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We present a quantum optics-based detection method for determining the position and current of an electron beam
by passing it through a dilute vapor of rubidium atoms. The perturbation of the atomic spin’s quantum state by the
magnetic field created by the moving electrons is then detected optically by monitoring the polarization rotation of a
laser resonant with an optical transition of the atoms. By measuring the polarization rotation angle across the laser
beam, we recreate a 2D projection of the e-beam magnetic field and use it to determine its position, size and total

current. We successfully tested this method for an €- beam with currents ranging from 30 to 110 uA. We also varied

the electron energies between 10 to 20 keV and confirmed that our approach is insensitive to it. In principle, this
technique holds promise to provide non-invasive characterization of charged particle beams used in accelerators in

particle and nuclear physics research.

With the advent of charged particle accelerators came the
need for accurate beam diagnostics. As the precision of
accelerator-based experiments continues to improve, so
must the quality and control of the charged particle beam.
The sensitivity and precision of in-situ diagnostics must meet
the needs of new particle accelerators where increasingly
strict demands are placed on beam spatial properties such as
energy, current, emittance and others. Harp Scanners are a
gold standard for precise beam precision and profile
monitoring but are invasive and must be operated at a low
beam current where the beam properties may be different
that the production beam. Driven by the need for increasingly
precise beam diagnostics in wider range of parameters,
relentless efforts continue towards the development of more
robust, noninvasive spatial beam parameter measurements.
Much of the focus in this development are methods when
light or optical signals are employed. Synchrotron radiation
has been used for monitoring beam position and size'3, and
laserwires®” rely on Compton scattering or photo-ionization
from a high-power laser to extract the charged particle beam
parameters. However, these types of optical diagnostics are
limited by practical requirements on the particle and laser
beams. For example, synchrotron radiation is only available
in particle trajectorybending components such as magnets,
while the laserwire method requires a high-intensity laser to
slowly scan the beam profile, and often requires additional
radiation or electronic detectors. Beam profile monitors
based on gas ionization and excitation by particle beams have
been demonstrated and used at different accelerators®2,
More recently, a 2D beam monitor measuring fluorescence
from the interaction between a 5 keV particle beam and a
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supersonic gas curtain was reported®, but it is not suitable for
longitudinal profile measurement, and the sensitivity is quite
limited. It is worth mentioning another type of device widely
used in the accelerator community, the RF-based beam
monitor, which can provide beam centroid at high resolution,
but is incapable of profile measurement°.

In this paper, we propose a qualitatively different approach
to beam diagnostics that takes advantage of recent advances
in quantum atom-based optical sensors to map the magnetic
field produced by the moving charged particles and then
reconstruct the beam parameters. In this proof-of-principle
demonstration, we use coupling between resonant laser light
and atomic spins to monitor evolution of the latter in the
magnetic field of a collimated electron beam. The essence of
the proposed approach is shown in Fig. 1(a). The e-beam
travels through a cell containing a very dilute gas of rubidium
atoms. Within the cell each Rb spin precesses at a rate
determined by the local magnetic field. A linearly polarized
laser beam traverses the volume surrounding the charge
particle beam and probes the atomic spins: the nonlinear
magnetooptical polarization rotation (NMOR) effect!'™13
rotates the linear polarization axis due the magnetic field of
the e-beam. By measuring the polarization rotation variation
across the laser beam cross-section, we are able to determine
the local magnetic field of the e-beam and reconstruct its
transverse spatial profile. Our detection scheme is non-
invasive as the e-beam is largely unaffected by low-density
alkali vapor (10 -10%2 cm-3)4. The strong resonant coupling
between laser light and spin quantum coherence strongly
enhances the sensitivity compared to methods based on
incoherent electron impact-induced fluorescence®. This first
demonstration is a stepping stone toward more sensitive and



comprehensive detection of charged particle beams using
advanced spectroscopy techniques.

Our quantum e-beam detector relies on two effects: high
sensitivity of quantum atomic spin superposition to the
magnetic field and strong dependence of atoms’ resonant
optical properties on their spin state. Thanks to the Zeeman
effect, the energy sub-levels with different magnetic
quantum numbers, m, shift by different amounts, a
superposition of two such sublevels evolves in time,
developing a magnetic field dependent relative phase. A
resonant, and linearly polarized laser field,
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where we assume the greatest contribution to ¢ is when the
probe beam direction and magnetic field B are along the
xaxis; A, I, and c are the wavelength, intensity, and speed of
the probe laser light, respectively; N is the density of the Rb
vapor, and y = 5 Hz/nT is the gyromagnetic ratio for ®°Rb
atoms. In principle, since the intrinsic spin coherence lifetime
is very long, and in some experiments®® was extended up to
many seconds, NMOR-based magnetometers can achieve an
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FIG. 1. (a) The basic concept of the charged particle beam detection method. A linear polarization direction of a laser beam (red) is affected
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 (see text for abbreviations), where a flipper mirror determines BPD- or CCD-based detection. (c) Laser intensity
profile at the output of the PBS, recorded by the CCD. (d) The e-beam-induced polarization rotation angle, ¢(y,z), calculated using Eq.( 2). (e)
The electron current density distribution reconstructed from the erf-function fit of the normalized polarization rotation. 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 during the

normalization of the rotation signal in (d).

can simultaneously prepare the desired quantum
superposition and measure its evolution. Indeed, the two
circularlypolarized components create two-photon links
between the states with Am = +2 (spin alignment, see Fig. S1
in Supplementary). Its evolution in the magnetic field
changes the relative phase between the two circular
polarization components, resulting in rotation of the original
linear polarization. This effect, called nonlinear magneto-
optical polarization rotation (NMOR), is a convenient and
sensitive method for optical magnetic field measurements. In
the case of long spin coherence lifetime and exact optical
resonance, the rate at which the polarization rotation angle
¢ rotates (as the laser propagates along the x-axis) is
proportional to the local magnetic field B (see Supplementary
A for derivation):

impressive  sub-pT  sensitivity’®'’.  When the spin
decoherence and optical losses are accounted for, the exact
proportionality coefficient between the polarization rotation
rate and the applied magnetic field is more complex and
depends at some extent on many experimental parameters
(lifetimes of both optical spin states, laser frequency detuning
from the optical resonance, influence of additional near-
resonant atomic levels, etc. See Supplementary Material for
detailed derivations). In our experiment, we chose to
measure this quantity directly, defining 8 as
Y4¢(y,2)=6(y,z)B for each point of the laser beam cross-
section by applying constant magnetic field and measuring
the polarization rotation for each camera pixel. As a result we
obtain a rotation response profile 8(y,z) across the Gaussian
laser beam.

In the experiment, the laser beam propagates along the
xaxis, nearly perpendicular to the electron beam direction,
designated as the z-direction, and is linearly polarized in the
ydirection, so it is orthogonal to both the electron and the
laser beam propagation directions. In this configuration, the
laser polarization rotation is only sensitive to the longitudinal



magnetic field component By (Faraday configuration)®. The
magnitude and sign of the rotation angle will depend on the
cumulative magnetic field along the optical propagation path.
Thus,
by imaging a 2D map of the polarization angle on a camera,
we can in principle obtain a transverse profile of the e-beam.
The schematic of the experimental setup is shown in Fig.
1(b). We used a commercial thermionic electron source
producing a collimated electron beam with energy 10-20 keV
and current up to 200 pA. The beam passes through a glass
cell containing rubidium vapor before terminating in a
Faraday cup. Differential pumping through 8 mm apertures,
upand down-stream of the cell, are used to confine the vapor
to the cell and to keep it at constant pressure. The vapor was
maintained at ~ 60 C, corresponding to a °Rb vapor density
of 2.7x10'cm-3and a pressure of 10-°-10-°Torr. Since such
system is most sensitive to small magnetic fields, we suppress
environmental fields by placing the atomic vapor inside a
layer of u-metal magnetic shielding, and use external coils to
further reduce the background magnetic fields.

2(l2+) 2(h+1)

In our experiment we measure total power changes in each
channel that let us measure the integrated rotation signal,
which is convenient for system alignment. For most
presented data we use a CCD-based imaging system
(magnification 0.50) to record the spatial distribution ¢(y,z)
across the laser beam. To ensure the consistency between
the recorded intensity masks /12 they are recorded
consecutively at the same camera position, but with different
angle of the wavepate before the polarizer. An example of
such intensity profile for one of the channels is shown in Fig.
1(c), in which the intensity difference between two channels,
induced by the e-beam, is not distinguishable by a naked eye.
Because the laser beam has Gaussian intensity profile, we
only use its central part with sufficient intensity in further
calculations. In addition, we pulse the electron beam was
pulsed on and off at 1Hz to record two consecutive images,
with and without the e-beam. Subtracting them from each
other allows us to remove any residual polarization rotation
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FIG. 2. Measured normalized rotation images for two different electron beam positions. The location of the e-beam center is each case is
clearly detectable by the reversal of polarization rotation direction. The left panel shows the vertical profiles of the images with the
corresponding error function fits, and the horizontal dashed lines indicate the positions of the electron beam center, extracted from the fits.

For optical detection, we use an external cavity diode laser
(ECDL) operating at the D; line of 8°Rb (wavelength A = 780
nm), specifically at the 5251/5,F = 3 = 52P3/,,F transition. The
laser beam was linearly polarized using a polarizing beam
splitter (PBS) cube and enlarged to 6 mm before the
entering the Rb-filled glass cell to capture the full e-beam
diameter. After the cell, the laser polarization rotation is
analyzed using a balanced polarimeter, consisting of a half-
wave plate that rotates the polarization by 45 *, an analyzer
PBS and a differential amplified photodetector. In the
absence of the ebeam, the intensities of the two PBS
outputs /1,2are balanced. A small rotation of the polarization
¢ produces a proportional variation between the two
channel intensities, allowing accurate calculations of ¢:

(121, )m L1 .
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¢
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due to stray magnetic fields or optical elements to ensure
that we only detect the polarization rotation caused by the e-
beam.

By capturing the intensity profiles of the two outputs on a
CCD camera with two waveplate positions, we were able to
calculate local variations of ¢(y,z) within the laser beam
cross-section as shown in Fig. 1(d). The angle distribution
within the laser beam is extracted by applying Eq. 2 to each
camera pixel. Since the e-beam generates circulating
magnetic field in x-y plane, and the nonlinear polarization
rotation is primarily sensitive to the x component of the
magnetic field, we expect to see a sign change in the
measured polarization rotation angle below and above the
center of the e-beam, as shown in Fig. 1(a).

To obtain more qualitative information about the e-beam,
we assume that its current density j(xy) is cylindrically
symmetric and has a Gaussian transverse profile:



Jj(xy)= loe 5zw2, (3) mw2

where lo is the total current, and w is the beam 1/e?
halfwidth. Corresponding magnetic field maintains cylindrial
symmetry, forming concentric field lines around the beam
central axis, and its magnitude can be easily found using
Ampere’s law:

B(xy)= polo  Fesawm , (4)

X
2w2p 2 +y2

where pois the permeability of free space.

In the limit of a weak magnetic field, the total measured
polarization rotation is integrated along the laser probe
propagation path L:

Z1/2
Bx(xy)dx. (5)
-1/2

¢ (xy,2)=6(y,2)

Here we assume that the rotation angle is small and that the
e-beam is collimated and its magnetic field has no
zdependence. In this case any changes in the polarization
rotation in this direction can only be caused by the variation
in the atomic response 8(y,z) due to, e.g., laser intensity
variation. Using Eq. 4, and assuming that the length of the cell
is much larger than the e-beam width L > w, we can find an
analytical expression for the polarization rotation for an
electron beam centered at vertical location y = yo:
2,0y 40)2
polo(y—y0) 7. L/21-¢ W
2

oy 2)= 8(y2) oy 2 +(y- y0)2 dx

© 60n9)"2  erf((y - y0) /) Q

where we assume *oo integration limits, and erf(x) is the
error function. It is convenient to introduce a normalized
signal —! FixMe ND: Current density generator? !—
DO (y,2)=9¢(y,2)/(1oB(y,2)) since it depends only on the ebeam
current distribution. For a Gaussian current distribution,
according to Eq.(6), the normalized signal is an error function,
centered at the vertical position of the e-beam yo, and the
maximum variation of j(y,z) depends only on the total e-
beam current. That allows for robust measurements of these
parameters even for a noisy signals. An example of the
electron current distribution using the parameters obtained
from the fitting the normalized rotation spectra are shown in
Fig. 1(e).

Fig.2 shows the examples of the recorded normalized
signal ®(y,z) for two positions of the e-beam. As expected,
the polarization rotation changes direction from positive to
negative at the e-beam center position, and the signal is
uniform in the z-direction. To obtain the e-beam parameters
we fit the 2D experimental signal distribution with the error

4

function. We then repeated the measurements for varying
electron beam positions and values of the total current, as
shown in Fig. 3. One of the challenges of this experiment is
the absence of reliable independent e-beam diagnostics at
the Rb cell. To verify the accuracy of the beam position
measurement we captured images of fluorescence from Rb
atoms ionized by the e-beam (see Supplementary Material
for details). While both signals are noisy, the measured
centroid position variation matches within 12% between the
two methods, indicating that the spatial coordinate systems
agree with the two separate imaging systems. Similarly, we
compare the total ebeam current value, extracted from the
polarization rotation measurements with that measured at
the Faraday cup, located approximately 25 cm downstream,
matching within 3% between the two methods.

Varying the electron beam energy between 10 to 20 keV
yielded no significant changes in the profiles or quantities
derived using the polarization rotation method.

From the fit, we also obtained a FWHM e-beam diameter
of 1.70+0.54 mm. Although we are unable to independently
verify the precise profiles of the electron beam, this value is
noticeably broader than that obtained from the fluorescence
fits — 0.89£0.04 mm FWHM. The uncertainty for these
quantities are derived by considering the variance of the
profile parameters of the datasets. We attribute this
discrepancy between the widths to poor signal-to-noise ratio
of the rotation signal, especially at the edges of the laser
beam, where the laser power is low. The overall rotation
signal was typically below 1 mrad, and thus strongly affected
by the camera electronic noise. To improve the accuracy of
the method, we need to enhance the magneto-optical atomic
response by, for example, utilizing a more complex optical
interrogation scheme to enhance atomic spin coherence and
boost the magnetic re-
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FIG. 3. (a) Comparison between the electron beam center position
extracted from the polarization rotation measurement yonmor and
from the electron-induced images
Yo fluorescence With a regresssion of yo,NMOR = (1.11 + 0.12) Yo fiuorescence-

rubidium fluorescence

(b) Comparison between the total electron beam current calculated
using the polarization rotation fits /yvor and measured directly using
the Faraday cup /¢c of fit line /nmor = (0.97£0.08) /nuorescence- The data
is fit to a linear regression such that a perfect correspondence has a
slope of 1. The dotted blue lines are linear fits of the data, while the
black dashed lines represent a slope of 1, indicating matched
correspondence between beam parameters.



sponse of atoms'>?°, Also, using a low-noise CCD camera and
pulsing the e-beam at faster rate will remove the dominant
source of the technical noise and will boost the sensitivity by
several order of magnitude, if limited by the laser shot noise
(see Supplementary Material for details). Moreover, in this
case, we may be able further improve the performance by
using a non-classical (squeezed) optical field?¥25, The
ultimate spatial resolution of our method is diffraction
limited and can potentially resolve details on the order of the
probe laser wavelength A = 800 nm.

Looking forward, higher sensitivity and spatial resolution
could be achieved by employing advanced spectroscopic
methods based on two or more lasers. For example, the 2D
transverse current distribution can potentially be mapped
out by 4-wave mixing, in which two intersecting probe lasers
generate a third beam (imaged on a camera) that depends on
the magnetic field in the crossing region?’. Currently we are
investigating 2- and 3-photon excitation to Rydberg states
where we expect much higher sensitivity to the magnetic and
electric fields from the e-beam due to their large Stark and
Zeeman shifts?®%°, Indeed, Rydberg states of ultracold atoms
may have sufficient sensitivity for single particle detection®.

In summary, thanks to nonlinear interaction with atomic
spins, the light polarization rotates in a dilute alkali-metal
vapor in the presence of the magnetic field produced by a
passing charged particle beam. Taking advantage of this
effect, we developed a non-invasive method for
characterizing the transverse current distribution of an
electron beam by that was obtained by mapping the
nonlinear polarization rotation of a transverse probe laser
crossing the e-beam. We have demonstrated this technique
is capable to obtain the total current and transverse beam
profile at 20 keV for e-beam currents between 30-110 uA.
Since the e-beam is detected via its magnetic field, the
scheme is insensitive to the beam energy, charged particle
type and local electric fields associated with the beam.

We expect that this technique can be refined to meet the
precision required for experiments at the frontier of nuclear
and high-energy physics research.

SUPPLEMENTARY MATERIAL

See the supplementary material for detailed discussion of
NMOR, sensitivity, and electron-induced rubidium
fluorescence.
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