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Abstract

We have made the first observation of a charged particle
beam by means of its electro-optical effect on the propaga-
tion of laser light in a birefringent crystal at the Brookhaven
National Laboratory Accelerator Test Facility. Polarized
infrared light was coupled to a LiNbO3 crystal through a
polarization maintaining fiber of 4 micron diameter.

An electron beam in 10 ps bunches of 1 mm diameter
was scanned across the crystal. The modulation of the laser
light during passage of the electron beam was observed us-
ing a photodiode with 45 GHz bandwidth. The fastest rise
time measured, 120 ps, was made in the single shot mode
and was limited by the bandwidth of the oscilloscope and
the associated electronics. Both polarization dependent and
polarization independent effects were observed. This tech-
nology holds promise of greatly improved spatial and tem-
poral resolution of charged particle beams.

1 INTRODUCTION

A collaborative effort has been initiated to develop an ultra-
fast charged particle detector based on the birefringence
induced in an optical fiber carrying polarized light due to
the electric field of a relativistic charged particle. An anal-
ysis of such a detector is described in [1]. The electro-
optical effect in amorphous optical media is known as the
Kerr effect [2] and is quadratic in the electric fieldE;
� = 2�KE2d, where� is the ellipticity induced in the
polarized light,K is the Kerr coefficient andd is the length
of the electric field region experienced by the material.
In uniaxial crystals the induced ellipticity is linear in the
externally applied E-field and the effect is called Pock-
els effect [3]. The induced phase delay is then given by
� = �(V=V�) with V the applied voltage andV� the volt-
age required for producing a phase shift equal to� rad. As
a first step towards realizing the single particle detector we
used an intense, short length, electron beam from the Ac-
celerator Test Facility (ATF) of Brookhaven National Lab
(BNL) and the Pockels effect to detect it by optical means.

2 SETUP AND SENSITIVITY

The experimental setup in Fig. 1 shows the laser (CW, from
Amoco Laser Company) with 20 mW of optical power in
the infra-red (� = 1:32�m), polarized by the polarizer (P)
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and coupled to the fiber (F) with the microscope objective
(L). The fiber is polarization maintaining with a core of
4�m in diameter.
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Figure 1: The experimental setup for detecting charged par-
ticle beams via optical means. The LiNbO3 crystal was
located at the beam position indicated by E-field. The po-
sitions of the polarizer (P), lenses (L), analyzer (A) and
photodiode detector(D) are schematically indicated.

The fiber was coupled to a commercially available
LiNbO3 crystal [4] as indicated in Fig. 1. The crystal pack-
age was modified to allow for the passage of a charged
beam without hitting the housing. The laser light was ex-
tracted from the fiber and its polarization state analyzed
with by means of a�=4 plate and the analyzer (A). It was
then detected by the photodiode and pre-amplifier [5] the
output of which goes to a fast transient digitizer [6].

The transmitted light from the analyzer is equal to

I = I0[�
2 + (� + �(t))2] � I0[�

2 + �2 + 2��(t)]; (1)

with I0 the light intensity before the analyzer,�2 the min-
imum possible ratio of (I=I0) when� and� are equal to
zero,� the induced ellipticity, and� is an intentional mis-
alignment angle introduced to linearize and amplify the ef-
fect. As is apparent from Eq. 1, the time dependent part of
the light signal can be made positive or negative depending
on the sign of� relative to�.

The ATF produced an electron beam of 45 MeV kinetic
energy, containing up to 1 nC in 10 ps bunches of 1 mm
in diameter and a repetition rate of 1.5 Hz. This charged
particle beam creates an electric (E) field at a distancer if
r � than the dimensions of the beam bunch:

E = Ne

q

4��0r2
= Ne � 5:8� 10�5V=m; (2)

with  the relativistic Lorentz factor,Ne the number of
electrons in the beam,q = 1:6 � 10�19C the electron
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charge,�0 = 8:85 � 10�12F=m the permittivity of free
space, andr the distance from the material (in the example
we usedr = 0:5 cm). This electric field is present for

�t =
r

u
=

17


ps; (3)

with u the beam velocity.
The LiNbO3 crystal used hasV� = 5 V with an elec-

trode separation of15�m and a length ofl = 1:5 cm.
The integral then of

R
E dl =

R
5V

15�10�6 m
dl = 5000 V

is capable of producing� rad of phase shift or�=
p
2 rad

maximum of ellipticity (the maximum ellipticity is induced
when the laser polarization is at45� with respect to the ap-
plied electric field direction). The same integral estimated
for a particle beam located at the mid-plane orthogonal to
the crystal at a distancer = 0:5 cm is

Z
E dl =

Neq

4��0r
2(1� sin �1) = Ne 2:6� 10�7V; (4)

with �1 the angle ÂBC where A is the location of the beam,
B one end of the crystal in the long direction and C the
center of the crystal. This produces an ellipticity of

� = Ne � 0:1 nrad; (5)

for 17/ ps.
The signal to noise ratio (SNR) for a detection system

which is photon statistics limited is given by

SNR = �

r
PTqp
2�h!

; (6)

with P the laser power,T the inverse of the detection sys-
tem bandwidth,qp the quantum efficiency of the photodi-
ode, and�h! the energy of the laser photon. As an exam-
ple we will take an electron particle beam with = 1700,
T = 10 fs, qp = 0:8, P = 108 W (e.g. 1 mJ pulsed laser
light for 10 ps) and�h! = 0:9 eV, then the required number
of electrons in the beam forSNR = 1 isNe � 2.

3 EXPERIMENTAL RESULTS

At the experimental setup we used a CW laser of 10 mW,
and a detector with 100 ps time resolution. Then using
the above Eqs. 3, 6 we estimated the number of particles
needed in the electron beam to beNe = 108 for SNR = 1.
Our beam of 1 nC corresponds toNe = 9 � 109 which
ensured its detection. The induced ellipticity (from Eq. 5)
is � = 1:0  rad equivalent to� = 0:2 rad when the signal
attenuation due to limited detector bandwidth is taken into
account.

In Fig. 2 we show the polarization dependent signal
(solid line) as observed with a single shot of the electron
beam. Changing the sign of� (see Eq. 1) the signal also
flips sign while retaining the same amplitude. The maxi-
mum modulation of the light intensity was about9% of its
DC level.

Figure 2: The polarization dependent signal (solid line).
The electron beam was aboutr = 0:5 cm from the crystal.
The polarization independent signal is also shown (dash
line).

We have also observed a signal when the crystal inter-
cepted the beam which is shown in Fig. 2 again in the sin-
gle shot mode (dash line). We repeated this without the an-
alyzer present and found it was independent of it. The dif-
ference from the polarization dependent signal is two-fold.
First it does not flip sign under any polarization orientation,
and second it has a much longer time decay constant.

We intend to improve the time resolution of the signal
by increasing the laser light intensity and the oscilloscope
bandwidth. Long term plans include the implementation
of this sensitive method as a readout to a high rate single
particle detector.

If r is reduced to100�m, the requiredNe is reduced by
a factor of 2, making possible ultra-fast single particle de-
tection by optical means. The gain factor is only 2 because
of the limited bandwidth of the assumed detector which at-
tenuates the signal by the ratio of�t=T .

We will also look into a new type of fiber which exhibits
high polarizability [7] thus reducing the cost of the detector
considerably.
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