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Abstract

EM (electromagnetic) field around a relativistically ac-
celerated charged particle is known to be squeezed longi-
tudinally. This behavior is called the Lorentz contraction,
and no inconsistent phenomena have been found. How-
ever, an experiment has not directly confirmed the Lorentz
contraction of the EM field. The first direct observation of
the Lorentz contraction of the EM field was recently per-
formed using an electron linac at the University of Osaka.
The electric (Coulomb) field around a sub-picosecond
electron beam with an energy of 35 MeV was measured by
an electro-optic (EO) sampling method. A single-shot elec-
tric field measurement system was developed using EO
sampling and an echelon mirror. A modulated laser light
due to the Pockels effect was decoded into a spatio-tem-
poral image of the electric field, and the Lorentz contrac-
tion was directly confirmed. This ultrafast measurement
technique can help longitudinal diagnostics of a charged
particle beam. This presentation will report ultrafast visu-
alization of quasi-three-dimensional (transverse and longi-
tudinal) electric fields of a relativistic electron beam and
their evolutions.

INTRODUCTION

Until recently, the validity of special relativity (SR) [1]
in electromagnetism has been implicitly accepted. How-
ever, this assumption was revealed to be not on a strong
experimental basis; the decisive demonstration was
achieved by a picture of the relativistic Coulomb field,
which is generated by a highly energetic electron beam [2]
based on ultrafast (sub-picosecond) diagnostics of electric
fields using electro-optic (EO) sampling. Applying the
electro-optic (EO) sampling to relativistic electron beams
started in 2000 to estimate the pulse width of the electron
beam from that of the Coulomb field [3]. However, re-
search on the nature of the relativistic Coulomb field is
hardly reported. There are still properties of SR in electro-
magnetism that were not dealt with by the previous
work [2], such as the Coulomb field in the longitudinal di-
rection and the magnetic field around the highly energetic
electron beam.

For the detection of electric fields, EO sampling is a
good candidate for ultrafast detection. Previously, THz
generation using an EO crystal and laser was proposed as
EO shock waves in the 1980s [4, 5]. EO sampling for the
Cherenkov cone generated in an EO material was also
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performed using LiTaOs. In EO detections, a birefringence
of the EO crystal is induced by an external electric field
such as a THz pulse. The birefringence results in a polari-
zation change of a probe laser pulse traveling through the
crystal. Finally, polarization analysis of the probe laser
pulse enables the measurement of waveforms of a THz
pulse. EO sampling has been utilized not only for analysis
of laser-based THz pulses [6-9] but the Coulomb fields in-
duced by charged particles due to the pulse and spectral
characteristics of lasers.

EO samplings for far-infrared-FEL pulses [10] and the
Coulomb field of an electron bunch [3] were demonstrated
in an FEL facility. Spectral decoding was developed for the
analysis of individual electron bunches in a bunch
train [11]. Development of EO temporal decoding using
GaP (gallium phosphide) supporting broadband detec-
tion [12] realized a single-shot and broadband system, re-
sulting in an observation of EO signals as short as 60 fs in
rms [13, 14] where an optical cross correlator and second-
harmonic generation were utilized. Spatial decoding for a
laser-based THz source [6] had been applied to monitoring
X-rays’ timing [15], electron bunches’ timing jitter related
to environmental conditions [16], and spherical-wavefront
Coulomb fields of plasma electron sources [17]. Photonic
time-stretch EO sampling using optical fibers with ade-
quate length supports single-shot analysis for coherent syn-
chrotron radiation [18] and stabilization of a storage
ring [19]. A study to demonstrate SR in electromagnetics
was not conducted until Ref. [2].

In this study, quasi-three-dimensional electric field
strength profiles around a sub-picosecond relativistic elec-
tron beam (energy of 35 MeV, generated by a photocath-
ode-based linac) were measured by a single-shot spatio-
temporal EO sampling with (110) and (100)-cut zinc tellu-
ride (ZnTe) crystals.

EXPERIMENTAL ARRANGEMENT

An electron beam was generated by a photocathode-
based linac at the Research Laboratory for Quantum Beam
Science, SANKEN, the University of Osaka [20, 21]. The
linac was composed of a 1.6-cell S-band radio frequency
(RF) gun with a copper cathode, a 2 m long traveling-wave
linac, and an arc-type magnetic bunch compressor. The
photocathode of the RF gun was excited using the fourth
harmonic (262 nm, UV) of a picosecond laser (PULRISE
VI, Time-Bandwidth) with a pulse energy of 130 pJ/pulse
and a pulse width of 5 ps FWHM at 10 Hz. The bunch
charge was adjusted by a neutral density filter for the pico-
second laser. The electron bunches were accelerated in the
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gun and linac using a 35-MW klystron at a repetition rate
of 10 Hz. The electron bunches in the linac were acceler-
ated to 35 MeV. The accelerated electron bunches were
compressed to sub-picoseconds using a magnetic bunch
compressor composed of bending magnets, quadrupole
magnets, and sextupole magnets. At the exit of the bunch
compressor, the electron bunch traveling through a tita-
nium-foil window was measured in the air. A femtosecond
laser (Tsunami with Spitfire, Spectra-Physics) synchro-
nized to the electron bunch was utilized for a probe pulse.
The linac and the two lasers were synchronized by a com-
mon RF at a frequency of 79.33 MHz, which corresponds
to the 36th subharmonic of S-band (2.856 GHz) for the
klystron.

Figure 1 shows the single-shot and spatio-temporal
measurement system for THz electric fields around sub-pi-
cosecond electron beams generated by a photocathode-
based linac. The electron bunch traveled along the axis of
z in Fig. 1 (a). The THz electric field around the electron
beam was initiated by a metallic boundary condition as a
pellicle mirror with an aluminum deposition (P1, substrate
of nitrocellulose membrane with a thickness of 2 pym and
deposited aluminum thickness of >300 nm, fabricated from
BP108, Thorlabs). The distance between the metallic
boundary condition and the EO crystal was defined as d,
which corresponds to the free space and elapsed time after
the electron beam generates the Coulomb field. The elec-
tron beam joined together with the probe pulse on another
organic beam splitter (P2, BP145B2, Thorlabs), which is
transparent for THz electric fields. For the EO crystals
(EOCs), ZnTe (110) (zinc telluride, thickness of 1 mm, JX
Nippon Mining & Metals) and ZnTe (100) (thickness of
2 mm) were used for transverse and longitudinal electric
field measurements, respectively, in this study. Polarization
changes of the probe pulses were induced by the Coulomb
fields of the electron beam via the Pockels effect, leading
to a birefringence. The probe pulse from the femtosecond
laser (800 nm, <130 fs FWHM, a repetition rate of 960 Hz,
<830 wl/pulse, Tsunami with Spitfire, Spectra-Physics)
was expanded by a beam expander (BE). The wavefront of
the probe pulse was tilted by a diffraction grating (GR25-
0608, 600 grooves/mm, blaze wavelength of 750 nm,
Thorlabs) based on the Littrow configuration for a diffrac-
tion order of +1 as an echelon mirror. To transfer the mod-
ified spatio-temporal distribution of the laser pulse on the
grating in the horizontal (x) direction, the focusing point of
the 4f-lens imaging [22, 23] was set on the EO crystal
(EOC). A polarizer (Poll) was used to purify the polariza-
tion component in the vertical (y) direction. The probe
pulse was injected on the EO crystal with focusing in x di-
rection using a cylindrical lens (CL1). The tilted probe
pulse was transported by a combination of 4f-lens config-
uration (CL1 and CL2) and reduction imaging (L1/L2) on
a CMOS camera (BG505LMG, bit depth of 8-12 bit,
Toshiba Teli). To avoid blur from the grating to the camera
in the horizontal (x) direction, i.e., temporal blur, the inter-
mediate image after the 4f-lens configuration was trans-
ferred to the camera using a reduction imaging using lenses
(L1/L2). The tilt angle and the horizontal size of the
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rectangular aperture determined the time window of
16.5 ps under the condition of the horizontal size of 10 mm.
A blur in the vertical (y) direction, i.e., spatial blur, can be
considered from the EO crystal to the camera, however, the
spatial blur was less than 1 mm according to an analysis of
spatial resolution using a test target (R2L2S1P1, Thorlabs)
set at the position of EOC. The magnifications of the 4f-
lens and the reduction imaging were 1.0 and 0.30, respec-
tively. The probe pulse with the polarization change due to
the Coulomb field was separated by a beam splitter (BS2).
Two paths for different phase-offset configurations with
two quarter-wave plates (QWP1/QSP2) were developed.
Finally, two probe pulses through each polarizer (transmis-
sion in x component, Pol2/Pol3) were captured by the cam-
era. Thus, the tilted probe laser, polarization analysis, and
imaging enabled the single-shot and spatio-temporal meas-
urement of the THz Coulomb fields induced by an electron
beam. The calibration factor of temporal information was
estimated by an interferometric pattern. Figure 1 (b) shows
a picture of the paths of the electron beam and laser.
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i :k g
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Figure 1: (a) Single-shot and spatio-temporal measurement
system for THz electric fields around sub-picosecond elec-
tron beams. (b) A picture of the optics.

ANALYSIS OF ELECTRIC FIELD

To evaluate spatio-temporal profiles, the phase-offset
method using a compensator [2, 23—-26] was introduced.
This method utilizes a light intensity, (8, 4) as a function
of a phase-offset due to a QWP as a compensator, 6, and a
retardation due to a birefringence of an EO crystal, 4. The
function of I corresponds to an intensity that can be applied
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to an image. Images with variables of QWP and electron-
beam existence are related to the retardations using signal
and background images as [2, 23],

I(+6,0)  1(=6,4) _ 2sinA
1(+6,0) I(—-6,0) sin20 "

(M

Thus, left terms are composed of four images (intensi-
ties) experimentally obtained with combinations of elec-
tron beam existence (non-zero or zero as A) and opposite
compensators’ phases (6, 5° in this study). Furthermore, the
retardation, 4, due to transverse or longitudinal electric
fields around an electron bunch in a free space, i.e., E, or
E., are expressed with factors as,

_2mn3raiEyLiqo 23Ty Byl 2

A= T, = 2
t A t A nTHZ+1 ’ ( )
2nn3ry EyL 2nn3r4, EylL 2
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where np, rs1, and nry, denote the refractive index of
2.85 [27] at a probe wavelength of 800 nm, EO coefficient
of 4 pm/V [28, 29], and refractive index of3.18 at
1 THz [30], respectively. Liio and Lioo are the thicknesses
of used ZnTe (110) and ZnTe (100), respectively. Factors
of Tt and Ti [9,31] denote the Fresnel coefficients for trans-
mission, which are the transmittances in electric fields, for
the transverse and longitudinal electric fields, respectively,
where an interface between the air (refractive index of 1)
and the EO crystal was considered. The most effective de-
tection can be estimated by similar approaches on refrac-
tive-index ellipsoid [31, 32]. From the ellipse, laser polari-
zation was set [-1 1 0] and [1 0 0] for the EOC of ZnTe
(110) and (100), respectively.

MEASUREMENT RESULTS

Figure 2 shows an example of the single-shot measure-
ment acquired by the camera. Practical analysis of two
functions in Eq. (1) was performed using regions of interest
as cropped images, as shown in Fig. 2 (a). When the phase
offset is opposite, bright and dark patterns are reversed.
Figure 2 (b) and (c) show experimental results of the trans-
verse and longitudinal THz electric fields around the rela-
tivistic electron beam, respectively. The bunch charge and
electron beam size were <30 pC/pulse and <I mm in rms,
respectively. Due to a distance of d =45 mm, curvatures
were observed in both profiles. The transverse field was
weak near the beam center (4y = 0 mm); on the contrary,
the longitudinal field was strong. And both field strengths
were on the order of 1 kV/cm. These profiles are concluded
in sign changes of transverse and longitudinal components
in transverse and longitudinal directions, respectively.

CONCLUSIONS

Quasi-three-dimensional (transverse and longitudinal)
electric fields of a relativistic electron beam with an energy
of 35 MeV and a charge of <30 pC/pulse were visualized.
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Single-shot spatio-temporal EO sampling was utilized for
the measurement based on the phase-offset method and
two-path optics. The differences in profiles between the
transverse and longitudinal electric fields were clarified as
sign changes according to directions. Both field strengths
were on the order of 1 kV/cm.
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Figure 2: (a) Measurement of E, using the camera and
ZnTe (110). Left and right dashed rectangles are conditions
of opposite sign for 6. The axis of time is reversed due to a
beam splitter and imaging in the left and right patterns.
Analysis results of (b) £, and (c) E: using Eq. (1)-(3). 4z
and 4y denote longitudinal and transverse positions for the
beam center, respectively. These examples were performed
at d =45 mm.
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