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Abstract
Standard Beam Position Monitors (BPM) are intrinsically

insensitive to beams with no temporal structure, so-called
DC beams, which many CERN experiments rely on. We
therefore propose a novel detection technique in which the
usual BPM electrodes are replaced with electro-optic (EO)
crystals. When exposed to an electric field, such crystals
change their optical properties. This can be exploited to
encode the electric field magnitude onto the polarisation state
of a laser beam crossing the crystal. An additional EO crystal,
placed outside the vacuum chamber, can be used to control
the system’s working point and to introduce a sinusoidal
modulation, allowing DC measurements to be performed
in the frequency domain. This contribution presents the
working principle of this measurement technique, its known
limitations, and possible solutions to further increase the
system’s performance. Analytical results and simulations
for a double-crystal optical chain are benchmarked against
the experimental data taken on a laboratory test bench.

INTRODUCTION
Most high-energy particle accelerators rely on radiofre-

quency cavities to boost bunches of particles to the desired
energy. The power spectral density of such beams extends
to high frequencies. However, some physics experiments
require particle beams without any temporal structure [1],
e.g. the future Search for Hidden Particle (SHiP) experiment
at CERN [2]. Since DC particle beams do not induce signals
in commonly used Beam Position Monitors, other methods
are used to observe their transverse position. Indirect mea-
surements can be performed with Schottky monitors [3],
but they require some integration time. On the other hand,
screen-based BPMs [4] interact with the particle beam and
unavoidably affect its parameters which can deteriorate the
beam. To address these issues, a novel BPM based on electro-
optical crystals and suitable for measurement of DC beams
(EO-DC-BPM) is under development at CERN.

Under an electric field exposure, EO crystals’ properties
change linearly due to the Pockels effect [5]. This variation
can be encoded into the polarisation state of a laser beam
crossing the crystal and later decoded through interferomet-
ric or amplitude demodulation techniques. The fast response
of the Pockels effect makes EO crystals suitable for high fre-
quency diagnostic tools. A high-frequency EO BPM capable
of detecting variations of the transverse position within a
bunch of a particle beam is currently under development for
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the HL-LHC project [6]. However, EO crystals are dielectric
and in a presence of a DC or quasi-DC electromagnetic field,
free charge carriers move to their boundaries and create an
internal electric field obstructing the external field. This
reduction of the modulation depth leads to a measurement
error and has limited the use of EO materials to measure-
ments above 20 Hz [7], unless the space charge is avoided
through mechanical rotary stages [8].

Until now, the EO-DC-BPM development has focused on
studying the feasibility of using an optical chain based on EO-
crystals for measurements of the intensity of an electrostatic
field in frequency domain. A proof-of-concept test bench
has been designed to scrutinize the experimentally obtained
results against those expected from simulations.

ELECTRO-OPTIC DC FIELD SENSOR
The EO-DC-BPM consists of four identical optical

branches arranged symmetrically around the vacuum cham-
ber. Each branch accommodates a chain of two electro-
optical crystals. One crystal is placed inside the vacuum
chamber and couples to the electrostatic field of the particle
beam. The other crystal remains outside and is externally
modulated with a sinusoidal field to move the measurement
to the frequency domain. On top of the modulation signal, a
DC bias is used to tune the system and to compensate crystal
drifts which can lead to measurement error.

A conceptual overview of a single optical branch of the
EO-DC-BPM is shown in Fig. 1. The sensor is composed of
two EO crystals made of Lithium Niobate (LiNbO3) which
was chosen due to its large EO coefficients, low conductiv-
ity [9] and high radiation hardness [10] compared to other
EO materials. The optical axes of the crystals are aligned
with the 𝑧-axis. A linearly polarised laser beam traverses the
crystals along the 𝑦-axis and oscillates in 𝑥-𝑧 plane.

The input polariser fixes the laser beam’s polarisation at
45◦ with respect to the 𝑥-axis. The laser beam then enters

Figure 1: Schematic view of one optical branch of the EO-
DC-BPM.
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the first crystal, labelled as EO Bias crystal in Fig. 1. The
phases of the two light components along the 𝑥-axis and
𝑧-axis are unevenly retarded because of the crystal’s natu-
ral birefringency and the Pockels effect due to the external
modulation field. The laser beam’s polarisation is rotated
again in the second crystal, EO Sensing crystal, in which the
Pockels effect is driven by the external DC field to sense. Fi-
nally, the output polariser, rotated by 90◦ with respect to the
first one, translates the polarisation modulation into optical
power variation which can be measured by a photo-detector.

The optical chain has been modeled analytically [11] us-
ing Jones calculus [12]. The normalized output laser beam
intensity is given by:

𝐼 = sin2 [𝛼 · 𝐸𝑀𝑜𝑑 (𝑡) + Γ0 +Φ0 (𝐸𝐵𝑖𝑎𝑠) +Φ1 (𝐸𝐸𝑥𝑡 )] (1)

where 𝐸𝑀𝑜𝑑 (𝑡) is the external sinusoidal modulation field,
𝛼 is a constant term given by the physical and electro-optic
properties of the bias crystal, Γ0 is the collective phase retar-
dation due to the natural birefringency of the two crystals,
Φ0 (𝐸𝐵𝑖𝑎𝑠) and Φ1 (𝐸𝐸𝑥𝑡 ) describe the electro-optic proper-
ties of, respectively, the bias and sensing crystals which vary
linearly with the applied electric field.

Eq. (1) constitutes the basis of the developed analytical
model which supported selection of optical components for
the proof-of-concept test bench. The model, developed in
MATLAB, mimics the behaviour of the optical chain and
accurately factors in effects related to temperature, optical
wavelength and the level of doping of the crystals. It provides
all the simulations results shown in the paper.

With no external field acting on the sensing crystal and
with 𝐸𝑀𝑜𝑑 = 0 on the bias crystal, the sensor’s output light
intensity depends only on 𝐸𝐵𝑖𝑎𝑠 and is characterized by a
quadratic transfer function shown in Fig. 2. The electric
field equivalent to a half-period shift of the transfer function
is called 𝐸𝜋 and its value is given by:

𝐸𝜋 =
𝜆

𝐿𝑦 (𝑛3
𝑒𝑟33 − 𝑛3

𝑜𝑟13)
(2)

𝐸𝜋 corresponds to the electric field necessary to rotate the
laser beam’s polarisation by 180◦. Each of the two crystals

Figure 2: Transfer function of the modelled optical chain.

features its own 𝐸𝜋 which are distinguished as 𝐸𝜋𝐵 for the
bias crystal and 𝐸𝜋𝑆 for the sensing crystal. 𝐸𝜋𝐵 limits the
maximum useful modulation amplitude [11], whiles 𝐸𝜋𝑆

defines, together with the acquisition chain, the resolution
and the dynamic range of the optical chain.

DC Field Measurements in Frequency Domain
The quadratic symmetry of the sensor’s transfer function

can be exploited to conduct DC measurements in the fre-
quency domain. Firstly, in the absence of 𝐸𝐸𝑥𝑡 , the DC bias
is set to drive the system to one of the symmetry points (any
peak or trough of the transfer function). A pure sinusoidal
modulation applied around a symmetry point results in an
output signal containing only even harmonics of the modu-
lation frequency. Figure 3 shows the working point set with
𝐸𝐵𝑖𝑎𝑠 (red dot) and the sinusoidal modulation 𝐸𝑀𝑜𝑑 added
on top (red line). The sinusoidal signal moves the working
point along the transfer function, resulting in a modulated
output signal containing exclusively even harmonics of the
modulation frequency as shown in Fig. 4.

A DC particle beam, and its corresponding electrostatic
field, acting on the sensing crystal, disrupts this symmetry
by effectively shifting the working point by an amount pro-
portional to the intensity of the measured field, as shown in
Fig. 5. The resulting output signal, shown in the frequency
domain in Fig. 6, contains both odd and even harmonics
of the modulation frequency. Amplitudes of the odd har-
monic are proportional to 𝐸𝑀𝑜𝑑 and can therefore be used

Figure 3: Output light intensity with a sinusoidal modulation
applied to the bias crystal in standard condition, without
electric field acting on the sensing crystal.

Figure 4: Spectrum of the modulation field and the mod-
ulated output intensity with no electric field acting on the
sensing crystal.

11th Int. Beam Instrum. Conf. IBIC2022, Kraków, Poland JACoW Publishing
ISBN: 978-3-95450-241-7 ISSN: 2673-5350 doi:10.18429/JACoW-IBIC2022-WEP10

WEP10C
on

te
nt

fr
om

th
is

w
or

k
m

ay
be

us
ed

un
de

rt
he

te
rm

s
of

th
e

C
C

B
Y

4.
0

lic
en

ce
(©

20
22

).
A

ny
di

st
ri

bu
tio

n
of

th
is

w
or

k
m

us
tm

ai
nt

ai
n

at
tr

ib
ut

io
n

to
th

e
au

th
or

(s
),

tit
le

of
th

e
w

or
k,

pu
bl

is
he

r,
an

d
D

O
I

404 02 Beam Position Monitors



Figure 5: Output light intensity with a sinusoidal modulation
applied to the bias crystal when an electric field is acting on
the sensing crystal.

Figure 6: Spectrum of the modulation field and the mod-
ulated output intensity with an electric field acting on the
sensing crystal.

to determine the relative intensity of the field under mea-
surement [11]. Since for beam position monitoring the EO-
DC-BPM does not require measurements of the absolute
DC field intensity, there is no need to precisely calibrate
the absolute electric field sensitivity of the sensor. More-
over, as the amplitude of the first harmonic is the strongest,
the EO-DC-BPM fully relies on monitoring that component
only.

EXPERIMENTAL RESULTS
The analytical model was validated experimentally with

a proof-of-concept laboratory test bench shown in Fig. 7.
The test bench consists of a 60 cm long pipe with a square

45 × 45 mm aperture. Both vertical walls of the pipe carry
removable crystal holders, annotated with a red circle in
Fig. 7. The holder houses the sensing crystal and two prisms
to steer the laser beam in and out of the pipe and through the
crystal. The bias crystal is placed outside the pipe, between
two PCBs connected to a high-voltage piezo-amplifier. The
most relevant properties of the crystals are listed in Table 1.

The entire optical chain, except for the two crystals, was
assembled using off-the-shelf THORLABS components.
The SFL-1550P laser diode provides a 1550 nm linearly-
polarised laser beam with a maximum power of 40 mW.
The choice of the wavelength might seem counter-intuitive
considering the figure of merit 𝐸𝜋 defined earlier in Eq. (2).
However, the selected wavelength minimizes the creation
of optically induced hole-electron pairs which would other-

Table 1: Properties of the 𝐿𝑖𝑁𝑏𝑂3 (5% 𝑀𝑔𝑂 doped) Crys-
tals Used in the EO Sensor

Bias crystal Sensing Crystal

Lx [mm] 3 5
Ly [mm] 40 50
Lz [mm] 3 2
E𝜋 [ kV

m ] E𝜋B = 203.9 E𝜋S =159

Figure 7: Proof-of-concept test bench and metallic holder
highlighted.

Figure 8: Experimental results of a single optical chain
benchmarked with analytical ones.

wise be a source of unwanted space charge. The output laser
beam is captured by the S122C photo-detector connected to
the PM100D power meter, whose output is measured by a
10-bit oscilloscope and a signal analyzer.

A metal rod carrying a voltage up to 1 kV traverses the
pipe longitudinally. The rod substitutes a DC particle beam
passing through the EO-DC-BPM and acts as source of a
uniform electric field for the sensing crystal. The pipe and
the optical chain are fixed on a breadboard which, in turn, is
mounted on a linear translation stage connected to a large
optical table. The metallic rod is rigidly attached to the same
optical table. Such a configuration allows the pipe and all
the optics to be displaced around a stationary rod.
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Figure 8 shows the comparison of experimental re-
sults and analytical predictions. Data were sampled at
𝑓𝑠 = 100 kSps while the biasing crystal was modulated at
𝑓𝑀𝑜𝑑 = 600 Hz. The sensor measured an electric field rang-
ing from 3 to 150 kV/m, and was limited on the lower end
by the dynamic range of the used acquisition system. The
maximum field was limited by the highest voltage which
could be applied to the rod. Experimental observations
show small discrepancies for low values of the electric field,
which can be explained by several imperfections of this first
proof-of-concept test bench such as space charge build-up,
presence of higher harmonics in the modulation signal or
uncompensated temperature drift. To better understand the
reasons behind the discrepancies, a custom acquisition chain
is under development to extend the dynamic range of the
system. Additionally, the new acquisition chain will make
it possible to simultaneously use a second optical branch
installed on the opposite side of the pipe. Combining the
information from the two optical chains, it will be possible
to directly measure the position of the metallic rod inside
the pipe.

Analytical Transverse Position Evaluation
The successful validation of the analytical model with ex-

perimental results makes estimating the transverse position
resolution for an EO-DC-BPM using two symmetric optical
branches possible. Table 2 summarizes the obtained results.

Table 2: Estimated transverse position measurement resolu-
tion. R* is the vacuum chamber aperture.

DAQ Ib
[ A ]

BW
[ Hz ]

R*
[ mm ]

DR
[ dB ]

Position
resolution

[ µm ]

scope 2.8 59 45 30 3e3
custom 2.8 100 45 75 0.1
custom 0.28 100 45 75 1
custom 0.28 100 80 75 2.5

The first row gives the resolution estimate for the labora-
tory test bench with the same basic acquisition chain as used
to obtain the experimental results presented in the previous
section. The assumed beam current of 2.8 A is exactly one
order of magnitude higher than the current of an unbunched
beam in the SPS. The very modest 30 dB of dynamic range
limits the minimum detectable displacement to 3 mm in a
measurement bandwidth of 59 Hz.

The system performance can be significantly improved
with a dedicated acquisition system, the development of
which is currently ongoing. The new electronics will be
based on the VFC acquisition card [13] together with a 24-bit
ADC/DAC module, both developed at CERN. Moreover, the
signal will be preconditioned with an analog circuit to isolate
and amplify the first harmonic. The new system will replace
the optical power meter and the 10-bit oscilloscope used to
gather the first experimental data, which will lead to an ef-

fective improvement of the dynamic range by approximately
60 dB for a measurement bandwidth BW of 100 Hz. With a
conservative margin of 15 dB for unknown sources of noise
and nonlinearities, a dynamic range of 75 dB is deemed
achievable with the new electronics. The second and third
rows of Table 2 show the estimates for the developed test
bench equipped with the improved acquisition system and
measurement bandwidth increased to 100 Hz. The trans-
verse position resolution decreases to less than 1 µm for the
conditions of the previously discussed experiments.

The final row gives an estimate for a debunched SPS beam
in a vacuum chamber with a realistic diameter of 80mm. The
electric field in the crystal was computed for an improved
design of the sensing crystal’s holder (see Fig. 7), with no
metal stripes partially covering the crystal. This leads to a
30% increase in the intensity of the electric field acting on
the sensing crystal. Under these conditions, the computed
resolution is 2.5 µm.

CONCLUSION
We have presented a conceptual design of a novel BPM

composed of four identical EO electrostatic field sensors and
capable of performing measurements of DC particle beams
in the frequency domain.

The good match between the theoretical predictions of
the analytical model and experimental results obtained on a
purpose-built test bench confirms the feasibility of construct-
ing such a sensor. The measurements can be applied over
a wide range of electrostatic fields by varying the optical
properties of the system.

Further improvements are being investigated. In particu-
lar, a custom acquisition system is under development not
only to increase the resolution of the final system but also
to open the possibility of studying the impact of parasitic
effects of the EO crystals on the measurement’s accuracy.
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