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Abstract

In this experimental work an electro optic (EO)
sampling method was demonstrated as a method to
measure the output power of an Electrostatic Accelerator
Free Electron Laser (EA-FEL). This 1.4 MeV EA-FEL
was designed to operate at the millimeter wavelengths
and it utilizes a corrugated waveguide and two Talbot
effect quasi-optical reflectors with internal losses of
~30%. Millimeter wave radiation pulses of 10 us at a
frequency of about 100 GHz with peak power values of 1-
2 kW were measured using conventional methods with an
RF diode. Here we show the employment of an electro-
optic sampling method using a ZnTe nonlinear crystal. A
special quasi optical design directs the EA-FEL power
towards the ZnTe nonlinear crystal, placed in the middle
of a cross polarized configuration, coaxially with a
polarized HeNe laser beam. The differences in the ZnTe
optical axis due to the EA-FEL power affects the power
levels of the HeNe laser transmission. This was measured
using a polarizer and a balanced amplifier detector. We
succeeded in obtaining a signal which corresponds to the
theoretical calculation.

INTRODUCTION

Continue Wave (CW) and pulsed millimeter
wavelength (MMW) and Terahertz (THz) radiation have
many applications in medicine, industry, military and
security [1]. In order to realize those applications,
knowledge of the MMW or THz beam properties such as
beam power, beam diameter and beam cross section
pattern are required. For the MMW Electrostatic
Accelerator-Free Electron Laser (EA-FEL) operating at
100 GHz we used heterodyne detection and received good
results [2]. For higher frequenc radiation and pulsed
sources, photoconductive antennas and far-infrared
interferometric techniques are used [3, 4]. Photocon-
ductive antennas have higher responsivity, and their
signal-to-noise ratios are better than liquid helium cooled
bolometers. Their detection bandwidth with a short dipole
length can exceed 1-3 THz. The drawback of those
photoconductive antennae is the resonant behavior and
the limited operating bandwidth. Interferometric
techniques provide an autocorrelation of terahertz pulses
but important parameters of the beam are lost and it is
complicated to realize. In this study, we report the use of
an alternative optoelectronic method, free-space electro-
optic sampling [5], to characterize freely propagating
terahertz bandwidth CW or pulsed electromagnetic

#klenavil @gmail.co.il

ISBN 978-3-95450-133-5

radiation. The advantages of this method are the
sensitivity and speed of response allowing the
identification of a short pulse envelope. Also this method
can detect the cross-section of the THz beam radiation. In
this work we demonstrated power measurements of single
pulses and in-the future we intend-to image the cross
sectional pattern of MMW and THz pulses. Our detection
is independent of the source of MMW and we use
inexpensive components, which include a HeNe CW
laser, detector, optical components and two off-axis
parabolic mirrors (OPM) to focus the MMW beam onto
the ZnTe Elecro-Optic (EO) crystal cross section (see Fig.

1.
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Figure 1: Refractive index ellipsoid of ZnTe Electro Optic
crystal (a) Symmetric ellipsoid, without electric field and
(b) The directions and the magnitudes of the main axes
are changed, when an electric field is applied.

THEORY

Electro-Optic Effect in ZnTe [6, 7]

The EO crystal ZnTe exhibits a birefringence, which
means a different refractive index property along the
propagating direction of a laser beam. Each refractive
index is linear dependent on the electric field’s strength.
This effect is called Pockels effect.

The direction of the axes and the dependency of each
refractive index can be calculated by considering the
constant energy surface of the electric displacement
vector space and the impermeable tensor which is linear
in the electric field. The main refractive indices can be
known from the refractive index ellipsoid equation by a
principal-axis transformation. For a ZnTe crystal cut in
the 110 plane, polarized laser light enters the crystal with
amplitude equal to the two main axis, the different
refractive index in each one cause to different phase
between them [3].
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where a is the angle between Electric THz field to X axis,
n is the angle that determine the new primary axes of
refractive indexes.
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c

For ZnTe, 1, = 4.04 * 10—12§ (3)

where A is the wave length of the laser beam, d is the
crystal thickness, n, is the initial refractive index, 74, is
the electro-optic constant and E is the electric field
strength.

The difference of the propagating speed due to different
refractive indexes, changes the polarization of the
incident laser beam. This difference can be represented as
a relative phase shift between the two components of the
new primary axes directions.

The output power in the cross polarizer scheme is:

Al = I,sin? (g) &)

EXPERIMENTAL SETUP

A Dblock diagram of MMW radiation power
measurements based on the EO sampling method is
shown in Fig. 2. The EO sampling is based upon a ZnTe
EO crystal (see Fig. 1). A polarized MMW beam from
the EA-FEL is transferred to the input aperture. A 1.2
mW CW HeNe laser operating at 633 nm is used as a
probe beam. The laser beam is polarized by an input
polarizer and it is perpendicular to the EA-FEL beam.
The laser beam is focused on a ZnTe crystal, coaxially
with the measured EA-FEL 100 GHz beam. An off axis
parabolic mirror (OPM) is used to focus the EA-FEL
beam on the crystal. The laser beam is transferred through
a hole in the OPM. The ZnTe crystal cut is 110 and its
size is 10*10*1 mm (see Fig. 1). The laser beam after the
analyzer is directed to one of the photo diodes in the
balanced detector. The photodiode signal is measured
using an oscilloscope.
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Figure 2: Experimental set-up for measuring the pulsed
beam radiation using EO crystal ZnTe.
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EXPERIMENTAL RESULTS

The power results measurement of the FEL power are
shown in Fig. 3 for three conesecutive pulses. The pulse
duration was measured to be 6us with power of about 1-2
kW. In the top graph the results of measurements with the
EO detector and in the bottom graph for the same pulses
the power profiles measured by an RF diode.
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Figure 3: Experimental results for measuring the pulsed

beam radiation using the EO crystal ZnTe (top graph)

using the configuration of Fig. 2.for comparison the same

pulses were measured simultaneously using an RF diode.

The experimental results of the RF diode confirm the
correctness of the power measurements using the EO
sampling method.

FUTURE FOLLOW-UP EXPERIMENT

Our next step is to obtain a cross sectional image of the
EA-FEL beam pattern. For that we have to expand the
detection system by using higher power laser and beam
expander to overlap the MMW beam from the EA-FEL.
The influences of the MMW beam cross section on the
ZnTe crystal properties and consequently on the laser
beam will be captured a using sensitive CCD camera.

SUMMARY AND CONCLUSION

For 100 GHz, 2-10 ps pulse with about 1-2KW of input
power, a good electro-optic signal was obtained. The
signal was compared with a signal from a well-known RF
Diode detector. The EO sampling method provides the
ability to measure much shorter pulses due to the fast
response of the ZnTe crystal. Imaging of the cross section
of the EA-FEL MMW beam can be carried-out. Unlike
RF diode detectors, no RF attenuators are required. The
power measurements demonstrated in this study are
broadband, mobile and independent of the MMW or THz
source.

REFERENCES

[1] Masayoshi Tonouchi, “Cutting-edge THz techn-
ology,” Nature Technology, vol 1, p. 97 2007.

[2] A. Abramovich, et. Al., "First operation of the Israeli
Tandem Electrostatic Accelerator Free-Electron

ISBN 978-3-95450-133-5

FEL Technology and Hardware: Undulators, Magnets, Photon Diagnostics and Beamlines 51



MOP017

(3]

Laser,” Nuclear Instruments and Methods in Physics
Research A, 407, 16-20, 1998.

Q. B. B. Hu, J. T. Darrow, X.-C. Zhang, D. H.
Auston, and P. R. Smith, “Optically steerable
photoconducting antennas,” Appl. Phys. Lett. 56,
886, 1990.

S. E. Ralph and D. Grischkowsky, "THz spectro-
scopy and source characterization by optoelectronic
interferometry,” Appl. Phys. Lett. 60, 1070, 1992.

Q. Wu and X. C. Zhang, “Free space electro optic
sampling of terahertz beams,” Appl. Phys. Lett. 67,
3523, 1995.

ISBN 978-3-95450-133-5

52

Proceedings of FEL2014, Basel, Switzerland

[6] S. Casalbuoni, H. SchlarbB. SchmidtB, Steffen

(7]

P.Schmuser A. Winter, “Numerical Studies on the
Electro-Optic Sampling of Relativistic Electron
Bunches,” TESLA Report 2005-01.

G. Berden , Nieuwegein, F.J.P Wijnen, H. van der
Pluijm, R.T. Jongma, Radboud University,
Nijmegen, The Netherlands “A Simple spectral
calibration technique for terahertz free electron laser
radiation,” Proceedings of FEL2011, Shanghai,

China.

FEL Technology and Hardware: Undulators, Magnets, Photon Diagnostics and Beamlines



