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Abstract

By utilizing macroscopic processes such as polarizations in an electro-optical(EO) crystal, a quasi nondestructive detection of
charged particles can be achieved with the necessary energy consumption well below 1eV. EO crystals can convert electric fields to
refractive index variations and the detection of the phase retardation of transmitted laser lights in a crystal makes the remote sensing
possible. Diffraction patterns of the transmitted lights by a lens can be used to extract the extremely small phase retardation. A
test experiment to verify the method has been performed using a thin direct current electron beam of 1nA by locating the beam
at ∼ 300µm from the crystal surface. The change of the diffraction pattern at the focal plane was observed associated with the
existence of the remote electron beam.

1. Introduction

The detection principle of charged particles developed
so far is based on the local inelastic processes such as
ionizations and excitations with the energy consumption
above the order of 1eV. However, if one could utilize more
macroscopic processes such as polarizations in an electro-
optical(EO) crystal for the electric field sensing, the neces-
sary energy consumption is expected to be well below 1eV.
This opens up new applications for quasi-nondestructive
measurements especially for slow charged particles in addi-
tion to the application for the beam diagnosis of relativis-
tic charged particles in accelerators. The novel detection
method which remotely senses electric fields from charged
particles has been demonstrated, where relativistic short
electron bunches of 40ps containing 109 electrons per bunch
were measured [1]. The principle is to measure instanta-
neous changes of the refractive index by electric fields of
passing electrons by sensing the optical phase retardation
i.e. changes of polarization states of transmitted laser lights
in a crystal. The used crystal is LiNbO3 which has the
EO property (Pockels effect) originating from the uniax-
ial structure. However, there is no precedent to succeed to
measure single charged particle based on the principle. To-
ward the ultimate goal, one has to develop a method to
extract the extremely small phase retardation’s as well as
seeking for crystals with much larger EO coefficients than
LiNbO3. For the detection of the macroscopic polarizations
caused by remote electric fields of charged particles, laser

lights transmitted by an EO crystal with the local refrac-
tive index changes can be diffracted and interfered by a
lens and the change of the diffraction pattern at the focal
plane can be utilized to sense the extremely small refrac-
tive index changes. In the following sections, we would like
to present results from a test experiment to verify the laser
diffraction readout in a static condition using a weak thin
direct current electron beam and a CW laser.

2. Principle of laser diffraction readout

Consider the case where a charged particle is moving
along the x-axis and scanning lights are used to sense phase
variations in an electro-optical crystal, transmitted along
the z-axis, as illustrated in Fig. 1. The phase variation δΓ
induced by the charged particle moving at a distance R from
the surface of the electro-optical crystal can be expressed
as [1]:

δΓ =
2π

λ
· δn · δl =

2π

λ
· f(rEO)ET ·

c

nL

∆t

=
f(rEO)

2nLn2ǫ0

e

λβR
, (1)

where λ is the wave length of the scanning light, δn is the
refractive index variation by the transverse electric field ET ,
f(rEO) is a function of EO coefficients depending on the
choice of a crystal and locations of the crystal with respect
to the electric field, δl is the length of the variation along
the laser light path, nL is the refractive index for the path, c
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is the speed of light, γ is the Lorentz factor, β is the relative
velocity to c, ∆t is approximated as R/γβc, e is electric
charge, and n2ǫ0 corresponds to the dielectric constant of
the crystal to ET . Eq.(1) implies that the impulse due to
an electric field becomes larger for a slower charged particle
and hence applies more strongly to slower charged particles
than to relativistic ones in the weak current limit.

The transmitted lights are further diffracted and inter-
fered by a lens at the focal plane which produces the Fourier
image of the original refractive medium shape in the crys-
tal. In the case of the line shape expected from the trajec-
tory produced by charged particles on the crystal surface,
the Fourier image tends to extend to the outer region with
the orthogonal rotation of the original line shape (see Fig.
2), while Gaussian profile of the incident laser light keeps a
Gaussian shape with a smaller waist at the focal point if no
phase variation exists. Therefore by sampling the diffrac-
tion pattern far from the focal point, one can improve the
signal-to-noise ratio drastically to extract the extremely
small phase variation.

3. Experiment with LiNbO3 and results

We performed a test experiment with the LiNbO3 crys-
tal based on the configuration in Fig. 1. The direct current
electron beam was used as a quasi-static charged particle
source. The change of the refractive index was read out
by the diffraction pattern at the focal plane by using the
Nd:YAG CW laser and the image was further transfered
to a wide dynamic range CMOS camera located outside
the vacuum chamber via a flexible optical fiber bundle lo-
cated inside the chamber. The flexible bundle is originally
designed for endoscopes. Details of the parameters for the
electron beam, the CW laser and the wide dynamic range
CMOS camera are summarized in Tab. 1.

Suppose that the x, y and z-axis in Fig. 1 coincide with
the crystal axis of LiNbO3 respectively. The index ellipsoid
of the crystal is expressed as (see [2] for instance):
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where no = 2.286, ne = 2.200, rij are EO coefficients and
Ej are the electric field components (j = 1, 2, 3 correspond
to x, y, z respectively). Taking the symmetry of the electric
field into account, the effect of E1 and E2 are canceled out,
and the relevant field component becomes only E3 in the
case of Fig. 1. Hence in the case where linearly polarized
laser lights propagate along the z-axis, the variation of the
refractive index δn is expressed as:
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where r13 = 8.6pm/V and the polarization plane can take
any directions in the x−y plane. Fig. 2 shows the expected
numbers of laser photons per CMOS pixel along the y-axis
based on a semi-analytic calculation [3], when the beam
trajectory is just on the x-axis as shown in Fig. 1. The tail
portion of the Fourier image at the focal plane was sampled
by locating the flexible optical fiber bundle underneath the
focal point along the y-axis. The sampling was made so that
the vicinity of the focal point can be pointed in the image,
since the flexible fiber bundle itself rotates while the image
is transfered.

100 shots were taken by the camera alternatively in the
electron beam off (background) and on (signal) conditions.
In total 400 shots were taken within 5 minutes by fixing the
electron beam and the laser conditions and analyzed as fol-
lows. Fig. 3 shows randomly selected one shot without the
electron beam, which indicates the direction of the focal
point in the image along the intensity gradient of photons
per pixel. Fig. 4 shows a subtracted profile between a pair
of randomly selected background shots which indicates the
laser intensity fluctuations in the most intense part even
without phase variations. Fig. 5 shows a subtracted profile
(signal - background) between a pair of randomly selected
signal and background shots, which indicates the increase
of the photon intensity in the opposite direction to the focal
point. This is a signature of the phase variations expected
in Fig. 2, whose typical pattern can be confirmed in any
combinations of other arbitrary shots. The photon inten-
sity per pixel is higher than what is expected in the ideal
calculation as shown in Fig. 2. At present it is still difficult
to discuss the diffraction pattern quantitatively, since the
location of the fiber bundle is not accurately controlled yet
in addition to the ambiguity of the absolute photon yield
per resolution of the camera, and also the coupling of the
fiber bundle to the camera is not satisfactory.

4. Summary and Future Prospects

The increase of the photon intensity at the focal plane
expected from the phase variation due to electric fields by
the direct current electron beam was verified which is qual-
itatively consistent with the characteristic pattern of the
diffraction. By controlling the location of the optical fiber
bundle and the coupling to the camera, we would be able
to discuss the consistency between the observed diffraction
pattern and the expectation. As a future prospect toward
single charged particle detection, we have already found a
good candidate, DKDP crystal whose EO coefficient is ∼

103 times larger than LiNbO3 at the structural phase tran-
sition temperature of the crystal [4]. By using DKDP with
the laser diffraction readout tested here, it is possible to
achieve the nondestructive measurement of single charged
particle based on the numerical calculation [3]. It is awaited
for the moment to be confirmed experimentally.
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Fig. 1. Principle of the laser diffraction readout. The electric field of

the charged particle beam along the x-axis induces refractive index
variations on the surface of LiNbO3. The laser lights transmitted by
the crystal including the refractive index variations are diffracted and
interfered by a lens at the focal plane. The lens effect corresponds to

the Fourier transformation of the original refractive medium shape,
Ψ(x0, y0), where ωx1

and ωy2
correspond to 2π

λf
x2 and 2π

λf
y2 respec-

tively.
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Fig. 2. The expected numbers of laser photons per CMOS pixel along

the y-axis, when the beam trajectory is just on the x-axis as shown
in Fig. 1.
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Fig. 3. Diffraction pattern in a shot without the electron beam.
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Fig. 4. Subtracted diffraction pattern between a pair of randomly
selected background shots.
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Table 1
Parameters used for Fig. 2.

One standard deviation of a laser profile σ = 1000µm

Total intensity of a Gaussian laser beam I2

0
= 1019 (∼1W×1sec)

Peak intensity of a Gaussian laser beam A2

0
= I0

2πσ2

Laser wave length λ = 0.532µm

Focal length f = 100mm

Electron beam diameter 50µm(FWHM)

Electron beam current ∼ 1nA

Electron distance from the crystal surface R = 500λ

Electron kinetic energy Ek = 4keV

Electron velocity relative to light velocity β = 0.124

Electro-optic coefficient of LiNbO3 r13 = 8.6[pm/V]

Rectangle size with phase variations 5000µm × 204µm

The number of electrons during the effective impact time ∼ 0.1

Local phase retardation δΓ = 1.76 × 10−10

CMOS camera dynamic range ∼17 bits

CMOS pixel size 45µm × 45µm

Exposure time 20µsec
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Fig. 5. Subtracted diffraction pattern(signal-background) between a

pair of randomly selected signal and background shots.
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