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I proposed a brand new electro-optic streaking technique for the single-shot

measurement of the electron longitudinal phase space (LPS) in laser wakefield acceleration. A “
dog-leg” system composed of two dipole magnet was designed and manufactured. For easier access to
the overall self-field information of the electron bunches, the measurement on the transition
radiations (TR) from the electron bunches are planned. I have carried out a preliminary experiment
to monitor the electron timings outside the plasma. The electron bunches were discovered to have a
timing fluctuation of merely 7 fs (rms). This work was published as “ K. Huang et al., Applied
Physics Express 15, 036001 (2022)” and selected as the spotlight paper of the journal. For the
theoretical aspect: | have developed a code covering all the sessions in the LPS. For the next step,

I will insert the “ dog-leg” into the experimental set-up and measure the LPS of the electron
bunch.

high power laser electron accelerator beam diagnostics EO sampling Longitudinal phase spa
ce



Inthelast 30 years, Laser Wakefield Acceleration (LWFA) [1], as an advanced accelerator concept, has
invoked great interest worldwide. By focusing a high-power laser with pulse duration of a few tens of
femtoseconds (fs, 1 fs = 10 s) into underdense plasma, plasma waves are generated with acceleration
gradient (100 GeV/m) 3 orders of magnitudes higher than the conventional radio-frequency (RF) cavity.
Recently, electrons with energy up to 8 GeV has been achieved within an acceleration length of merely 20
cm [2]. This acceleration regime shows potentials in building up a compact collider or x-ray free electron
laser with cost much lower than state-of-the-art facilities. Although plasma waves can provide high

acceleration gradients, the
instability issue is an
obstacle for application. For
the optimization of the
generated beams, real-time

diagnostics on detailed
parameters of  electron
bunches are necessary.

The longitudinal phase
space (LPS) (E, t) of ahigh
energy electron bunchisone
of the most important
parameters in beam physics.
Since electrons in a bunch
are trapped at different
timings and experience
different acceleration times,
the LPS of the electron
bunch exhibits various kinds
of energy chirps (energy
changes with time in a
bunch). To explain it, |
conducted a particle-in-cell
(PIC) simulation, as shown
in Fig. 1(a-c). The electron
LPS rotates from negative
chirp (Fig. 1(a)) to positive
chirp (Fig. 1(c)). Although
LPS is crucial  for
understanding the electron
injection and acceleration
process in plasma, it has not
been measured
experimentally due to the
lack of single shot
diagnostics at femtosecond
level. Electro-optic (EO)
sampling technique [3] was
introduced into conventional
accelerator  research  for
single-shot non-destructive
determination of the bunch
lengths of high energy

Electron LPS in LWFA EO sampling technique
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Fig. 1 (a-c) LWFA electron longitudinal phase space evolution at laser
propagation times of (a) 8 ps, (b) 13 psand (c) 21 ps. (1 ps= 10*?s). The
arrow in (a) shows the propagation direction of laser and electrons.
Relative zero timing is defined by the peak position of the laser. Scattered
points and curves illustrate the electrons and wakefield profiles,
respectively. (d) Explanation of the electro-optic sampling method. The
probe laser changes from linear polarization to elliptical polarization after
propagating through the EO crystal due to the external Coulomb field of
the electron bunch.
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Fig. 2 “EO streaking” technique. (a) An experimental concept of the “EO
streaking” technique. | plan to measure the electron temporal profile after
electrons passing through a magnet. (b) Side view of (a). (c) Dispersed
electrons create EO signals at different “y” positions in the crystal. (d)The
EO signal is trandated to the (E, t) LPS distribution after deconvolution
calculation.

electron beams[4]. By setting the EO crystal with millimeters aside from the electron path, the electric field
in the THz range acts as a DC bias inside the crystal. When a probe laser is incident simultaneously, the
Pockels effect induced by the electric field causes birefringence and the temporal information of the electron
bunch will be encoded to the probe laser, as shown in Fig. 1(d). | plan to measure the LPS (energy-time)
information by a newly designed “EO streaking” technique in this proposal.

The purposes of this research are: (i) To develop an “EO streaking” technique suitable for LWFA
experiments. (ii) To investigate the physical dependence of LPS distributions on key parameters such as
laser intensity, plasma density, and plasma length by using the developed new technique. In conventional
accelerators, the LPS of an electron bunch can be measured with a radiofrequency (RF) transverse



deflection structure (TDS). Yet, in the case of laser-driven particle acceleration, it is difficult to build a
stable deflection structure to temporally kick the electron bunch in femtosecond time scale. The proposed
study will be a pioneering work for the investigation of electron beam dynamics in LWFA. The creative
application of EO technique is also beneficial for the study of the dispersion characteristics of EO crystals
in the wavelength range from mid-infrared to THz.

The electrons with different energies are dispersed in one direction viaadipole magnet. Simultaneously,
the electron temporal information is measured by the EO crystal in a perpendicular direction with a probe
laser. The concept design of the “EO streaking” isillustrated in Fig. 2(a). The EO crystal is placed dightly
aside the electron bending plane to allow electrons passing by, as shown in Fig. 2(b). The electron energies
are separated in “y” direction and the EO coding happens in “x” direction, as illustrated in Fig. 2(c). The
Coulomb field of electrons with different energies might overlap in the EO crystal. A 2D deconvolution
algorithm needsto be devel oped for the reconstruction and fitting of the original electron longitudinal bunch
shape. After the deconvolution, a single shot LPS distribution will be achieved, as shown in Fig. 2(d).

4.1 The design of adog-leg magnet system Electron beam
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plan, to better separate the electrons with ‘| &
different energies and maintain the direction, a (@) _— |
“dog-leg” system was designed, as shown in Fig. (Low)

3(a). The electrons with different energies are
illustrated by different colors. The designed
magnets have length of 120 mm, magnetic field
strength of 0.7 T and distance of 10 mm between
each other. The photo of the magnets can be
found as Fig. 3(b)). | have calculated electrons
inthe energy range between 295 ~ 305 MeV. The
transportation of the electrons through the “dog-
leg” system was calculated. The natural extra
chirp induced by the system was calculated with
anon-chirped electron beam. The transverse off-
set of electrons with different energies at
different positions can be found in Fig. 4(a-c). F19- 3 (&) A concept of dog-leg magnet system to
The timing lag introduced by the system is sepgrate the chirped. electronsin space. (b) A pair
plotted in Fig. 4(d). of dipole magnes.

displace at exit of 1st mag

displace at entance of 2st mag

(a) (b)

E

£ 59

o™

> 585
58

495 !
295 300 305 295 300 305
E (MeV) E (MeV)

displace at exit of 2st mag relative timing delay

7
]
Q
=
- g
= 2 0 T
2 E T
- 2200 T
z T
0. ) = -40
295 300 305 & 295 300 305
E (MeV) E (MeV)

Fig. 4 The calculation of the electron propagation inside the dog-leg system. (a), (b) and (c) show the
transverse off-set caused by the bending magnet at the positions of { exit of the magnet 1, entrance of the
magnet 2, exit of the magnet 2}, respectively. (d) shows the relative timing delay caused by the overall
system.



4.2 The theoretical calculation for the demonstration of the feasibility of this “EO-streaking” technique

A full calculation from the “dog-leg” to the EO signal generation was conducted with a self-made
calculation code. The electron beam was considered to have atemporal chirp of + 3 fSMeV. Each electron
energy dlice possesses a dlicing bunch duration of 30 fs. Fig. 5(a) shows the calculated 2D EO signal by a
transverse energy-chirped electron bunch. The timings of the peaks are then achieved at each electron
energy and plotted out in Fig. 5(b). By subtracting the extratiming delay introduced by the dog-leg system,
the original temporal energy chirped is reconstructed, as illustrated in Fig. 5(c). By this theoretical
calculation, | demonstrated that this method can be used to reconstruct the LPS of the electron bunch.
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Fig. 5 (a) The EO signal generated by a chirped electron bunch. The electron energy distributes
from left (low) to right (high) in the horizontal direction. (b) The peak timings of different
electron energies in the EO signal. (c) The reconstructed timings of each electron energy
considering the extra timing delay introduced by the “dog-leg” system.

4.3 Preliminary experiment of measuring the electron timing outside the plasma.

Though the theoretical calculation had been
finished, due to the limited laser machine time and e (a)
the complexity of the set-up, the final experiment AgM
measuring the LPS of the electron bunches was not
conducted yet. As a preparation to achieve the final
goal of measuring the LPS of the electron bunch, |
carried out a preliminary experiment to monitor the
electron timings outside the plasma. The experiment
was conducted a the LAPLACIAN (Laser Beam direction
Acceleration Platform as a Coordinated |nnovative : 1— / ;

Anchor) platform at the RIKEN SPring-8 Center, sivl  wE' i
Japan. The experimental set-up can befound in Fig.

6(a). By performing EO spatial decoding on the 2 04l P
transition radiation (TR) created by the electron ?n (,-7
bunch, | measured the temporal information of the E
electron bunch from LWFA in a single shot. The = 007 [ I w
electron bunches were discovered to have a timing 5 02
fluctuation of merely 7 fs(rms) [5], asshown in Fig. & 044

6(b). This is, for the first time, a rea-time
demonstration of the electron jitter at femtosecond (c)
level in LWFA research. In anear-cross-polarization u’\l Main peak

detection wherethe signal is proportional to thefield
strength of the TR, oscillations appeared in the
signal, indicating that the electron bunch had a
duration of <50 fs(rms), as shown in Fig. 6(c). This
work was published as “K. Huang et al., Applied

[ Oscillations
U
Physics Express 15, 036001 (2022)”. The paper was 0.0 W
selected as the spotlight paper of the journal. '
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Recently, this work was specially selected as the gt 05 Ti":g“(ps) 0 1.0
highlight of 2022 by the Japan Society of Applied
Physics. Fig. 6 (@) The experimental set-up of monitoring

For the next step, | will insert the “dog-leg” into  the electron timing outside the plasma. (b) The
the experimental set-up. The longitudinal chirped €lectron timing signals of consecutive 34 shots. (c)
electron bunch will betransformed to atransversely ~ The EO signa  with  near-cross-polarization
chirped bunch. The TR created by such abunchwill ~ detection.



be imaged to an EO crystal for the EO sampling. By using the calculation code which | have developed,
the original temporal chirp information of the electron bunches will be reconstructed.
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