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Electron beam characterization via quantum coherent electric field imaging
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We demonstrate an all-optical, minimally invasive electron beam (e-beam) characterization using Rydberg
electrometry. An e-beam passes through a localized detector volume containing thermal Rb atoms that are
optically excited in a quantum superposition of ground and Rydberg states. The e-beam’s electric field perturbs
atomic coherence and modifies resonance fluorescence in a narrow spectral region near the two-photon optical
transition. Imaging Rb fluorescence provides a map of the electric field from the e-beam via Rydberg state
Stark shifts and allows us to reconstruct the e-beam width, centroid position, and current. For an e-beam of 20
keV and electron currents of 20–40 µA, we measured the centroid position with an accuracy of � 8 µm and
width to within 100 µm, limited by the experimental sensitivity of electric field reconstruction of ∼0.02 V/cm.
This method is suitable for a wide range of electron energies and currents, and can be adopted for nuclear and
high-energy experiments for minimally invasive real-time diagnostics and profiling of charged particle beams.

DOI: 10.1103/sp9j-ps66

Electron beams are broadly used across science, industry,
and medicine for imaging, microscopy, 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 spatial beam property diagnostics. While different
approaches and apparatuses exist, optical and imaging meth-
ods based on signals such as fluorescence [1,2], synchrotron
radiation [3], and x rays generated by moving particles [4]
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 often limited by factors such as sensitivity and system
complexity. For example, synchrotron radiation only exists
near particle trajectory-bending components [3,5], compton
scattering laser wire requires high laser intensity and slow
scanning between particle and laser beams [6,7], and the
gas-ionization-based two-dimensional gas curtain devices rely
on complex mechanical systems and have low sensitivity
[8,9]. The work presented here describes a proof-of-principle,
sensitive, minimally invasive apparatus capable of measuring
multiple charged particle beam parameters, including width,
centroid position, and current simultaneously.
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We combine the method of laser-induced fluorescence
dip, used to observe electric fields in plasmas [10–14] with
the technique of electromagnetically induced transparency
(EIT) [15–21], which uses quantum coherence for generat-
ing narrow linewidths for quantum electrometry. We take
advantage of the exceptionally large electron dipole mo-
ment of Rydberg states of alkali metal atoms (n � 20) that
have already been explored for a wide range of applications.
These include SI-traceable electric field standards [22], rf-
field receivers [19,21,23], THz-imaging [24–26], magnetic
field sensing [27,28], and thermometry of blackbody radi-
ation [29]. Here, we introduce a diagnostic method for an
electron beam (e-beam) via an all-optical measurement of
its effect on the Rydberg states in a dilute rubidium (Rb)
vapor. The reconstruction of the electric field, created by
the electrons, lets us determine the centroid position, width,
and total current of the e-beam. Unlike the complimentary
technique based on magnetic field reconstruction using non-
linear magneto-polarization rotation [30], the current method
offers superior spatial resolution, and in principle allows for
three-dimensional reconstruction of the charged particle dis-
tribution.

In our experiment, the Rb atoms are excited to a coherent
superposition of the ground and Rydberg state using two
laser fields: a near-infrared (IR) probe field, resonant with
the 5S1/2 → 5P3/2 optical transition (wavelength 780 nm),
and a 480 nm blue control field that couples the intermediate
5P3/2 state with the desired Rydberg state (in our experiment
58D5/2). In this “dark state,” the population of the interme-
diate state diminishes when the sum of the laser frequencies
matches the frequency difference between the ground and
Rydberg states, and this change can be detected either through
increased probe laser transmission (EIT) or reduced IR
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FIG. 1. Overview of experimental design. (a) 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. (3).
(b) Energy level diagram for Rydberg EIT. In the presence of an electric field, the |mj | sublevels of the Rydberg state will shift differently based
on the strength of electric field. (c) Experimental setup to capture the probe laser fluorescence in the Rb chamber with a camera. (d) Cross
section of Rb chamber on our beam line for electric field detection (not to scale). Relevant distances are marked. The Faraday cup’s position is
shown representatively, but is in fact located 20 cm away from Rb chamber.

fluorescence [31,32] in a relatively narrow frequency range
around the two-photon resonance (around a few tens of MHz
or less) [16]. Such an arrangement allows for relatively sim-
ple and sensitive detection of Rydberg state frequency shifts
caused by external electric and magnetic fields. To maximize
the interaction volume and, more importantly, to minimize the
two-photon Doppler broadening [18], the two optical fields
are typically counterpropagating. Monitoring the probe laser
transmission has been done to spatially map electric fields in
the past [33,34], but we use a recently demonstrated coher-
ent fluorescence-based imaging technique [28,35] to map the
electric field produced by an e-beam. By recording and ana-
lyzing the spatial variation of IR fluorescence in the Rydberg
EIT configuration, we map spatial variations of the dc electric
field along the probe laser beam path.

The experimental setup and general detection principle for
the e-beam diagnostics are shown in Fig. 1. A collimated
beam of 20 keV electrons passes through an area filled with a
dilute Rb vapor. The Rb density of ≈ 1.6 × 1011 atoms/cm3

is produced using an ampule of metallic Rb placed in the
heated vacuum chamber (55 ◦C partial pressure � 5 × 10−6

Torr). Figure 1(a) also shows a radially symmetric electric
field distribution, produced by an e-beam with a Gaussian
transverse profile. Two counter-propagating laser beams, per-
pendicular to the e-beam, are used to excite Rb atoms to the
58D Rydberg state. The electric field lifts the degeneracy of
this state, producing quadratic dc-Stark shifts for each of the
|mj | sublevels, as shown in Fig. 1(b). Approximate shifts to

the Rydberg sublevels are described by

� f|mj |(E ) = − 1
2α|mj |E

2/h, (1)

where h is Planck’s constant, α|mj | is the polarizability of the
different |mj | sublevels of the Rydberg state, and E is the
magnitude of the electric field [19,22,28,35]. A more accurate
description of these shifts is interpolated from a numerically
solved Stark map generated by the alkali Rydberg calculator
(ARC) [36].

The effect of dc Stark shifts on the EIT resonance at
different points along the laser beam is monitored using a
camera. The camera captures the probe laser fluorescence in
the Rb chamber Fig. 1(c). For these measurements, we need
to capture the variation in 5P3/2 state population as a function
of the coupling laser frequency at each spatial point along
the probe laser fluorescence. To do that, the camera collects
images at a fixed frame rate with 60 ms exposure time for
600 frames while the coupling laser sweeps across the 58D
Rydberg state for 300 s. This way, we are able to record the
fluorescence spectrum for each image pixel, providing local-
ized information of electric field. We use the known frequency
separation of the 58D5/2 and 58D3/2 Rydberg states [36] to
calibrate the frequency axis. For these measurements, both
laser fields were collimated to a similar beam size [0.33 mm
full width at half maximum (FWHM)] and have the same
linear polarization along the y axis. Laser beam sizes are much
narrower than the size of the e-beam measured to have an
FWHM of 1.07 ± 0.06 mm. The 780 nm probe laser has
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FIG. 2. Demonstration of fluorescence-based measurements of
the electric field of an e-beam. (a) The EIT spectra that constitute the
heat map in panel (b). The spectra are fit with Eq. (2) to determine
the electric field value shown as the shaded regions in each plot. (b)
The measured spectra of the 58D5/2 Rydberg EIT peak for each
position along the laser beam fluorescence. The numbers correspond
to the shown single spectra in panel (a). (c) The reconstructed electric
field value along the Rb chamber. The measured field is fit with
a function described by Eq. (3). The minimum detectable field is
shown as a gray strip along the bottom of the plot, and error bars on
the fit are also shown in gray. (d) e-beam profile. 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.

a power of 5 µW, and the maximum power of the 480 nm
coupling laser is 70 mW. We used a 50 mm lens to image
the plane of the laser fluorescence in the Rb chamber onto the
camera. An IR filter in front of the lens eliminates background
light and increases the signal-to- noise ratio (SNR) for the
probe laser fluorescence.

A more detailed view of the experimental arrangements
in Fig. 1(d) shows the location of grounded copper gaskets
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 [33,35]. The
e-beam itself is a commercial tungsten hairpin thermionic
electron source with an energy spread of 0.8–1.2 eV. The
beam energy is fixed at 20 keV and current is varied from
0 to 40 µA monitored by a Faraday cup and an integrated
parametric current transformer placed along the beamline.

We cannot measure the current in the Rb chamber, but we
can obtain in situ information about the e-beam position and
size by measuring beam impact fluorescence (IF)—the inco-
herent electron impact-induced fluorescence in Rb [1,30,37].
In this case, all the lasers are blocked, and the Rb fluorescence
caused solely by the e-beam is recorded with a 10 s exposure
time using the same imaging system. IF offers a secondary in
situ measurement of the e-beam position and size to compare
with the Rydberg measurements.

Figure 2 shows an example of the recorded fluorescence
spectra and resulting e-beam profile analysis. Figure 2(a)

shows three samples of the EIT fluorescence spectra for differ-
ent positions along the laser beam path [Fig. 2(b)]: (1) at the
region of minimal electric field; (2) at the edge of the e-beam
where its electric field is the highest; and (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 follow the procedure similar
to the previously published work [28,35], where the total EIT
fluorescence spectra F is modeled as a combination of three
Gaussian resonances:

F = A
∑
|mj |

w|mj |exp

[
−[�C − � f|mj |(E )]2

2γ 2
EIT

]
. (2)

Here, w|mj | are amplitudes for each |mj | level of the Ryd-
berg state empirically set and constant for all fits, �C is the
coupling laser frequency detuning, γEIT is the linewidth of
the EIT resonance set constant for all fits, and � f|mj |(E ) is
the frequency shift of the Rydberg energy level described by
the Stark map from ARC [28,35,36]. While the EIT lineshape
should be Lorentzian, due to broadening of the resonances
Gaussian curves fit the data well. In this fit, the only free
parameters are the total amplitude of the EIT profile, A, and
the value of electric field magnitude E [38].

The reconstructed electric field distribution is shown in
Fig. 2(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. 1(a). The position
and width of this feature match well with the IF signal as
shown in Fig. 2(d). 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. The small-
est measurable electric field value is limited by the smallest
detectable shift. We can estimate it as � γEIT/(SNR

√
n) =

0.1 MHz [39,40], 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 Emin ≈ 0.02 V/cm, which matches our more thorough
statistical analysis with simulated data of similar SNR. The
precision of the reconstructed electric field value improves for
higher electric field, because of nonlinear Stark shift depen-
dence 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.

To extract the e-beam parameters, we fit the reconstructed
curve with an analytical expression for the electric field pro-
duced by an electron beam with a Gaussian distribution:

Ee-beam = I

2πε0ve

1

r

(
1 − e− r2

σ2
)
. (3)

Here, σ is related to the width of the e-beam by FWHM
= 2σ

√
ln(2), ε0 is the permittivity of free space, r =√

(�z − z0)2 + (�y − y0)2 is the radial position away from
the e-beam center, z0 is its displacement along the z direction,
I is the e-beam current, and ve is the speed of the electron,
proportional to the square root of the beam energy. The fit also
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FIG. 3. e-beam diagnostics for position and current. Panels (a) and (b) are the same style of plots shown in Figs. 2(b)–2(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 the 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.

accounts for the finite width of the laser beam and the y deflec-
tion from the center of the e-beam. The free parameters in this
fit are the e-beam width σ , e-beam current I , and the z0 and
y0 displacement of the electron and laser beams, respectively.
We only fit the region of the reconstructed electric field, where
|�z| � 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. 2(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 repeated
measurements with a fixed Faraday cup current of 35 µA.

Further diagnostics of the e-beam position and current are
shown in Fig. 3. For these measurements, we either moved
the e-beam [Fig. 3(a)] or changed its current [Fig. 3(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. Figure 3(c) shows
excellent agreement between the reconstructed beam position
with that measured using the IF method. The shown uncertain-
ties for the Rydberg EIT methods are from the error of the fit
parameters, and the centroid position is known within 8 µm.

Changing the emission current seems to also slightly
deform and shift the e-beam due to electron repulsion or fo-
cusing effects that we see in both electric field reconstruction
[Fig. 3(b)] and IF measurements. Both profiles show an asym-
metry that may be due to the background field present within
the Rb chamber visible near the edges. Figure 3(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 will require accurate in situ e-beam
current measurements using, e.g., a co-located harp scanner.
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 |mj |
levels of the Rydberg state. We also note that magnetic fields
can distort the EIT resonance [27], 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 [30]. In addition, presence of the back-
ground electric field can produce additional systematic error
in beam reconstruction due to its unknown direction. More
accurate current measurements will require improvement of
the Rb vapor chamber design to further reduce the parasitic
charging.

In conclusion, we apply Rydberg fluorescence-based de-
tection to measure spatially varying dc electric fields produced
by an e-beam and to reconstruct the center-of-mass beam
position to within 8 µm, determine the beam width to within
100 µm, and measure the beam current in a simultaneous
measurement. We expect this technique to be useful for di-
agnostics of charged particle beams of any energy, and for
diagnostics of charged particles in general, such as in low-
density plasmas [10–14,41,42]. Further diagnostics such as
full beam cross-sectional profiling can be achieved using
sheet laser beams [28,43], especially if the full electric field
vector is reconstructed [44,45]. The detection speed can be
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improved by using a faster higher dynamic range camera or
an array of Rydberg atoms to study the temporal dynam-
ics of electron beams [46]. The method can be extended
to use the transmission of the probe laser by using crossed
laser beams [47] or a three-photon “star” configuration [48],
but at the expense of reduced spectral resolution and lower
signal-to-noise.
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