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LAPLACIAN platform for laser electron acceleration

SPring-8

SACLA XFEL

Laser Room Compression, electron generation, beam transport, undulator

Beamline-1 (40 TW) 
Beamline-2 (80 TW) 
Beamline-3 (400 TW) 

Our platform Undulator



LWFA: 100 GV/m

Laser wakefield acceleration (LWFA)

T. Tajima and J. Dawson, Phys. Rev. Lett. 43, 267 (1979); W. P. Leemans et al., AAC (2018); W. T. Wang et al., Phys. Rev. Lett. 117, 124801 (2016); W. Wang et al., Nature
595, 516 (2021);D. Gunot et al., Nat. Photonics 11, 293 (2017); J. P. Couperus et al., Nat. Communications. 8, 487 (2017); A. R. Maier et al., PRX 10, 031039 (2020); Jens
Osterhoff. DESY. 2017; T. Esirkepov, REMP code.

Present achievements of LWFA:
Maximum energy: 7.8 GeV (Berlekey)
Smallest energy spread: 0.4% (rms) (SIOM)

Highest repetition rate: 1 kHz (LOA)
Highest charge: 0.3 nC (FWHM) (HZDR)

RF-Cavity: < 0.1 GV/m

1 m -- 20 MeV

10 μm 

FEL @ 27 nm (SIOM)
100000 shots (Hamburg U)



Why the electron bunch 3D charge density Q3D is important for LWFA

High energy physics
X-ray pump-probe studies 
Time-resolved dosimetry
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For the lasing process in an undulator

Not measured Barely measuredIn LWFA:

Luminosity in a collider
Brightness of secondary X-ray sources
Peak dose rates of radiation 

J. B. Rosenzweig et al., New J. Phys. 22 (2020) 093067 



Our approach: EO sampling

J. Shan et al., Optics Letters 25, 426 (2000); I. Wilke et al., PRL 88, 124801 (2002); A. L. Cavalieri et al PRL. 94, 114801 (2005); S. Casalbuoni et al., PRAB
11, 072802(2008); B. Steffen et al., PRAB 12, 032802 (2009); W. Wang et al., PRAB 20, 112801 (2017); K. Huang et al., PRAB 22, 121301 (2019); K. Huang
et al., Sci. Reports 8, 2938 (2018) and many others…

𝒄∆𝝉 = ∆𝝃 𝒕𝒂𝒏𝜽𝒑
Temporal mapping relationship:

(a) (b)

Pockels effect

Merits:
① Non-destructive (sometimes not)
② Single-shot (overcome shot to shot variation exists in LWFA)

EO spatial decoding

Or Transition Radiation



Previous experiments in LWFA, detection on transition radiation (TR)

gation axis) to avoid damage from the electron or laser
beams. The collimated THz radiation was then focused by
an F=2:4 90!-off-axis parabola (OAP3, 18 cm focal length)
onto a 200 !m-thick ZnTe crystal, positioned outside the
target chamber [a 3.2 mm-thick polyethylene (PE) disk
served as window]. A high-resistivity Si wafer blocked
remnant laser light from interfering with the EO detection.
A 21 fs (rms) Ti:Al2O3 probe beam, split off from the main
laser beam to provide synchronization, was focused (spot
size <20 !m) to overlap with the THz beam in the ZnTe
crystal. A polarizer ensured horizontal polarization of the
probe beam, while the analyzer was rotated to transmit
only the vertical component to a biased photo-diode. The
ZnTe crystal was cut in the h110i plane, and the h001i axis
was rotated to optimize the signal-to-noise ratio of the EO
measurement. The electric field vectors of the probe beam
and THz pulse are shown in the bottom right of Fig. 1.
Although the emitted THz pulse is radially polarized [16],
OAP2 selects a specific polarization component which
corresponds to vertical polarization at the crystal surface.

With future single-shot EO experiments as a motivation,
single-diode detection of the probe beam [31] was pre-
ferred over balanced-diode detection [28]. To resolve the
sign of the THz pulse, a quarter-wave plate ("=4 plate) was
used to provide the necessary ellipticity to the probe beam
polarization. It has been shown [31] that in this experimen-
tal configuration (sign-resolved single-diode EO sam-
pling), the best signal-to-noise ratio is obtained with a
small rotation of the "=4 plate (in this experiment by
5!), such that near-zero optical transmission is realized.
The THz wave will modify the probe beam ellipticity by a
phase retardation !#, and cause an increase or decrease of
the transmitted probe beam energy TEO"$#, depending on
the time delay $ between probe beam and THz pulse. For

THz fields of equal but opposite magnitude, the change in
transmission is not symmetric (not identical), but a well-
known function of probe beam ellipticity [31]. For this
reason the transmission measurement TEO"$# was symme-
trized using this function, yielding the EO signal SEO"$#.

There are several other EO-related effects that influence
THz waveform analysis [30,32]: (1) The probe beam has a
finite pulse length, limiting the temporal resolution of the
EO method. (2) Dispersion and absorption in the ZnTe
crystal causes THz pulse distortion. (3) There is a mis-
match between the phase velocity of the individual THz
frequencies and the group velocity of the probe beam.
Since the ZnTe crystal has a well characterized dispersion
function in both the near-infrared and THz spectral domain
[30,33,34], these effects can be modeled and the original
THz waveform ETHz"t# can be extracted from the measured
(and symmetrized for probe beam ellipticity) EO signal
SEO"$#. In the frequency domain, a slowly varying enve-
lope approximation can be applied to the convolution of
the probe beam and the THz waveform [32], yielding

SEO"!# / r41"!#Ipr"!#ETHz"!#TZnTe"!#; (1)

with ! $ 2%& the angular frequency, Ipr"!# $ e%!
2'2

pr=4,
'pr the probe beam pulse length (rms), and r41"!# the EO
coefficient. The crystal transfer function TZnTe"!# incor-
porates the dispersion, absorption, and mismatch. The inset
in Fig. 2 shows the amplitude of the ZnTe transfer function
(solid curve), the spectrum of the envelope of the probe
beam e%!

2'2
pr=4 (dotted curve), as well as the theoretical

curve for CTR from a 50 fs (rms) Gaussian electron bunch
(dashed curve). Although a strong 5.3 THz phonon reso-
nance exists [32], the effective cutoff frequency of the
200 !m-thick ZnTe crystal lies at 4 THz due to the veloc-
ity mismatch between THz and probe beam.
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FIG. 2. The main plot shows the modeled EO signal SEO"$#
using a ZnTe crystal (solid curve) and using a dispersion-,
absorption-, and mismatch-free crystal (dashed curve). In this
model, the THz radiation is CTR from a 50 fs (rms) Gaussian
electron bunch. The inset shows the amplitude of the CTR
spectrum jETHz"&#j (dashed curve), as well as the ZnTe transfer
function jTZnTe"&#j (solid curve), and spectrum of the envelope
of the probe beam (dotted curve).
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FIG. 1. Schematic representation of the LWFA, the THz
(CTR) beam path, and the EO detection setup.
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plasma-vacuum transition [10]. The CTR emitted from the
tape is collimated and focused into a 200 !m thick ZnTe
crystal (h110i orientation, supplied by Ingcrys laser sys-
tems) using a pair of off-axis parabolas (OAPs), the first of
which is equipped with a central hole (1 cm dia.) to trans-
mit the electrons and the drive laser beam. A Teflon filter
placed between the OAPs additionally blocks scattered
laser light. From the ASTRA pulse, 1 mJ is split off,
negatively chirped to 5 ps duration in a Treacy-type grating
arrangement and focused through the ZnTe crystal. The EO
crystal material was chosen for its high nonlinear coeffi-
cient and the thickness of 200 !m to minimize signal-
probe group velocity walk off. Because the diffraction
limited beam (w0 ¼ 100 !m) is offset by d ¼ 600 !m
from the radially polarized CTR focus, the THz field
polarization within the probe beam can be assumed to be
linear. The transient birefringence induced in the crystal by
the THz pulse via the electro-optic Pockels effect rotates
the polarization of the chirped probe (CP) beam. The
resulting change in polarization encodes an intensity
modulation onto the CP after passing through a crossed
polarizer. The temporal evolution of this intensity modu-
lation—and thus the temporal structure of the CTR pulse—
is then probed directly by another 1 mJ, 45 fs part of the
ASTRA laser pulse in a cross correlator, similar to that in
[20,21].

For the analysis of the experimental data, we assume the
electron beam to consist of a low-emittance ultrashort
electron bunch followed, after a time !", by a divergent
tail of low-energy electrons with a temperature Te and
duration "long. This assumption is motivated by simulations

of the highly nonlinear broken-wave regime [8], and it is
experimentally supported by simultaneously recorded
electron spectra, such as the one shown in Fig. 2. The
spectrum suggests that one part of the 30 pC electron
beam is accelerated to an energy of 40 MeV, with an rms
energy spread of 7 MeV, while the rest of the beam, the
low-energy part, exhibits an exponential spectrum with
Te ¼ 6 MeV. The existence of two temporally separated

electron populations is confirmed by the doubly peaked
cross-correlator intensity trace as shown in Fig. 3(b)(2) and
was only measured when monoenergetic features were
present in the electron spectrum.
The ZnTe crystal has a transverse optical phonon reso-

nance at 5.3 THz, which limits the intrinsic resolution to
’ 180 fs. To understand how to overcome this limit, con-
sider a Gaussian-type CTR pulse much shorter than the
temporal resolution limit. In the spectral domain, this is
equivalent to a Gaussian spectrum centered around zero
frequency [22–24], which reaches far beyond the observ-
able ZnTe frequency window. Inside that window, it dis-
plays a nearly constant spectral amplitude. However,
different pulse durations can still be differentiated by their
spectral amplitude at the cutoff frequency. Thus, the ratio
of the spectral energy at high frequencies and the total
radiated energy are a sensitive indicator of electron bunch
duration variations. To detect them, we make use of the
sharp, threefold increase in the ZnTe index of refraction
between 4 and 5 THz close to the resonance. This increase
delays and attenuates the high-frequency components,
which in the time domain appear as damped field os-
cillations trailing the main pulse as in the blue curve in
Fig. 3(b)(1).
If the ultrashort THz signal would be fully transmitted,

one could hardly distinguish these oscillations from the
background electrons. We have thus enhanced the mutual
contrast of the THz signals from the long and short electron
bunch by using the central hole in the parabola as an
angular filter, thereby selectively reducing the intensity
of the reflected ultrashort THz fields from the high electron
energy contribution (# ’ 1=$). The idea behind our analy-
sis is a time-domain interferometry (TDI) approach to
separate the superposed signal from our measurement
into its constituent CTR fields by distinguishing the differ-
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FIG. 2 (color online). A typical electron spectrum as recorded
with the pulse duration measurement. Because of clipping at the
spectrometer aperture, the number of low-energy electrons
(dashed line) reaching the spectrometer is reduced by more
than an order of magnitude.

FIG. 1 (color online). Laser-accelerated electrons generate
coherent transition radiation (CTR) at an aluminum tape target.
The CTR is imaged by two off-axis parabolas (f1 ¼ 125 mm
and f2 ¼ 250 mm) into an electro-optical ZnTe crystal, which
rotates the polarization of a chirped probe (CP) beam in the
time-domain. This modulation of the CP is analyzed in a cross
correlator.
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A. D. Debus et al., PRL 104, 084802 (2010)J. van. Tilborg et al., PRL 96, 014801 (2006) 

TR from plasma/metal vaccum boudary Relative longitudinal profile
TR imaging

EO sampling

t200 𝜇m

t200 𝜇m

(TR were partially collected, ZnTe 200 𝜇m faces the first absorption valley around 4 THz, Absolute current file not 
discussed, TR transmitted through the crystal were not analyzed further)



Concept of such a TR-EO detection, and more…

Metal foil Imaging system EO crystal

EO sampling basically measures the TR field information. Much more can be achieved with such a mesurement

1. Optical TR (OTR) can be used simultaneously to achieve the transverse profile at 𝜇m level. Such spatial 
resolution is difficult for phosphor screens (Lanex, DRZ…)
2. Transverse electron profile need to be measured at the source plane for absolute current measurement
                                                                     𝐸"#$%& = 𝑔'()*+,(𝑥, 𝑦) ∗ 𝐸-
3. EO sampling measures the field of TR. The image of TR field has spatial frequency distribution. One needs to 
know the spatial point where EO decoding signal is analyzed. 
                                                                                𝐸"#$%&(𝑥, 𝑦, 𝜔)

OTR



Our study on the LAPACIAN platform

Electron timing fluctuation outside the plasma

Electron 3D charge density reconstruction via experimental 
measurement of OTR and EO signal. Numerical effort of TR 

imaging and EO spatial decoding. Genetic Algorithm



Single-shot monitoring of electron bunch timing outside plasma

Experiment
EO crystal: GaP 100 𝜇m 

Probe duration: not optimized
Mixture gas: (H2:N2)=(99:1)

Extremely small fluctuation (outside plasma) 
Standard deviation: 7 fs

Kai Huang et al Appl. Phys. Express 15. 036001 (2022) (Monthly Spotlight and Annual Highlight)



Numerical effort of examining the calculation model

Many issues have been dealt with:
1. Multi-color imaging (0 - > 200 THz). Huygens-Fresnel, step by step OR Fraunhofer
2. Multi-electron-energy. Weight of each energy component. Energy chirp can be neglected for short bunch
3. Temporal elongation of probe laser
4. Transverse TR distribution
5. Temporal distortion of TR in EO crystal
6. Formulation of the phase retardation considering the angle between the probe and the TR
7. Code vectorization for speeding up the GA calculation
8. Other issues.

K. Huang et al., arXiv:2308.11853 [physics.acc-ph], submitted to PRAB  

Calculation of TR imaging Calculation of EO



Summary

Electro-optic 3D snapshot of electron bunches at any position in the beam transport line
Timing jitter, 3D size, absolute current, charge density

3D TR imaging 
calculation (SI unit)

Next:
1. Shorter probe laser; Thinner EO crystal; Try new EO crystal species; Detailed EO crystal 

property investigation at high frequency range
2. Analysis on the overall 2D EO signal. Try to optimize the method for 𝑄(𝑥, 𝑦, 𝑧) reconstruction
3. Machine learning on the overall detection system

EO spatial decoding 
calculation

OTR and EO sampling 
measurement (single-shot)

Integrated code for 
genetic algorithm
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