign, of the
magnetic field will determine the direction of the polar-
ization rotation, resulting in a bi-directional signal in the
case of the electron beam magnetic field, demonstrated
experimentally in Figure 1(d).
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As shown in Figure 1(b), we can monitor the parti-
cle beam profile through several methods including the
NMOR camera for spatially resolved measurements, the
balanced photodetector (BPD) for sensitive integrated
measurements, and the fluorescence camera as an in-situ
secondary verification diagnostic. For both the NMOR
camera and the BPD, the rotation angle of the laser po-
larization is given by Equation 2, in the balanced scheme

(2)
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such that the difference in polarization component inten-
sities I — I; ~ 0 in the absence of the electron beam.

The BPD, while inherently less noisy than the cam-
era and capable of measuring both sum and difference
intensities simultaneously, lacks the capability of spa-
tially resolved measurements due to the integrated sig-
nal throughout the laser cross-section. However, due to
this integration, the BPD can act as a measure of electron
and laser beam alignment as a well-aligned electron beam
will have equal and opposite contributions of polarization
above and below the electron beam, resulting in a net sig-
nal of zero despite the presence of the electron beam. It
should be highlighted that using the photodetector as a
single-pixel imaging scheme will allow low-noise and spa-
tially resolved measurements using the BPD through the
use of a spatially-modulated probe laser beam and basis
of reconstructive masks'3.

The NMOR camera is a straightforward approach to
obtaining spatially resolved images of the electron beam
magnetic field. By applying Equation 2 to each pixel cor-
responding to I; o, the polarization rotation, and equiv-
alent magnetic response, can be spatially resolved as in
1(d). While reconstruction of the current density dis-
tribution of the electron beam is nontrivial, it can be
accomplished through assuming a gaussian distribution
of current density, resulting in a magnetic response re-
sembling an error function, erf'*. By normalizing the re-
sulting rotation to the atomic response due to a uniform
magnetic field, B(y, z), the resulting beam parameters
can be fit using,
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for regions close the the electron beam center, where
1o is the vacuum permeability, and Zgy, yo, and w, the
electron beam current, position, and width, respectively.
Therefore, by fitting the resulting normalized polariza-
tion rotation images in the vertical direction with Equa-
tion 3, the electron beam position, width, and total cur-
rent can be obtained.

The fluorescence camera is used to record the fluo-
rescence of the electron beam due to the scattering of
electrons off of rubidium atoms in the atomic vapor to
gauge the accuracy of the magnetometer-based profiler.
By capturing light emitted from impact-induced ioniza-
tion of Rb atoms from electrons, a beam profile can be
obtained to verify the position and width of the elec-
tron beam. To verify the total current, both the elec-
tron source controller and a Faraday cup mounted to the
end of the electron beam path, labelled in Figure 1(b),
are monitored to gauge the range of valid currents to be
measured.

The experiment uses a thermionic electron gun source
capable of delivering up to 200 pA of current accelerated
to 20 keV. The beam passes through a dilute vapor cell
of Rb atoms (3 - 10! atom/cm?) held at 60 °C enclosed
in a heated air oven, a layer of magnetic shielding and
3 pairs of helmholtz coils to reduce residual background
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FIG. 2. (a) Comparison between the electron beam center
position extracted from the polarization rotation measure-
ment yo,nMor and from the electron-induced rubidium flu-
orescence images Yo, fuorescence With a regression of yo,nmor =
(1.16 £ 0.21) yo,Auorescence (dotted blue line). (b) Compari-
son between the total electron beam current calculated using
the polarization rotation fits Znmor and measured directly
using the Faraday cup Zrc with a regression of Znmor =
(1.36 £ 0.13) Zrc (dotted blue line). The black dashed lines
have a slope of 1 and 2, representing Zrc and the emission
current Zg =~ 2Zpc. The shaded region indicates the range of
valid beam currents measurable by NMOR. Uncertainties in
NMOR-derived parameters stem from the variance of electron
beam center position and total current under identical exper-
imental conditions. The fluorescence uncertainty is based on
the variance in center position for varied beam currents, while
the Faraday cup signal uncertainty is due to the variance of
the measured Faraday cup signal (read on an oscilloscope).
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magnetic fields and heighten the magnetic sensitivity to
small magnetic fields.

The optical signal consists of a 780 nm laser tuned
to the ®Rb 5512, F = 3 — F’ transition and linearly
polarized using a polarizing beam splitter (PBS) prior to
the detection cell. Rotating the polarization 45° after
the detection cell balances the intensity difference I — I
in Equation 2 to measure relative polarization changes
induced solely by the magnetic field of the electron beam,
and cancel any common mode signals such as electron
induced Rb density fluctuations.

Figure 2 shows the verification of derived beam char-
acteristics of center position and total current by com-
paring to fluorescence and Faraday cup measurements,
respectively. While the position and width are able to be
compared at the detection region, the total current must
be measured within the range set by the electron gun in-
dicated emission current, Zg, and Faraday cup current,
Trc, due to beam transmission loss along the path of the
electron beam.

While the position and total current have good cor-
respondences to the secondary measurement methods,
the electron beam full width at half maximum (FWHM)
shows a significant discrepancy between the NMOR-
based method (1.96 + 0.13 mm) and fluorescence-based
measurement (0.89 &+ 0.04 mm). Since the fluorescence
method is well established within the accelerator physics
community, we suspect that the discrepancy in widths
are largely due to poor NMOR signal-to-noise (SNR) at
the edges of the laser beam. Since the width is deter-
mined by the shoulders of the error function in Equation
3, poor SNR at these regions would degrade the accu-
racy of the width measurement. It is also shown that
magnetic field components parallel to the laser polariza-
tion, By, broadens the magnetic field sensitivity'®.

The greatest noise contribution can be addressed by
migrating the detector from a camera to a photodetector-
based measurement. Photodetectors have negligible ther-
mal noise and greater quantum efficiency compared to
CCD cameras, yielding greater resolution of magnetic
field signals through NMOR. To address this, we have be-
gun implementing a single-pixel imaging system, which
is capable of reconstructing the spatial information, such
as that shown in Figure 1(d), solely through the trans-
mission of the probe laser field'®.

In addition to greater signal resolution by swapping
to a photodetector setup, we can also increase the band-
width of our detection frequency, as the camera-based
detector becomes limited by camera FPS for our desired
image size. We stand to gain 2 orders of magnitude by
operating at 1-100 kHz instead of the current 1-10 Hz
regimes due to electron gun pulse performance outlined in
Figure 3. Therefore migrating to a photodetector setup
is more justified in the benefit of greater bandwidth and
sensitivity of the detector.

We also have begun exploring the use of multiple op-
tical fields to enhance the magnetic field sensitivity in a
configuration shown in Figure 4(a). While we have been
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FIG. 3. Fourier transformed signals from the BPD in the ab-
sence of polarization rotation. Plotted are the cases of typical
experimental conditions (experiment noise) compared to the
dark noise of the BPD (BPD noise). The red line in the bot-
tom shows the shot-noise limited sensitivity. The right axis
defines the minimum detectable current, based on the mini-
mum detectable rotation angle of the left axis.

able to achieve a preliminary 33% improvement to signal
by optically pumping the atoms into the desired probe
field state, a promising development is the use of inelas-
tic wave-mixing, in which the strength of this mechanism
lies in the symmetry-breaking configuration of atomic
states compared to the single-probe NMOR scheme. Tra-
ditional NMOR, operates under the anti-symmetric re-
sponse of the magnetic hyperfine sublevels, meaning that
one interacting circular polarization component becomes
more probable at the expense of the other. It is under
this configuration that the sensitivity of the single-probe
scheme is self-limiting. Introducing a second, counter-
propagating, and resonant optical field provides an ad-
ditional avenue for NMOR to occur as shown in Figure
4(b), breaking the self limiting symmetry of traditional
NMOR. This allows freedom in the tuning of the probe
laser, and as a result shows over 2 orders of magnitude
improved signal in the off-resonant probe field channel
within the overlap of the resonant pump field. This ef-
fect, dubbed inelastic wave-mixing!'”'®, demonstrates su-
perior sensitivity for a detuned probe field and allows for
high-frequency or localized magnetic field measurements
without any alteration of the original probe field. Further
signal enhancement can be made by monitoring the new
pump channel for NMOR in the opposite direction and
subtracting from the probe channel signal can effectively
double the signal overall due to the electron beam.

With these improvements to the detector, we would
be in a strong position to implement quantum enhance-
ment in the form of a squeezed light probe once technical
noises have been reduced to the shot noise of the lasers,
which is the classical limit of noise inherently embed-
ded in the laser. It has been demonstrated that a single
squeezed light probe has yielded a 15% improvement to
SNR' by using a squeezed light probe field generated
through polarization self-rotation?%:2!. Alternatively, 5.5
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FIG. 4. (a) beam schematic of the inelastic wave-mixing
scheme, featuring an intense pump laser, Q;tump, counter-
propagating relative to the original probe laser field, Qpir obe-
(b) Atomic energy level diagram showing the new transis-
tions with the additional optical field. The additional reso-
nant pump field allows an alternative avenue for NMOR to
occur, allowing the probe to be far detuned.

dB below the shot noise limit has been demonstrated us-
ing entangled twin light beams in a magnetic gradiome-
ter configuration®?. In utilizing the inelastic wave-mixing
scheme with a far-detuned probe, absorption-based losses
are dramatically reduced, significantly increasing the per-
formance enhancement in squeezed light probe schemes.

Throughout this year, we have published proof-of-
principle results mapping of the magnetic field due to an
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FIG. 5. Demonstration of inelastic wave mixing in the current
experiment due to a sweeping magnetic field across the detec-
tion medium. Without the presence of the pump field (or
WM field), negligible polarization rotation is demonstrated
(orange) due to the -1 GHz detuned probe field. When the
pump field is introduced, polarization rotation due to the
sweeping magnetic field is revealed (blue) despite the probe
field’s large detuning. The negligible change in probe trans-
mission also indicates that there is no optical pumping into
the probe field transition occuring, furthering the claim that
this is the inelastic wave-mixing phenomenon.



electron beam, as well as reconstructed the current den-
sity from the magnetic field profile to derived position,
width, and total current in a signle detector. We have
successfully captured electron beam position and current
for beam currents between 30 - 106 uA for 20 keV beam
energies. The width discrepancy originates in the signal
to noise in lower intensity regions of the probe beam, re-
sulting in greater uncertainty of the shoulder positions

in the error function fit. To address this, a new detec-
tion scheme is being built to solely use photodetectors
to reconstruct similar electron beam images and allow
for high-frequency detection. Finally, by demonstrating
a scheme in which the probe laser can be detuned, opti-
cal losses can be minimized and thus favoring the use of
entangled or squeezed light probes for noise beyond the
classical limit.
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