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Abstract 

 

Development of optical and 𝛾-ray 

diagnostics for a nonlinear 

Compton scattering experiment 

with a multi-PW laser  
 

Doyeon Kim 

Department of Energy System Engineering 

The Graduate School 

Seoul National University 

 
Optical and 𝛾-ray diagnostics has been developed for a nonlinear 

Compton scattering (NCS) between an ultra-relativistic electron 

beam and an ultrahigh intensity laser. With the advancement of PW 

laser technology, strong field physics entered a new physics regime 

of strong field quantum electrodynamics. Based on the laser 

wakefield acceleration scheme, a multi-GeV electron beam could be 

produced by driving a He gas target with a PW laser. When this ultra-

relativistic GeV electron beam scatters with an ultrahigh intensity 

laser beam, multi-photon Compton scattering, i.e., NCS, can occur, 

generating 𝛾 -rays beyond the cutoff energy of linear Compton 

scattering.  In order to perform the NCS experiment, the 



 

 ii 

spatiotemporal synchronization between the electron-driving main 

laser and the scattering laser is critical for the realization of Compton 

scattering. With the installation of two optical delay monitoring 

systems the temporal synchronization between the two laser beams 

was monitored and controlled, which allowed the successful 

demonstration of Compton scattering and provided the success rate 

of Compton scattering as high as 40%.  

Generated 𝛾-rays from the Compton scattering were diagnosed 

using two scintillation detectors – single crystal LYSO for imaging 

and pixelated LYSO for energy spectrum. The gamma ray energy 

spectrum generated by NCS was retrieved using two methods - the 

first method based on the NCS cross section (cross-sectional 

method) and the other by the simultaneous iterative reconstruction 

technique. In order to apply the cross-sectional method, it is 

necessary to know the laser intensity during the scattering. The laser 

intensity during the scattering and number of scattered electrons 

were obtained by reconstructing a gamma-ray profile. Finally, the 

gamma-ray energy spectrum was calculated using the cross-

sectional method. In addition, the gamma-ray energy spectrum was 

obtained independently from the response of the pixelated gamma-

ray scintillator using the simultaneous iterative reconstruction 

technique. The reconstructed result showed that the gamma-ray 

energy spectrum extended up to several hundred MeV, which is well 

beyond the cutoff energy of linear Compton scattering, confirming 

the realization of NCS. Through this study, the particle interaction 

under the strong field was experimentally investigated. In addition, 
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the gamma ray generated by NCS is anticipated to be used as a high-

energy gamma-ray source. 

 

Keyword: nonlinear Compton scattering, optical synchronization, 𝜸-

ray diagnostics, strong field quantum electrodynamics, laser 

wakefield accelerator, PW laser 
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Chapter 1. Introduction 

1.1. Strong field quantum electrodynamics 

Quantum electrodynamics (QED) is a relativistic quantum field 

theory of electrodynamics. QED describes light-matter interactions 

by combining quantum mechanics and special relativity. QED is 

known to be an extremely precise theory. For example, the magnetic 

dipole moment predicted by QED agrees with the experimentally 

measured value up to 12 significant number1, 2. When relativistic 

charged particles are exposed to extremely strong electric and 

magnetic fields, QED in a strong field, or strong field QED is applied 

to light-matter interactions. Under a strong electric field, called the 

Schwinger field3, 4, an electron gains the energy of 𝑚𝑐2  over a 

Compton wavelength, λ̅C =
ℏ

mec
= 3.9 × 10−11 cm and the production of 

electron-positron pairs can occur from vacuum fluctuations3, 5. Here 

me is the electron mass and 𝑐 the speed of light and ℏ the reduced 

Planck constant. The laser intensity corresponding to the Schwinger 

electric field of 1.3 × 1016 V/𝑐𝑚 is 2 × 1029 W/cm2, which is 106 times 

higher than the world-record laser intensity of 1 × 1023𝑊/𝑐𝑚2 6. As 

a consequence, physical phenomena of strong field QED have rarely 

been observed in a laboratory because it is not feasible to create the 

Schwinger field in the lab frame.  

Light-matter interaction between ultra-relativistic electron and 

ultrahigh intensity laser can offer a chance to investigate strong field 

QED experimentally. When an ultrahigh intensity laser backscatters 
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with an ultra-relativistic electron, the electron experiences an 

enhanced laser field, due to the relativistic Doppler shift, close to the 

Schwinger limit. The interaction of an ultra-relativistic electron with 

an ultrahigh intensity electromagnetic field can be represented by a 

characteristic parameter, called quantum nonlinearity parameter, χe, 

which is expressed as follows 7 8: 

 χe =
1

mec2

λ̅C

c
√(

e

me
Fμνpν)

2
=

E

ES
  ( 1.1 ) 

where e  is an electron charge, p = (𝐸𝑝, 𝑝)  denotes the four-

momentum of an electron, E  is an electric field and  ES  is the 

Schwinger field. When χe is comparable to or greater than 1, strong 

field QED phenomena are expected to occur. For example, a 4 GeV 

electron backscatters with an ultrahigh intensity laser with an 

intensity of 1 × 1021𝑊/𝑐𝑚2, χe is about 1. 

 

1.2. Nonlinear Compton scattering  

Compton scattering is the inelastic scattering of a hard x-ray or 

gamma-ray photon with an electron. The physical nature of Compton 

scattering depends on the strength of an incident electromagnetic 

field. When an ultra-relativistic electron encounters an ultrahigh 

intensity laser, the electron can experience a Lorentz-boosted 

electromagnetic field near the Schwinger field and strong field QED 

phenomena are expected to occur. Under a strong electromagnetic 

field, nonlinear Compton scattering (NCS) emits a gamma-ray from 

a simultaneous collision of an electron with two or more photons, has 

attracted strong attention because it can offer an opportunity to 
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explore strong field QED processes.  

With the development of ultrashort high power lasers based on the 

chirped pulse amplification technique, the realization of NCS has been 

pursued in a number of laboratories. In 1996, a series of experiments 

on NCS were performed at SLAC with a 46.6 GeV electron beam and 

a laser with peak intensity of 𝑎0 ≈ 0.69. Here 𝑎0 =
𝑒𝐸

𝑚𝜔0𝑐
  is the 

normalized vector potential of a laser with 𝑒 and 𝑚 being the charge 

and the mass of electron, respectively, 𝐸 a field amplitude, and 𝜔0 a 

frequency. From this experiment, it was reported a multiphoton 

Compton scattering up to four photons from the electron energy 

reduction after the scattering. Since the development of ultrahigh 

power lasers and the laser wakefield acceleration method 10, all-

optical inverse Thomson and Compton scatterings have been actively 

researched 11-14. In 2017, W. Yan et al.15 observed high-order 

multiphoton Thomson scattering between an ultra-relativistic laser 

and a high intensity laser. In 2018, K. Poder et al.16 conducted an 

inverse Compton scattering with laser intensity of 𝑎0 ~10 and 

electron energy reaching up to 1.5 GeV, claiming the observation of 

a radiation reaction effect. So far, all optical NCS has not been 

realized. 
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1.3. Purpose and significance 

PW lasers have been developed at Center for Relativistic Laser 

Science of Institute for Basic Science and applied to charged particle 

acceleration. Two PW laser beamlines of 1.5 PW and 1.0 PW at 30 fs 

were established during the Ultrashort quantum beam facility project, 

carried out for 9 years till 2012. The 1.5 PW beamline was upgraded 

to a 4 PW at 20 fs in 2017 at CoReLS17, and utilized for the 

investigations of strong field physics. By applying the laser wakefield 

acceleration scheme, a multi-GeV electron beam could be produced 

by driving a He gas target with a PW laser. With this ultra-relativistic 

electron beam and an ultrahigh intensity laser, we can pursue the 

realization of NCS by introducing a set of optical synchronization 

systems. Since the generation of a multi-GeV electron beam is 

accomplished by a PW laser, this is an all optical NCS experiment.   

In addition, we pursue the direct measurement of Compton gamma 

rays to confirm the Compton scattering process. In the previous 

studies, the Compton scattering was confirmed through the 

measurements of the gamma-ray yield depending on the 

synchronization between an electron beam and a scattering laser11 

and the electron energy loss during the Compton scattering9, 16. The 

most intuitive way to verify the occurrence of NCS is to measure the 

gamma-ray energy reaching beyond the cutoff energy of linear 

Compton scattering. In this research, optical and 𝛾-ray diagnostics 

are developed to obtain gamma-ray energy spectra from NCS. 

The gamma rays from NCS are expected to possess unique 
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properties not found from other gamma-ray sources. The NCS 

gamma rays is expected to exhibit an energy spectrum extending up 

to hundreds of MeV. The high energy gamma-ray can be used as 

radiation sources for linear/nonlinear Breit-Wheeler pair 

production18-20, particle physics21-25 and muon generation26. The 

divergence of NCS gamma-ray is proportional to 1/𝛾 , one over 

Lorentz factor of electron27. With the ultra-relativistic electron, a 

point-like gamma-ray source can be applied for the flash 

radiotherapy28-30. 

The structure of this thesis is as follows. In chapter 2, an overall 

set-up for a NCS experiment is described. The experimental tools 

of ultrahigh power laser and ultra-relativistic electron generation are 

described in details. The principle and utility of optical 

synchronization systems is explained. Diagnostics for electron and 

gamma-ray are presented. Also, experimental procedure and 

representative results are described. Chapter 3 deals with gamma-

ray characterization. The methods to simulate an electron beam and 

scattering laser beam in the (x, y, z, t) coordinate, to estimate a laser 

intensity during the scattering process, and to obtain the gamma-ray 

energy spectra are presented in details. Finally, a conclusion is given 

in Chap. 4. 
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Chapter 2. Nonlinear Compton scattering 

experiment 
 

2.1. Introduction 

For the experimental investigation of light-matter interaction in a 

strong field, a scheme of an inverse Compton scattering between an 

ultra-relativistic electron beam and an ultrahigh intensity laser, as 

shown in Figure 2.1, was adopted. When the laser intensity with 𝑎0 >

1 is applied, the electron scatters simultaneously with many photons 

and the scattering becomes a nonlinear Compton scattering (NCS), 

i.e., multi-photon Compton scattering. 

 

 

Figure 2.1: Schematics of all-optical nonlinear Compton 

scattering. An ultra-relativistic electron beam, accelerated by laser 

wakefield acceleration, makes a scattering with an ultrahigh intensity 

laser beam, which generates gamma rays along the electron 

propagation direction. 
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In order to perform a nonlinear Compton scattering experiment, 

several key components are required. These include an ultra-

relativistic electron beam, an ultrahigh intensity scattering laser 

beam, a synchronization system, and diagnostic tools to measure and 

analyze experimental results. The electron beam was produced by 

the laser wakefield acceleration method using a main driving laser 

with a peak intensity of 𝑎0 ≈ 2. The ultrahigh intensity scattering 

laser had a peak intensity of 𝑎0 ≈ 13. For the synchronization between 

the main and the scattering laser beams, spatial and spectral 

interferometers were introduced. For the measurement of scattering 

results, diagnostic tools were used to characterize the beam profiles 

and the energy spectra of electron and laser beams. The 

experimental layout for an NCS experiment in Fig. 2.1 shows the key 

components and systems. The red dashed box indicates the region 

where the electrons are accelerated and scattered, the black-dashed 

box shows the diagnostic tools for the electron and gamma-ray, and 

the purple color represents the spatiotemporal synchronization 

system. A real-time delay measurement system is also shown. 

The structure of this chapter is as follows. In Section 2.2, the 

specifications of the main driving laser and the scattering laser are 

described, along with the information on how the focal spots of the 

two lasers were optimized. Section 2.3 covers the generation of 

ultra-relativistic electrons using the laser wakefield acceleration 

method, with a particular focus on the plasma density and the 

focusing position of the laser. The spatiotemporal synchronization 

systems are introduced in Section 2.4, including information on how 
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to synchronize the two laser beams and to measure the time delay 

between them as well as the necessity and benefits of a real-time 

delay measurement system. The diagnostics for electrons and 

gamma-rays are discussed in Section 2.5, and experimental results 

and conclusions are presented in Section 2.6. 
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2.2. Ultrahigh power laser 

The history of LASER (Light Amplification by Stimulated 

Emission of Radiation) begins with A. Einstein’s  introduction of the 

concept of stimulated emission in 191731. Since T. H. Maiman 

developed the first functional laser in 1960 using an 𝐴𝑙2𝑂3: 𝐶𝑟 ruby 

crystal and a helical flash lamp32, laser technology has been 

researched to boost the laser peak power. Through the introduction 

of Q-switching33 and mode-locking34-36, the magnitude of peak 

power increased several orders. In late 1980s, the laser intensity had 

a big jump thanks to the development of the chirped pulse 

amplification technique37, as shown in Figure 2.3.  

 

Figure 2.3 Historical advancement of laser power. [adapted from 

Figure 1 of Danson38] 
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Figure 2.4: 4 PW laser operated at CoReLS. From the top of the 

figure, fs laser, optical parametric chirped-pulse amplification 

(OPCPA), cross-polarized wave (XPW) stage, 100TW amplifier and 

booster amplifiers. After the booster amplifiers, the laser pulse was 

compressed in a compressor with four grating to produce 20 fs, 4 PW 

laser pulses. 
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The Center for Relativistic Laser Science (CoReLS) is operating 

a Ti:Sapphire laser facility with a peak power of 4 PW at 20 fs17. For 

an NCS experiment, an ultrahigh power laser with a 280 mm diameter, 

energy of 34 J and a pulse width of 20 - 25 fs was prepared. The 

laser beam was split into two parts by a holed mirror. The scattering 

laser beam passed through the hole with a diameter of 70 mm. The 

main driving laser beam was reflected by the holed mirror and sent 

to the focusing mirror for electron acceleration. 

 

2.2.1 Main driving laser 

A multi-GeV electron beam was generated by focusing the main 

driving laser onto a gas cell with a spherical mirror with a focal length 

of 12 m. The focal spot optimization system for the main driving laser 

beam was installed, as shown in Figure 2.5, to optimize the focal spot 

as close to the diffraction limit as possible. To prevent damage to the 

optics and cameras, the main driving laser beam was attenuated by 

about 7 orders during the focal spot optimization process. The main 

driving laser beam was split into two parts with the beam splitter in 

the focal spot optimization system. The transmitted laser beam was 

then imaged on the focal spot monitoring camera (EPIX, SV10M6). 

The position of the camera was determined by comparing the 

distance from the beam splitter to the gas cell to the distance from 

the beam splitter to the focal spot monitoring camera. The wavefront 

of the reflected laser beam at the deformable mirror was imaged on 

the wavefront sensor with a f=500 mm lens. The deformable mirror 

(AKA Optics) had 127 channels and a 300 mm diameter. The 
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deformable mirror was calibrated by measuring the wavefront 

deformation with respect to a voltage applied to each channel. In 

order to remove the aberrations of the main laser, the voltage applied 

to each channel of the deformable mirror was adjusted. Even though 

the wavefront was optimized initially by the deformable mirror, the 

measured focal spot could still have aberrations due to the alignment 

of the wavefront sensor and the imaging lens. In this case, low-order 

aberrations such as astigmatism and coma were provided as an offset 

to optimize the focal spot at the camera. For example, in Figure 2.7, 

an x-astigmatism of 0.2 was purposefully added to compensate for 

the aberration from the lens and the wavefront sensor. As a result, 

the focal spot was optimized to have a size of 45 μm (FWHM), which 

is larger by 1 - 2 μm than the diffraction-limited size, providing a 

peak intensity of 𝑎0 ≈2 and a concentration ratio in the first airy disk 

that ranged from 45 to 55 %, as shown in Figure 2.6. 
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Figure 2.5: Focal spot optimizing system for the main driving laser. 

The main driving laser was split into two parts by the beam splitter 

during the focusing. The wavefront sensor received the reflected 

laser, and the focal spot monitoring camera received the transmitted 

laser. The deformable mirror was manipulated to minimize 

aberrations to achieve a near diffraction-limited focused spot. 
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Figure 2.6: Typical focal spot image of the main driving laser. The 

focal spot had a size of 45 μm (FWHM). The first Airy disk contained 

45-55% of the total energy. The peak intensity of the main driving 

laser was 𝐼0 = 1 × 1019𝑤/𝑐𝑚2, corresponding to 𝑎0 ≈ 2. 
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Figure 2.7: Snapshot of the deformable mirror software screen 

while optimizing the focal spot of the main driving laser. 
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2.2.2 Scattering laser 

The scattering laser beam was delivered to an off-axis parabolic 

mirror and focused at the scattering position, which was located 30 

mm away from the gas-cell exit. The scattering laser beam path was 

matched to that of the main driving laser from the holed mirror to the 

target, a distance of approximately 20 meters. The scattering laser 

beam optics consisted of an off-axis parabolic mirror, a delay stage, 

and 11 mirrors. Cameras were mounted on the back of each mirror 

to align the scattering laser beam. The off-axis parabolic mirror had 

a focal length of 161.3 mm. The delay stage (Newport, UTS150PPV6) 

had a travel range of 150 mm and an accuracy of 2 𝜇𝑚. In order to 

optimize the scattering laser beam, a focal spot monitoring camera 

(EPIX, SV10M6) with an objective lens (Hamamatsu, LCPlan 

N50x/0.65 IR) was prepared. Here, the objective lens was used for 

magnifying the focal spot image 16 times because the focal spot size 

was similar to the pixel size (1.67 μm) of the camera. The focal spot 

was optimized by adjusting the alignment of the off-axis parabolic 

mirror. As shown in Figure 2.9, the off-axis parabolic mirror was 

mounted on three linear stages, two rotation stages, and one gonio 

stage in order to optimize the focal spot at the scattering point. The 

position of the off-axis parabolic mirror was controlled by the three 

linear stages in different axes, and the reflection angle of the 

incidence plane and perpendicular to the incidence plane was adjusted 

using the two rotation and gonio stage. The focal spot was optimized 

by adjusting the alignment of the off-axis parabolic mirror, resulting 

in a focal spot size of 2.5 μm (FWHM) and a laser peak intensity of 
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𝑎0 ≈ 12, as shown in Figure 2.8.  

 

Figure 2.8: Typical focal spot image of the scattering laser beam. 

The focal spot had a size of 2.5 μm (FWHM). The Airy disk contained 

40-50% of the total energy. The peak intensity of the scattering 

laser was 𝐼0 = 3.5 × 1020𝑤/𝑐𝑚2, corresponding to 𝑎0 ≈ 13. 
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Figure 2.9: Off-axis parabolic mirror installed on a stage.  

  



 

 ２０ 

2.3. Generation of multi-GeV electrons 

At CoReLS, ultra-relativistic electrons have been generated by 

the main driving laser using the laser wakefield acceleration (LWFA) 

scheme. 

 

2.3.1. Laser wakefield acceleration 

The principle of LWFA is to accelerate electrons by utilizing the 

large electric fields within a laser-produced plasma. The concept 

was first proposed in 1979 by Tajima and Dawson39, but it was not 

possible to implement due to the lack of high-power lasers. With 

the development of high-power femtosecond lasers in the late 21th 

century40, 41, LWFA became a reality and has since been widely 

adopted and developed by research groups worldwide10, 42. 

In this section, a principle of LWFA is briefly introduced using 

Figure 2.10. When a high-power laser is focused to a plasma, the 

laser beam exerts a ponderomotive force43 on electrons and ions. 

Only the electrons are responsive to the ponderomotive force 

because of their low mass. As a result, the electrons are pushed out 

from the laser propagation axis. The remaining heavy ions form a 

positive charge bubble surrounded by the pushed-out electrons. As 

the electrons are pulled back by the charge separation force of the 

ions, this creates a wakefield structure along the laser propagation 

axis. When an electron bunch are trapped in the positive charge 

bubble (wakefield structure), they are accelerated towards the 

bubble center by a huge electric field of about hundreds of GV/m. At 

CoReLS, electrons with an energy of 2 - 3 GeV are generated 
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stably44. 

 

 

Figure 2.10: Schematics of the laser wakefield acceleration 

scheme.  
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2.3.2. Plasma density 

Plasma density is a crucial parameter for electron acceleration 

using LWFA because it affects the dephasing and the depletion 

lengths that limit the acceleration length of electrons. In this 

experiment, a gas cell, shown in Figure 2.11, was used as a gas 

target of electron acceleration. The right side of the gas cell in 

Figure 2.11 b) was designed asymmetrically to allow it to be placed 

as close as possible to the scattering point without interfering with 

the scattering laser beam. On the other hand, the interior of the gas 

cell was symmetrically shaped with a size of 20 mm x 20 mm x 50 

mm. The gas cell has entrance and exit holes with a diameter of 2 

mm. 
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Figure 2.11: a) Photo of the gas cell of electron acceleration taken 

from the side. b) Photo taken from the top. 
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The gas injection system was built as shown in Figure. 2.12. The 

gas injection system consists of a gas cell, a gas reservoir, a Parker 

valve, a valve control device, a pressure control device, and a gas 

cylinder containing a mixture of 97% He and 3% Ne. The backing 

pressure of the Parker valve was managed by the pressure 

controller (CPC3000). The gas opening time and duration were 

adjusted by the valve controller (IOTA ONE). In this experiment, 

Parker valve was opened 25 ms prior to the laser injection by the 

valve controller. The reservoir and the gas cell were filled with the 

gas that entered through Parker valve. 
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Figure. 2.12: Gas injection system consists of a gas cell, a gas 

reservoir, a Parker valve, a valve control device, a pressure control 

device, and a gas cylinder containing a gas mixture of 97% He and 3% 

Ne. 
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Figure 2.13: Schematics of a Mach-Zehnder interferometer 

consisting of a He-Ne laser, two lenses for magnification, two 

polarized beam splitters (PBS) and a camera.  

 

The gas density inside the gas cell was measured using a Mach-

Zehnder interferometer45, as depicted in Figure 2.13. The 

interferometer consisted of a He-Ne laser, two lenses for 

magnification, two polarized beam splitters, and a camera (Basler, 

acA 1300-30gm). The camera measured the phase shift of the 

interference pattern when the gas cell was filled with gas. For 

example, Figure 2.14 shows the interference pattern compared to 

vacuum and gas filled using the gas injection system with a mixture 

of 97% He and 3% Ne gas, the backing pressure was set to 9 bar 

using the pressure controller and the Parker valve was opened 25 

ms prior to the measurement by the valve controller. 
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Figure 2.14: Interferograms of the gas cell a) in vacuum and b) 

with a gas mixture of 97% He and 3% Ne. c) Horizontal lineout of a) 

and b). 
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Here, the interference phase shift can be represented by the 

following equation46: 

 ∆𝜙 = 𝜔∆𝑡 = 2𝜋
𝑐

𝜆
∆𝑡 =  2𝜋

𝑐

𝜆
(𝑛 − 1) ×

𝑑

𝑐
 ( 2.1 ) 

where, ∆𝜑 is a phase shift, 𝜔 is a wave frequency, ∆𝑡 is a time lag, 𝑐 

is the speed of light, 𝜆 is a laser wavelength, 𝑛 is a refractive index 

of gas and 𝑑 is a lateral medium length of the gas cell. The gas 

density can be calculated from the interference phase shift of the 

interferometer by the formula: 

 

𝜌 =
Δ𝜙 ∙ 𝜆

2𝜋 ∙ 𝑑 ∙ (𝑛0 − 1)
𝜌0 ( 2.2 ) 

where, 𝑛0 is a refractive index of gas at 1 atm. 𝜌 is a gas density and 

𝜌0 is a gas density at 1 atm. The gas density can be calculated by 

obtaining the phase shift. Figure 2.15 shows the measured gas 

density. The gas density was calculated by averaging the five 

repeated measurements to reduce the measurement error. The gas 

density was measured with backing pressures of 3, 6, and 9 bars in 

order to confirm the linearity between the backing pressure and the 

gas density, as shown in Figure 2.16. 
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Figure 2.15: Gas density measured from the fringe shift shown in  

Figure 2.14. The 𝑖𝑡ℎ fringe denotes the appearance order of intensity 

peaks in the interferogram. The black circles show the measured gas 

density from 5 measurements, while the red circles show the average 

gas density at each fringe position.  



 

 ３０ 

 

Figure 2.16: Dependence of gas density on backing pressure.  

 

The gas mixture of 97% He and 3% Ne was used in the 

experiment. As He was fully ionized in the leading edge of the main 

laser, the electron density was two times the neutral gas density. 

As the target electron density was 7 × 1017𝑐𝑚−3, neutral gas density 

was set to 3.5 × 1017𝑐𝑚−3  under the condition of the backing 

pressure of 1.0 - 1.5 bar. 
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2.3.3 Laser focusing position 

The position of the focal spot within the gas cell affects the laser 

wakefield acceleration. In particular, electrons can be accelerated up 

to the dephasing length and the depletion length. To obtain the 

maximum energy of electrons, the distance that electrons travel in 

the plasma must be comparable to the dephasing and the depletion 

lengths. The starting position of electron acceleration in the gas cell 

and the travel distance of the electron in the plasma were controlled 

by adjusting the focus position of the main driving laser. In the 

experiment, the focal spot position was controlled by adjusting the 

defocus of the deformable mirror. By scanning the voltage of the 

deformable mirror during the experiment, the optimum focus position 

for generating electrons with energy over 2 GeV was obtained. 
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2.4. Spatiotemporal synchronization 

In Compton scattering experiments, a precise spatiotemporal 

synchronization between the main driving laser beam and the 

scattering laser beam, ultimately converting into the synchronization 

between the electron and the scattering laser beams for collision, is 

an essential prerequisite. At the same time, the time delay between 

the two laser beams should be controlled to consider the inherent 

time delay between the main laser beam and the accelerated electron 

beam, which is about the light travel time of the bubble radius in the 

blowout regime. The spatial overlap of the two laser beams can be 

simply verified by measuring the centroids of two beams at the 

scattering point with a camera. For the temporal synchronization, 

various optical and electronic techniques can be utilized. In order to 

achieve an accurate temporal overlap, the resolution needs to be 

much shorter than the pulse duration of the laser. For laser pulses 

with a duration of tens of femtoseconds, optical techniques can be 

favorably employed, since the shortest resolution provided by 

electronic techniques is currently limited to about 200 fs47.  

Interferometric optical techniques are often employed to measure 

a time delay between two femtosecond laser pulses. In particular, 

spectral interferometry has been widely used due to its simplicity in 

data acquisition and analysis48. In this method, the time delay is 

determined from the period of the spectral interference fringe. This 

technique also allows to measure a time delay much longer than the 

pulse duration. On the other hand, spatial interferometry can be an 
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alternative that provides a narrow temporal range comparable to the 

pulse duration. From the visibility measurement of spatial 

interference fringes, the temporal overlap between two laser beams 

could be characterized. Hence these optical techniques are frequently 

adopted to measure and control the temporal overlap and delay. It is 

noted that it is very difficult to maintain a fixed time delay within tens 

of femtoseconds in an experiment requiring a long optical path length 

because of several external factors including mechanical vibration 

and temperature variation. As a result, the time delay needs to be 

monitored in real time in order to control the time delay and correct 

any temporal shifts occurring during scattering experiments 49.  

 

2.4.1. Theory 

2.4.1.1. Spatial interference 

The interference of two spatio-temporally overlapped waves was 

considered to find out the time delay from the fringe visibility. When 

two light pulses with Gaussian intensity profiles, 𝐼1(𝑡) and 𝐼2(𝑡), are 

overlapped, the total intensity, I(t), is given by  

𝐼(𝑡) = 𝐼1(𝑡) + 𝐼2(𝑡) 

+2√𝐼1(𝑡)𝐼2(𝑡) cos (𝑘1𝑟1 − 𝑘2𝑟2 − 𝑤1𝑡1 + 𝑤2𝑡2 + 𝜙1 − 𝜙2) 
( 2.3 ) 

with I1(t) = 𝐴1exp (−
(𝑡−𝑇1)2

2𝜎1
2 ) and I2(t) = 𝐴2exp (−

(𝑡−𝑇2)2

2𝜎2
2 ).  

Here k is a wave vector, r a displacement vector, w a wave frequency, 

ϕ a phase constant, A an amplitude of the light pulse, T the time of 

peak intensity, and 2√2 ln 2 𝜎 a pulse width (FWHM). The visibility, 𝜂, 

of the interference fringe is, then, given by 
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    η =
𝐼𝑚𝑎𝑥−𝐼𝑚𝑖𝑛

𝐼𝑚𝑎𝑥+𝐼𝑚𝑖𝑛
=

∫ 2√𝐼1(𝑡)𝐼2(𝑡)𝑑𝑡

∫[𝐼1(𝑡)+𝐼2(𝑡)]𝑑𝑡
= C exp (−

(∆𝑡)2

2∙𝜎′2)  ( 2.4 ) 

with  I𝑚𝑎𝑥 = ∫[𝐼1(𝑡) + 𝐼2(𝑡) + 2√𝐼1(𝑡)𝐼2(𝑡)] 𝑑𝑡,   

and I𝑚𝑖𝑛 = ∫[𝐼1(𝑡) + 𝐼2(𝑡) − 2√𝐼1(𝑡)𝐼2(𝑡)] 𝑑𝑡. 

Here C is a constant, 𝜎′ = √2(𝜎1
2 + 𝜎2

2)  and ∆𝑡 is a time delay of 

𝑇2 − 𝑇1 . It shows that the visibility takes the form of a Gaussian 

distribution, of which the temporal center is zero. By rearranging Eq. 

2.4 in terms of ∆𝑡, the absolute time delay between two beams is 

given as, 

|∆𝑡| = √2𝜎′2 ln (𝐶/η) ( 2.5 ) 

By plotting the time delay with respect to the fringe visibility, the 

time delay can be obtained by setting the zero time delay at the 

maximum visibility. 

 

2.4.1.2. Spectral interference 

The interference of two waves in the spectral domain is 

considered for the measurement of a long time delay. When two 

beams are overlapped spatially, the total spectral intensity can be 

written as  

𝐼(f) = 𝐼1(f) + 𝐼2(f) + 2√𝐼1(f)𝐼2(f)cos(2𝜋∆t ∙ f + 𝜙) ( 2.6 ) 

where f is a frequency and 𝜙 is a phase difference of 𝜙1 − 𝜙2 . 

When I(f) is Fourier-transformed to the time domain, a spectrum 

which corresponds to the interference term, 2√𝐼1(f)𝐼2(f)cos(2𝜋∆t ∙ f +
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𝜙), is formed and the peak of this spectrum indicates the time delay. 

In order to extract the time delay from the interference term, the 

constant terms from 𝐼1(f) and 𝐼2(f) have to be removed from the data 

taken at a time delay ∆t𝑓𝑎𝑟 outside the temporal overlap of two beams. 

And [IΔt(f) − IΔt𝑓𝑎𝑟
(𝑓)] is Fourier-transformed as,  

Ϝ𝑓 [IΔt − IΔt𝑓𝑎𝑟
] (𝑡) 

= Ϝ𝑓[2√𝐼1𝐼2(cos(2𝜋∆t ∙ f + 𝜙) − cos(2𝜋Δt𝑓𝑎𝑟 ∙ f + 𝜙))](𝑡) 

= 𝑒−𝑖𝜙 × Ϝ𝑓[√𝐼1𝐼2](𝑡 − ∆t) + 𝑒𝑖𝜙 × Ϝ𝑓[√𝐼1𝐼2](𝑡 + ∆t) − 𝑒−𝑖𝜙 ×

Ϝ𝑓[√𝐼1𝐼2](𝑡 − Δt𝑓𝑎𝑟) − 𝑒𝑖𝜙 × Ϝ𝑓[√𝐼1𝐼2](𝑡 + Δt𝑓𝑎𝑟). 

( 2.7 ) 

At the delay region of interest, Ϝ𝑓[√𝐼1𝐼2](𝑡 ± ∆t𝑓𝑎𝑟)  terms are 

negligible. If 𝐼1(f) and 𝐼2(f) are close to a Gaussian distribution, an 

absolute value of Ϝ𝑓 [IΔt − IΔt𝑓𝑎𝑟
] (𝑡) can be written as  

𝑎𝑏𝑠 [Ϝ𝑓 [IΔt − IΔt𝑓𝑎𝑟
] (𝑡)] 

≈ 𝐶 [exp (−
(𝑡−∆t)2

2(
1

2√2𝜋𝜎𝑓
)

2) + exp (−
(𝑡+∆t)2

2(
1

2√2𝜋𝜎𝑓
)

2)], 

( 2.8 ) 

where C is a constant, σ𝑓 = √
𝜎𝑓1

2𝜎𝑓2
2

𝜎𝑓1
2+𝜎𝑓2

2  and a spectral width 

(FWHM) of 𝐼1(f)(𝐼2(f)) is given as 2√2 ln 2 𝜎𝑓1(𝜎𝑓2). Now, the time 

delay can be determined by fitting 𝑎𝑏𝑠 [Ϝ𝑓 [I∆t − I∆t𝑓𝑎𝑟
] (𝑡)]  as a 

convolution of two Gaussian distribution functions. To distinguish two 

Gaussian distribution functions, ∆t should be large enough to satisfy 

the Rayleigh criterion, resulting in the condition, 2 ×

exp(−4𝜋2𝜎𝑓
2∆t2) < 0.8. Consequently, the time delay can be obtained 

for the temporal region satisfying the condition, |∆t| >
√ln 2.5

2𝜋𝜎𝑓
≈

0.15

𝜎𝑓
. 
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2.4.2. Spatiotemporal synchronization setup 

A spatiotemporal synchronization setup was installed to check the 

spatiotemporal overlap between the main driving laser beam for 

electron generation and the second laser beam for scattering. The 

main driving laser beam with a pulse width of 25 fs (FWHM) and a 

spot size of 50 µm (FWHM) was used to generate a high-energy 

electron beam in a gas cell (not shown) using the laser wakefield 

acceleration scheme. And the scattering laser beam had the same 

pulse width of 25 fs (FWHM) and a tightly focused spot size of 2.5 

µm (FWHM) at the scattering point. The synchronization system 

consists of a pellicle beam splitter, lenses, filters, two cameras and a 

delay stage, as shown in Figure 2.17. The scattering beam was 

focused at the first pellicle beam splitter (Pellicle 1) located at the 

scattering position (30 mm away from gas cell exit) and reflected to 

the propagation direction of the main beam. Here neutral density 

filters (Filter 1 and Filter 2) with the same thickness were inserted 

in the main and in the scattering laser beam paths to prevent the 

damage of Pellicle 1 by the focused laser beams. An image at the 

scattering position was magnified three times and relayed to the 

camera 1 (EPIX, SV10M6) with 1.67-µm pixels, while an image 

plane after the first lens was relayed to the camera 2 (PCO, Pixelfly 

usb) with 6.45-µm pixels. The main beam was first aligned to make 

spatial centroids of two beams coincide at the camera 1, and then 

Pellicle 1 was tilted minutely to make the centroids coincide at the 

camera 2. Here the spatial synchronization of two beams at Pellicle 

1 (the scattering point) was measured with an uncertainty of 0.6 µm. 
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A spatial interferogram of two beams measured with the camera 2 

was utilized to verify the temporal synchronization. Only when the 

time delay between two beams was within ±55 fs, the interferogram 

with a circular form was visible and its visibility changed according 

to the time delay, as shown in Figure 2.18(a) and (b). Here the optical 

time delay (∆𝒕𝒔𝒕𝒂𝒈𝒆 ) was adjusted by moving the first delay stage 

(Delay stage1), and the whole interferograms were measured over 

the course of several minutes with a low-energy laser beam 

operating at 5 Hz to minimize the time delay shift due to temperature 

variation. The red solid line in Figure 2.18 2(b) indicates the 

Gaussian fitting of the 5-shot-averaged visibility at each delay, 

which is given as 

 𝜂′ = 0.40 × exp (−
Δ𝑡2

2 × 23.52) + 0.32 ( 2.9 ) 

 Here, 𝜂′  has a form of Eq. 2.4 with the background of 0.32 

originating from the non-uniform spatial profile of the main driving 

laser beam. Using Eq. 2.9, the absolute measured time delay (∆𝑡𝑚𝑒𝑎) 

can be expressed as follow: 

|∆𝑡𝑚𝑒𝑎| = √2 × 23.52 × ln
0.40

(𝜂′ − 0.32)
 (𝑓𝑠) ( 2.10 ) 

From Eq. 2.10, the visibility could be converted into the time delay, 

as shown in Figure 2.18(c). The error of ∆𝑡𝑚𝑒𝑎 (√
∑ (∆𝑡𝑚𝑒𝑎−∆𝑡𝑠𝑡𝑎𝑔𝑒)𝑖

2𝑛
𝑖=1

𝑛
, 

∆𝑡𝑠𝑡𝑎𝑔𝑒 ≤ 33 𝑓𝑠) was 11 fs in RMS. This error originated from the jitter 

of time delays, coming from beam pointing fluctuations. Consequently, 
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the zero time delay was set to the time of the maximum visibility, 

𝜂′ = 0.72, with a jitter of 11 fs. 

 

Figure 2.18: (a) Interferograms measured with the camera 2 while 

changing ∆𝑡𝑠𝑡𝑎𝑔𝑒, as indicated in the interferograms. (b) Black circles 

at each ∆𝑡𝑠𝑡𝑎𝑔𝑒indicate the visibility obtained from the interferograms. 

The red square represents an average visibility at each delay. The 

red solid line is the Gaussian fitting of red squares. (c) ∆𝑡𝑚𝑒𝑎 was 

calculated from the visibility in (b) using Eq. 2.10. 
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2.4.3 Real-time delay monitoring system 

The real-time delay monitoring setup was installed to check the 

time delay during a scattering experiment. As shown in Figure 2.17, 

a small portion of the main driving laser beam was picked off with a 

small plane mirror placed at the bottom edge of the concave mirror, 

and was combined with the leakage beam of the scattering laser beam 

at the pellicle beam splitter 2 (Pellicle 2). After the combination of 

two laser beams, they were relayed to a fiber spectrometer (Ocean 

Optics, HR4000CG) and the camera 3 (PCO, Pixelfly usb) to measure 

a spectral interference signal and a spatial interferogram, 

respectively. Here the fiber spectrometer had a 0.25-nm resolution, 

corresponding to a 10-fs resolution in the Fourier-transform domain. 

After achieving the temporal overlap of the main beam and the 

scattering beam with the spatiotemporal synchronization setup, the 

zero-delay setting in the real-time delay monitoring setup was 

defined by adjusting the time delay of the leakage scattering beam 

using the second delay stage (Delay stage2). Finally, the actual time 

delay at each shot during an experiment was obtained in real time 

from the spectral interference signal and the spatial interferogram. 

 

2.4.3.1 Spatial interferometry 

The time delay shorter than 30 fs between the two beams was 

identified by measuring the visibility of the spatial interferogram on 

the camera 3. Figure 2.19(a) shows the interferograms measured 

while scanning ∆𝑡𝑠𝑡𝑎𝑔𝑒  of the scattering beam with Delay stage 1. 
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Here, the shape of the interference fringes was not circular but 

rectilinear because two collimated beams were slightly misaligned 

intentionally in the horizontal direction to clearly measure the 

interference fringes. Figure 2.19 (b) shows that the visibility changes 

with ∆𝑡𝑠𝑡𝑎𝑔𝑒. The red solid line is the Gaussian fitting of the average 

visibility, corresponding to  

𝜂′ = 0.63 × exp (−
Δ𝑡2

2 × 14.32) + 0.12 ( 2.11 ) 

Using Eq. 2.11, the absolute delay is expressed as 

|∆𝑡𝑚𝑒𝑎| = √2 × 14.32 × ln
0.63

(𝜂′ − 0.12)
 (𝑓𝑠) ( 2.12 ) 

By using Eq. 2.12, the visibility could be converted into time delay, 

as shown in Figure 2.19 (c). The error of ∆𝑡𝑚𝑒𝑎 was 6 fs in RMS. This 

error was smaller than that of the spatiotemporal synchronization 

setup. Because two beams were overlapped in a non-focusing 

geometry, the pointing fluctuation is smaller than that in the 

spatiotemporal synchronization setup. Consequently, the time delay 

between 0 and 30 fs was monitored using the spatial interferometer 

in real time with the jitter of 6 fs. 
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Figure 2.19: (a) Interferograms measured with the camera 3 while 

controlling ∆𝑡𝑠𝑡𝑎𝑔𝑒  with Delay stage 1, as indicated with the 

interferograms. (b) The black circles at each ∆𝑡𝑠𝑡𝑎𝑔𝑒  show the 

visibility obtained from the interferogram measured five times. The 

red square represents an average visibility at each delay. The red 

solid line is the Gaussian fitting of the red circle data. (c) ∆𝑡𝑚𝑒𝑎 

calculated from the visibility in (b) using Eq. 2.12.  
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2.4.3.2. Spectral interferometry 

A long time delay between the two laser beams was monitored b

y using the spectral interference signal measured with a spectromet

er. In a scattering experiment, the scattering laser beam collides wit

h a multi-GeV electron beam driven by the main driving laser. Here

 its time delay needs to be controlled up to a-few-hundred fs, beca

use the group velocity of the driving laser propagates in plasma is le

ss than the speed of light and the time lag of multi-GeV electrons fr

om the driving laser depends the bubble size of laser wake field acc

eleration. It is thus necessary to measure the time delay from 20 fs 

(≈
0.15

𝜎𝑓
) to 200 fs by analyzing the spectral interference signal. 

For this analysis, an interference term should be distinguished in th

e Fourier transformed domain. The spectral interference signal at th

e time delay of 300 fs was first measured for the background subtra

ction. As shown in Figure 2.20 (a) and (b), spectral interference sig

nals were measured at several time delays and their Fourier-transf

ormed signals (Ϝ𝑓[I∆𝑡 − I∆t=300 fs](𝑡)) were obtained. Each red dashed 

line in Figure 2.20 (b) indicates the Gaussian fitting of the Fourier-

transformed signal, and the actual time delay was obtained from the 

central value of the Gaussian distribution. Because the spectral inten

sity of the laser beam was close to a Gaussian function, 

Ϝ𝑓[I∆𝑡 − I∆t=300 fs](𝑡) fitted well with a Gaussian function. As a result, 

∆𝑡𝑚𝑒𝑎 matched each ∆𝑡𝑠𝑡𝑎𝑔𝑒 well, as shown in Figure 2.20 (c). Here t

he error of ∆𝑡𝑚𝑒𝑎 was 7 fs in RMS. The resolution of the spectromet

er, 10 fs, could be improved slightly through the Gaussian fitting. Co
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nsequently, in the range between 20 fs and 200 fs, the time delay m

easurement was demonstrated with the jitter of 7 fs. 

 

Figure 2.20: (a) Spectral interference signals obtained by 

changing ∆𝑡𝑠𝑡𝑎𝑔𝑒 with Delay stage 1. (b) Fourier-transformed signals 

of the spectral interference signals shown for four time delays of 29 

fs (black), 62 fs (magenta), 128 fs (green), and 194 fs (blue). The 

red dashed lines show the Gaussian fittings. (c) Linear variation of 

∆𝑡𝑚𝑒𝑎 with ∆𝑡𝑠𝑡𝑎𝑔𝑒 set by Delay stage 1. The error bars correspond to 

the maximum and minimum values of ∆𝑡𝑚𝑒𝑎  among five repeated 

measurements at each ∆𝑡𝑠𝑡𝑎𝑔𝑒. 
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2.4.4. Time delay control during Compton scattering experiments 

A series of NCS experiments was carried out at CoReLS to 

examine strong field quantum electrodynamics processes through the 

scattering between a multi-GeV electron beam, driven by the main 

driving laser, and an ultrahigh intensity scattering laser. Before the 

experiment, the temporal synchronization between the main driving 

laser and the scattering laser beams using the spatiotemporal 

synchronization setup was set. Then, Pellicle 1, Filter 1 and Filter 2 

were removed, and the time delay during an experiment was 

measured using the real-time delay monitoring setup.  

For the successful operation of Compton scattering experiments 

the time delay was monitored in every shot. The measurement result 

of ∆𝑡𝑚𝑒𝑎, along with ∆𝑡𝑠𝑡𝑎𝑔𝑒, for 37 consecutive shots taken for an hour 

is shown in Figure 2.21 (a), and the difference between ∆𝑡𝑠𝑡𝑎𝑔𝑒 and 

∆𝑡𝑚𝑒𝑎, corresponding to the time delay shift, is shown in Figure 2.21 

(b). The time delay shift came from the pointing fluctuations and the 

temporal jitter of two beams and the thermal expansion of optical 

mounts and boards. Especially, the thermal expansion of the optical 

board with the time delay line for the scattering laser can cause a 

time delay shift of tens of femtosecond. The optical path length of the 

scattering laser beam was sensitive to the thermal expansion of an 

optical board because it had a long optical path over 20 m on the 

optical board to make its path length the same as the main beam path 

with the 12-m focusing mirror. For the small temperature variation 

of 0.01 ℃  the aluminum optical board, with the linear thermal 
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expansion coefficient of 0.23µm/(𝑚℃), could change 4.6 µm length, 

comparable to the time delay shift of about 15 fs. In order to test how 

precisely the time delay can be controlled in the scattering 

experiment, the time delay of 60 fs was intended for the shots from 

18 to 37 in Figure 2.21. In this case, ∆𝑡𝑠𝑡𝑎𝑔𝑒  was adjusted to 

compensate for the time delay shift. As shown in Figure 2.21 (a), 

∆𝑡𝑚𝑒𝑎  was maintained with the standard deviation of 14 fs for 20 

consecutive shots. As a result, eight gamma-ray signals by the NCS 

were obtained among 20 consecutive shots. The slow oscillation of 

the time delay shift in Figure 2.21 (b) mainly came from the 

temperature variation in the laser room. As a result, the introduction 

of the real-time delay monitoring system made it possible to control 

the time delay with a precision of 14 fs during the scattering 

experiment, and the success rate of Compton scattering experiments 

became as high as 40%. 
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Figure 2.21: (a) ∆𝑡𝑠𝑡𝑎𝑔𝑒 (black circle) and ∆𝑡𝑚𝑒𝑎 (red square) of 37 

consecutive shots taken for an hour during a scattering experiment. 

For the 20 shots after the shot number 18, ∆𝑡𝑠𝑡𝑎𝑔𝑒 was adjusted to 

maintain ∆𝑡𝑚𝑒𝑎 of 60 fs. (b) Time delay difference between ∆𝑡𝑠𝑡𝑎𝑔𝑒 

and ∆𝑡𝑚𝑒𝑎, showing the time delay shift during the experiment. 
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2.5. Diagnostics 

In order to understand the physical process of Compton scattering, 

it is necessary to measure the beam profile and energy spectrum of 

electrons and of gamma rays from NCS. The layout of the diagnostics 

for gamma rays and electrons is shown in Figure 2.22. The multi-

GeV electron beam accelerated by laser wakefield acceleration 

follows the propagation axis of the main driving laser. As the 

electrons pass through the dipole magnet of the electron 

spectrometer, their trajectory changes depending on energy. Lanex 

1, a scintillation screen, was installed before the magnet to measure 

the electron beam profile. Lanex 2 and 3 were installed after the 

magnet to measure the spectral image of dispersed electrons. The 

energy spectrum can be retrieved after calibrating the trajectory with 

respect to electron energy. For gamma-ray measurements, a single 

crystal LYSO (LYSO-SC) and a pixelated LYSO (LYSO-PX) were 

installed after Lanex 3 to measure the gamma-ray profile and the 

energy spectrum, respectively. 
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2.5.1. Electron measurement 

Lanex, a scintillation screen, is widely used to measure an 

electron beam profile and an energy spectrum in LWFA research 50, 

51. The electron beam profile is measured by Lanex 1 (KODAC, 

Lanex Fine), installed 830 mm from the gas-cell exit along the main 

driving laser propagation axis. A camera (PCO, PCO.Edge) detected 

the scintillated light. Figure 2.23 shows the photo of Lanex 1 with 

marked dots for calibration. The distance between adjacent dots is 1 

cm. The Lanex 1 is placed at 45 degrees to the laser propagation axis. 

The central dot indicates the beam axis and the left, right, up, and 

down sides are written as L, R, U, and D, respectively. Here, a pixel 

size of the camera is 46 μm by 65 μm in vertical and horizontal 

directions, respectively. Considering the distance between the gas-

cell exit to Lanex 1, the pixel size is converted to 55 𝜇𝑟𝑎𝑑 vertically 

and 78 μrad horizontally. A band-pass filter (FES0650) was placed 

in front of the camera to reduce the stray light.  
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Figure 2.23: Photo of Lanex 1 marked with calibration dots. The 

distance between the dots is 1 cm. The central dot indicates the beam 

axis. The left, right, up, and down sides are also marked as L, R, U, 

and D, respectively. 
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The dipole magnet has a gap size of 30 × 30 × 1 𝑐𝑚, a magnetic field 

of 1.3T, and the magnetic field direction is perpendicular to the laser 

propagation direction. The magnet was installed 880 mm away from 

the gas-cell exit in order to measure the electron energy spectrum. 

Incident electrons to the magnet are dispersed, following energy-

dependent trajectories. Lanex 2 (KODAC, Lanex Fast) was installed 

at the magnet exit, and Lanex 3 (KODAC, Lanex Fast) was installed 

1180 mm away from the magnet. The energy of electrons was 

obtained, based on the calculation of electron trajectory52, as shown 

in Eq. 2.13: 

 𝑋 = 𝐿 tan(𝜃) + 𝜌 [cos(𝜃) − √1 − (
𝐷

𝜌
+ sin(𝜃))

2
 ] 

         +
𝐹(

𝐷

𝜌
+sin(𝜃))

√1−(
𝐷

𝜌
+sin(𝜃))

2
  ,  

where 𝜌 =
𝑚0𝑐𝛽𝛾

𝑒𝐵
 

( 2.13 ) 

The spectral image on Lanex 2 was recorded with an ICCD 

(Princeton Instruments, PI-MAX4) and that on Lanex 3 was obtained 

with an EMCCD (Andor, iXon Ultra 888). Figure 2.25 and Figure 2.26 

show the photos of Lanex 2 and Lanex 3, respectively. For the Lanex 

2, a pixel size of the camera corresponded to 63 μm. Considering the 

distance between gas-cell exit and Lanex 2, the pixel size is 

converted to 53 μrad. For the Lanex 3, a pixel size of the camera 

corresponded to 139 μm vertically and 226 μm horizontally. 

Considering the distance between the gas-cell exit and Lanex 3, the 

pixel size is converted to 67 μrad vertically and 110 μrad horizontally. 

A band-pass filter (FES0650) was placed in front of both cameras 
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to reduce the stray light. 

 

Figure 2.24: Schematics for calculating the electron energy from 

an electron trajectory deflected by the magnet. 
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Figure 2.25: Photo of Lanex 2. 

 

Figure 2.26: Photo of Lanex 3. 
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2.5.2. Gamma-ray measurement 

Gamma rays from NCS was detected using two kinds of LYSO 

scintillation crystals – LYSO-SC and LYSO-PX. LYSO-SC, a single 

crystal plate, was prepared for the measurement of the beam profile 

of NCS gamma rays. The diameter of LYSO-SC was 90 mm and the 

thickness was 5 mm. In order to collect scintillated photons only from  

gamma ray, not from electrons, LYSO-SC was positioned behind the 

Lanex3, after removing electrons by the magnet. LYSO-SC was 

installed 2460 mm away from the gas-cell exit and 1580 mm away 

from the magnet. A sCMOS camera (Andor, new iStar Gen 3) was 

used for recording the gamma-ray profile on LYSO-SC, and the 

pixel size of the camera was 146 μm vertically and 151 μm 

horizontally. Considering the distance between the gas-cell exit to 

LYSO-SC, the pixel size is converted to 59 μrad vertically and 61 

μrad horizontally. Figure 2.27 shows the photo of LYSO-SC. 

 

Figure 2.27: Photo of the single crystal LYSO used for measuring 

the gamma-ray beam profile of NCS. 
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LYSO-PX, a pixelated LYSO scintillation detector, was prepared 

to measure the energy spectrum of NCS gamma rays. LYSO-PX was 

installed 3225 mm away from the gas-cell exit. An sCMOS camera 

(PCO, PCO.Edge) was used to record the scintillation signal from 

LYSO-PX. Here, the gamma-ray energy spectrum can be retrieved 

from the scintillation signal generated through the energy deposition 

mainly by the pair production process of gamma rays propagating 

through LYSO-PX. A total of 4050 pixels makes up LYSO-PX, 

divided into 90 horizontally and 45 vertically, and each pixel had the 

size of 1 mm x 1 mm x 12.5 mm. The pixel separator was composed 

of BaSO4 with a 0.1 mm thickness. The pixel size of the sCMOS 

camera was 76 μm by 76 μm. Considering the distance between the 

gas-cell exit and LYSO-PX, the pixel size was converted to 24 μrad. 

Figure 2.28 shows the photo of LYSO-PX. 
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Figure 2.28: Photo of the pixelated LYSO. 
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2.6 Experimental results and conclusion 

2.6.1. Experimental procedure 

In an NCS experiment, the main driving laser was optimized for 

electron acceleration to produce a multi-GeV electron beam. The gas 

density, the group delay dispersion of the main driving laser, and the 

focus point of the main driving laser were adjusted to optimize the 

generation of a multi-GeV electron beam. The scattering laser was, 

then, synchronized with the main driving laser for Compton scattering. 

In an NCS experiment, bremsstrahlung sources, aluminum foil and 

Lanex1, were removed. A series of NCS laser shots were performed 

while changing the time delay between the two laser beams to obtain 

a strong gamma-ray signal from NCS. 

 

2.6.2. Experimental results and conclusion 

Through the process mentioned in the experimental procedure, 

the NCS experiment was conducted with ultra-relativistic electrons 

with energy over 2 GeV and an ultrahigh intensity laser with a peak 

intensity of 𝑎0 ≈ 13 . Measured electron spectra and gamma-ray 

signals from NCS are shown in Figure 2.29. The measured electron 

and gamma-ray signals contain dotted noise signals, as shown in 

Figure 2.29 a)-c), because the cameras were exposed to x-rays 

generated during the electron acceleration. In order to remove the 

spiky noise, an image processing tool, ImageJ53, was used. The 

‘Remove Outliers function of ImageJ replaces a pixel by the median 

of the pixels around it when the pixel value deviates from the median 
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by more than a threshold value. Here, the threshold level was set to 

50, and radius, which determines the area used for calculating the 

median, was set as 5 for Lanex 3 and LYSO-PX and 2 for LYSO-SC. 

Figure 2.29 d)-f) shows the data after replacing the spiky noise. 

After that, the background area where there are no electron and 

gamma ray signals were defined. The background value was obtained 

by averaging signals in the background area. The data after removing 

the spiky noises and subtracting the background are shown in Figs. 

g)-i). Additional representative NCS results are shown in Figure 

2.30 and Figure 2.31. 

In conclusion, for NCS experiments, two ultrahigh intensity laser 

beams of a main driving laser and a scattering laser beam, a 

synchronization tool for the two lasers, and a set of diagnostics for 

characterizing electrons and gamma-rays were prepared and 

successfully examined. The main driving laser utilizes a focal spot 

optimization system that was optimized to minimize wavefront 

aberrations and maximize the energy concentration in the Airy disk, 

while achieving the peak laser intensity of 𝑎0 ≈ 2. As a result, mono-

energetic electrons with energy over 2 GeV were generated using a 

gas cell. The scattering laser beam was optimized to a laser peak 

intensity of 𝑎0 ≈ 13  using an off-axis parabolic mirror. A 

spatiotemporal synchronization system was introduced to scatter the 

electrons with the scattering laser beam, and as a result, 

synchronization was achieved with the spatial accuracy of 0.6 um and 

the temporal jitter of an 11 fs. Additionally, by introducing a real-

time delay monitoring system, the time delay was measured in real-
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time and maintained during an experiment. As a result, the success 

rate of Compton scattering was raised to 40%. In order to carry out 

NCS experiments, a set of gamma-ray diagnostics based on LYSO 

scintillators were prepared to measure the beam profile and the 

energy spectrum of gamma-ray, in addition to the electron 

spectrometer used for acquiring electron energy spectra. After all 

the preparation for Compton scattering experiments, a series of NCS 

experiment were successfully performed; nonlinear Compton 

scattering between an electron beam with energy of 2 GeV or higher 

and an ultrahigh intensity beam with a peak laser intensity of 𝑎0 ≈ 13.  
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Figure 2.29: Measured results of the shot #1781 (false color). 

The data of electron and gamma-ray measurements are processed 

in two steps: a-c) raw data, d-f) data after removing spiky noises, 

and g-i) data after the subtraction of background. a), d), and g) 

Electron energy spectra (false color) taken from Lanex 3. b), e), and 

h) Gamma-ray beam profiles obtained from LYSO-SC. c), f), and i) 

Gamma-ray signals measured from LYSO-PX. 
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Chapter 3. Analysis of gamma rays from 

nonlinear Compton scattering 

3.1. Introduction 

The Compton scattering between a multi-GeV electron beam and 

an ultrahigh intensity laser can be examined by analyzing the 

gamma-ray data from the single crystal LYSO (LYSO-SC) and the 

pixelated LYSO (LYSO-PX). The gamma-ray beam profile from 

LYSO-SC can provide the scattering position and possibly the delay 

time. The signal from LYSO-PX contains information on the gamma-

ray energy spectrum.  

The gamma-ray energy spectrum was obtained from two 

methods, as shown in Figure 3.1. The first method is the 

simultaneous iterative reconstruction technique (SIRT). SIRT 

iteratively seeks the gamma-ray energy spectrum to reproduce the 

measured result from LYSO-PX. The response function of LYSO-

PX for a given gamma-ray energy was obtained by Geant4, the 

simulation code calculating the propagation of particles and radiation 

through matter. The other method, called the cross-sectional method, 

calculates the gamma-ray signal using the nonlinear Compton 

scattering (NCS) cross section. The required parameter for the 

cross-sectional method is the electron energy spectrum and the 

laser intensity used in an experiment. The energy spectrum of an 

electron beam is measured using a magnetic spectrometer coupled to 

Lanex 3, a scintillation screen. The actual intensity of the scattering 
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laser during a scattering is affected by experimental parameters, 

such as time delay and beam pointing jitters. The laser intensity can 

be estimated from the gamma-ray profile on LYSO-SC. By 

substituting the gamma-ray energy spectrum from the cross-

sectional method to the response function of LYSO-PX, the validity 

of the gamma-ray energy spectrum from SIRT can be confirmed. 

 

 

Figure 3.1 Diagram illustrating the process to retrieve the 

gamma-ray energy spectrum from an experimental result. The red 

arrow represents the use of the simultaneous iterative reconstruction 

technique. The blue arrow represents the cross-sectional method 

utilizing the NCS cross-section. 

  



 

 ６６ 

This chapter contains following sections. Section 3.2 presents the 

SIRT method and the response function of LYSO-PX calculated using 

Geant4 for a set of gamma-ray energies. Section 3.3 introduces the 

procedure for obtaining the gamma-ray energy spectrum using the 

cross-sectional method. Section 3.3.1 provides the theory of the 

NCS cross-section. In order to estimate the laser intensity during 

scattering, the simulation of the scattering process is introduced and 

described in Sec. 3.3.2. The input parameters for the simulation are 

determined by comparing the simulated and the measured gamma-

ray profiles. The simulation provides the laser intensity during the 

scattering in Sec. 3.3.3. Section 3.4 presents the gamma-ray energy 

spectrum obtained from both methods. Finally, Section 3.5 presents 

the analysis results of gamma-ray energy spectra and the conclusion.  
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3.2. Simultaneous iterative reconstruction technique 

The simultaneous iterative reconstruction technique (SIRT) is a 

method used to reconstruct an image in tomography54, 55. It uses an 

iterative process to evaluate a correction term for the signal from 

each pixel, while taking into account all obtained signals. The iteration 

method can be expressed as follows: 

𝑥𝑗
𝑘+1 = 𝑥𝑗

𝑘 + ∑ 𝑎𝑖𝑗

𝑚

𝑖=1

𝑏𝑖 − ∑ 𝑎𝑖𝑗𝑥𝑗
𝑘𝑛

𝑗=1

∑ 𝑎𝑖𝑗
2𝑛

𝑖=1

 ( 3.1 ) 

Here, j is an index of gamma-ray energy, i is a pixel index of a 

LYSO-PX signal, k is an iteration number, 𝑥𝑗 is the number density 

of 𝑗𝑡ℎ  gamma-ray energy (j=1,2,3, … ,101, and 𝐸𝑗 =

1, 10, 20, 30, … ,1000 𝑀𝑒𝑉), 𝑎𝑖𝑗 is the signal on the 𝑖𝑡ℎ pixel of LYSO-PX 

contributed by the gamma ray with energy 𝐸𝑗 , 𝑏𝑖  is the measured 

signal intensity on the 𝑖𝑡ℎ  pixel of LYSO-PX. In this study, the 

convergence condition for iteration was set as 𝑅2 > 0.99. To obtain 

the gamma-ray energy spectrum without any prior information, an 

initial input parameter set was assigned randomly. Figure 3.2 shows 

the iteration result of the gamma-ray energy spectrum of shot 

#1781. As the iteration was repeated, it was confirmed that a 

gamma-ray energy spectrum with a similar response to the 

measured value of LYSO-PX was found and 𝑅2 > 0.99 was achieved 

after 73 iterations. 



 

 ６８ 

 

Figure 3.2: Gamma-ray spectrum reconstructed with SIRT.  a) 

Gamma-ray energy spectrum obtained from SIRT at each iteration. 

b) Measured LYSO-PX signal of shot# 1781 (black) and the 

simulated LYSO-PX results depending on the number of iterations. 
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3.2.1. Response function  

In order to calculate the expected response of LYSO-SC and 

LYSO-PX for a given gamma-ray energy spectrum, Geant456, 57, the 

particle and radiation simulation toolkit, was used. Geant4 is a widely 

used simulator in particle physics that can simulate particle 

interactions such as elastic, intrinsic scattering, bremsstrahlung, and 

pair production that occur in a medium. In this study, the simulation 

was used to determine how much gamma-ray energy is transferred 

to LYSO-SC and LYSO-PX while propagating through it. For a more 

practical simulation, the number of optical photons emitted from each 

scintillator element when the gamma-ray transfers energy was 

desirable. In general, the number of optical photons generated from 

the scintillator is proportional to the stored energy. Therefore, the 

stored energy at each scintillator depending on gamma-ray energy 

was simulated to calculate the response function. 

In the Geant4 simulation, the geometry of the LYSO scintillators 

was implemented with their actual size, as shown in Figure 3.3. The 

simulation details are as follows: a physic list was the ‘QGSP_BERT’, 

a background material was ‘air’, LYSO material was Lu0.9Y0.9Si2O5 with 

a density of 7.15 𝑔/𝑐𝑚3 , a pixel separator between each pixel in 

pixelated LYSO was composed of 0.1-mm-thick BaSO4  with a 

density of  4.49 𝑔/𝑐𝑚3, a distance between LYSO-SC and LYSO-PX 

was 765 mm, and the gamma-ray was set as uniform circular plane 

source with 2-mm diameter and zero divergence. The gamma rays, 

350 mm away from the LYSO-SC, propagated through the center of 

LYSO-SC and LYSO-PX. The simulation was performed by 
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propagating 105 gamma-ray photons for the gamma-ray energy of 

1MeV, 10MeV, 20 MeV, 30 MeV, …, and 1000 MeV. In this way, the 

stored energy at LYSO-SC and LYSO-PX depending on injected 

gamma-ray energy was obtained. Figure 3.4 shows the stored 

energy at LYSO-SC with respect to injected gamma-ray energy, and 

Figure 3.5 shows the vertically integrated LYSO-PX response for a 

set of injected gamma-ray energies. 

 

Figure 3.3: Schematics of the two scintillators used in the Geant4 

simulation. The gamma-ray (shown in red) is injected into the center 

of the single crystal LYSO and the pixelated LYSO. The size and 

number of pixels of LYSO-PX is indicated in the figure. 
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Figure 3.4: Simulated stored energy in LYSO-SC as a function of 

injected gamma-ray energy. 

  

Figure 3.5: Simulated stored energy (vertically integrated) at 

each pixel position of LYSO-PX for a set of injected gamma-ray 

energies. 
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3.3. Cross-sectional method  

A cross-sectional method is a method to calculate the gamma-

ray energy spectrum based on the NCS cross section. For this 

method, the NCS cross-section for given electron energy and laser 

intensity are required.  

 

3.3.1. Nonlinear Compton scattering cross section 

 

 
Figure 3.6: Schematics of nonlinear Compton scattering. The 

momentum 4-vectors of incident and scattered electrons, as well as 

those of photons, are represented. 

 

The NCS cross section was estimated for the scattering geometry 

in Figure 3.6, showing the momentum 4-vectors of the incident and 

scattered electrons, as well as those of the photons. In the Fig., k(𝑘′) 

represents the 4-vector of an incident (scattered) photon in the lab 

frame, p(𝑝′) represents the 4-vector of the incident (scattered) 

electron in the lab frame. In the experimental setup, the 4-momenta 

of the electron and laser photon can be written as 𝑝𝜇(𝑚𝛾, 0,0, 𝑚𝛾𝛽), 

𝑘𝜇(𝑤, 𝑤 sin 𝜃 , 0, 𝑤 cos 𝜃). The effective 4-vector of an electron, 𝑞𝜇, in a 

linearly polarized electromagnetic wave is described as follows. Here, 
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for convenience, the natural units ( 𝑐 = 1, ℏ = 1) are used. 

𝑞𝜇 = 𝑝𝜇 +
𝑒2𝑎0

2

4 (𝑘𝑝)
𝑘𝜇 = 𝑝𝜇 + 𝜀𝑘𝜇 ( 3.2 ) 

Where, m is electron mass, and e is the elementary charge. The 

scattering process must follow the conservation law. 

𝑛𝑘 + 𝑞 = 𝑘′ + 𝑞′ ( 3.3 ) 

Or,  

𝑞′ = 𝑛𝑘 + 𝑞 − 𝑘′ = (𝑛𝑤 + 𝑚𝛾 + 𝜀𝑤 − 𝑤′, 𝑛𝑤 𝑠𝑖𝑛𝜃 + 𝜀𝑤 sin 𝜃 , 0 , 𝑛𝑤 cos 𝜃 

+𝑚𝛾𝛽 + 𝜀𝑤𝑐𝑜𝑠𝜃 − 𝑤′). 

Then the NCS cross section for the cross-sectional method (CSM) 

can be described by applying the plane wave approximation58-61.  

𝑑𝜎𝐶𝑆𝑀

𝑑𝑢
=

𝑒2𝑚2

8𝜋2𝑞0

1

(1 + 𝑢)2
∑ ∫ 𝑑𝜑

2𝜋

0

∞

𝑛=1

{−𝐴0
2

+ 𝑎0
2 (1 +

𝑢2

2(1 + 𝑢)
) (𝐴1

2 − 𝐴0𝐴2)} 

( 3.4 ) 

where,  𝑢 =
𝑘∙𝑘′

𝑘∙𝑞′  for 0 ≤ 𝑢 ≤ 𝑢𝑛,  

𝐴𝑚(𝑛, 𝛼, 𝛽) =
1

2𝜋
∫ 𝑑𝜙

𝜋

−𝜋
𝑐𝑜𝑠𝑚(𝜙)cos (𝑛𝜙 − 𝛼 sin(𝜙) +  𝛽sin (2𝜙) , 

𝛼 = 𝑧𝑛𝑐𝑜𝑠𝜑, 𝛽 =
𝑎0

2𝑢𝑚2

8 𝑘∙𝑝
, 

 𝑧𝑛(𝑢, 𝑢𝑛) =
2𝑛𝑎0

√1+0.5𝑎0
2 √

𝑢

𝑢𝑛
(1 −

𝑢

𝑢𝑛
),  

and 𝑢𝑛 =
2𝑛𝑘∙𝑞

𝑚̌2 , 𝑚̃ = 𝑚√1 + 0.5𝑎0
2 . 

When 𝛾 ≫ 𝑎0, 
𝑑𝑢

(1+𝑢)2 ~
𝑑𝑤′

𝛾𝑚
,   
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𝑑𝜎𝐶𝑆𝑀

𝑑𝑤′
=

𝑒2𝑚2

8𝜋2𝑞0

1

𝛾𝑚
∑ ∫ 𝑑𝜑

2𝜋

0

∞

𝑛=1

{−𝐴0
2

+ 𝑎0
2 (1 +

𝑢2

2(1 + 𝑢)
) (𝐴1

2 − 𝐴0𝐴2)} 

( 3.5 ) 

The linear Compton scattering cross section can be obtained with 

n=1 in Eq. 3.5. The cutoff energy, 𝜀𝛾,𝑐𝑢𝑡𝑜𝑓𝑓 , of linear Compton 

scattering is given by: 

𝜀𝛾,𝑐𝑢𝑡𝑜𝑓𝑓 ≈ 2 (1 + cosθ)𝛾2𝜀𝐿 ( 3.6 ) 

where 𝜀𝐿  is the photon energy of laser. The linear and nonlinear 

Compton cross sections as a function of laser intensity and electron 

energy are compared in Figure 3.7. Here, 𝜀𝛾 is equivalent to 𝑤′ in Eq. 

3.5. 
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Figure 3.7: Cross section of linear (black) and nonlinear (red) 

Compton scatterings with the infinite plane wave assumption for the 

electron energy of 3 GeV and the laser intensity of a) 𝑎0 = 0.1 and b) 

𝑎0 = 1.  
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3.3.2. Simulation of Compton scattering process 

In order to estimate the laser intensity applied in an experiment, 

the scattering geometry of an electron beam and a scattering laser 

beam was considered in the (x, y, z, t) coordinate system.  

  

 

Figure 3.8: Scattering geometry between an electron beam and a 

scattering laser beam in the (x, y, z, t) coordinate. The electron beam 

from the gas-cell exit travels to the left direction. The scattering 

laser beam focused with the off-axis parabolic mirror is directed to 

the scattering position, (x, y, z) = (0, 0, 0). The scattering laser 

beam is scattering with the electron beam at (x, y, z, t) = (0, 0, 0, 

0). 

 

Figure 3.8 illustrates the scattering geometry between an electron 

beam from a gas cell and the scattering laser beam focused with an 

OAP in the (x, y, z, t) coordinate. The scattering laser beam moves 

from left to right with a scattering angle of 30 degree. The coordinate 

system in this study is defined as follows: The window of x and y 

ranges from -30 μm to 30 μm with an interval of 1 μm, the window 

of z ranges from -45 μm to 45 μm with an interval of 0.3 μm, and the 
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window of t ranges from -120 fs to 120 fs with an interval of 1 fs. 

The origin of the coordinate, (x, y, z) = (0, 0, 0), is set to be the 

intersection of the main driving laser and the scattering laser, or 

equivalently the scattering position. For the calculation of the 

scattering process, the following parameters are required: the 

electron profile, the pointing and profile of the scattering laser, and 

the time delay between the main and scattering lasers. Each 

parameter will be introduced in the following sections. 

 

3.3.2.1. Scattering laser beam 

In the simulation, the scattering laser beam directed to the 

scattering position is represented by  

𝐼𝑠(𝑥, 𝑦, 𝑧, 𝑡) = 𝐼0(𝑥 + ∆𝑥𝑆𝐿 , 𝑦+,  ∆𝑦𝑆𝑙 , 𝑧)

× 𝑒𝑥𝑝 (−
(

𝑧 +  ∆𝑧𝑆𝑙
𝑐

− (𝑡 − ∆𝑇))
2

2𝜎𝑠
2

) 

( 3.7 ) 

where 𝐼0(𝑥, 𝑦, 𝑧) is the spatial intensity profile of the scattering laser 

beam, ∆𝑥𝑆𝐿, ∆𝑦𝑆𝐿 and ∆𝑧𝑆𝑙 are the shift of the focal spot position in x, 

y, and z axes, respectively, ∆𝑇  is the time delay between the 

electron and the scattering laser beams, and 𝜎𝑠 is the pulse width (= 

25 fs in FWHM). 

The spatial intensity profile of the scattering laser beam was 

measured with a displacement range of -36 μm to 27 μm, as shown 

in Figure 3.9. The profile was then radially integrated and averaged, 

resulting in the radial intensity profile at the focal spot. Interpolation 

was employed to obtain the spatial intensity profile with a 1-μm 

displacement interval. Since the pointing and defocus fluctuations 
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were not measured during the experiment, the pointing fluctuation, 

∆𝑥𝑆𝐿  and ∆𝑦𝑆𝐿 ,  was assumed to be ± 12 μm, and the defocus 

fluctuation, ∆𝑧𝑆𝐿 , was assumed to be less than two-thirds of the 

Rayleigh length, corresponding to 18 μm.  
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Figure 3.10: Intensity profile of a scattering laser beam at the 

focus position. 

 

3.2.2.2. Electron beam 

In the simulation, the electron beam directed to the scattering 

position is represented by the following equation: 

𝑁𝑒(𝑥, 𝑦, 𝑧, 𝑡) = 𝑁𝑒0(𝑥, 𝑦) × 𝑒𝑥𝑝 (−
(
𝑧
𝑐 − 𝑡)2

2𝜎𝑒
2

) ( 3.8 ) 

where 𝑁𝑒0(𝑥, 𝑦, 𝑧) is the spatial intensity profile of the electron beam, 

∆𝑥𝑒 and ∆𝑦𝑒 represent the deviation of the electron beam from the 

main driving laser axis in the x and y direction, respectively, and 𝜎𝑒 

is the duration of an electron beam. In the simulation, 𝜎𝑒 is assumed 

to be 4.3 μm, corresponding to the temporal duration of 10 fs 

(FWHM), which is a typical duration of an electron beam obtained 
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with the laser wakefield acceleration scheme42. The spatial intensity 

profile of the main driving laser beam is treated as a 2-dimensional 

(x, y) Gaussian distribution. The electron beam profile for the y-

axis was estimated from the vertical profile of an electron spectrum 

appeared on Lanex 3 and fitted to a Gaussian distribution function. 

As the x-axis profile could not be measured during an NCS 

experiment, it was assumed to be the same as that of the y-axis. 

 

3.2.2.3. Time delay 

The time delay between an electron beam and a scattering laser 

beam is a parameter in the simulation. The time delay between the 

main driving laser and an accelerated electron beam should be 

estimated and subtracted from the measured real-time delay. In the 

bubble regime of laser wakefield acceleration, an accelerated 

electron beam follows the main driving laser with a time delay 

corresponding to about half of the plasma wavelength,  
1

2
𝑤𝑝𝑒 =

1

2
√

𝑒2𝑛𝑒

𝜖0𝑚𝑒
 . 

For an electron density of 𝑛𝑒 = 7 × 1017𝑐𝑚−3 , a half of the plasma 

wavelength corresponds to the time delay of 68 fs. This time delay 

was confirmed from the correlation between the gamma ray pointing 

and the measured real-time delay, as shown in Figure 3.11. Figure 

3.11 is a scatter plot of the real-time delay with respect to the 

horizontal pointing of gamma rays obtained from the LYSO-SC. The 

relation between the time delay, ∆𝑇𝑚𝑒𝑎, and the horizontal pointing, 

𝑠𝑐ℎ, of gamma-ray can be represented as a first-order polynomial 

function, 
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∆𝑇𝑚𝑒𝑎 (𝑓𝑠) = −49 × 𝑠𝑐ℎ(𝑚𝑟𝑎𝑑) + 68 ( 3.9 ) 

The gamma rays should be pointed at zero when the electron and the 

scattering laser beams are perfectly synchronized. This means 𝑠𝑐ℎ =

0  and ∆𝑇𝑚𝑒𝑎 =  (𝑇𝑚𝑎𝑖𝑛-𝑇𝑒) + (𝑇𝑒-𝑇𝑠𝑐𝑎𝑡𝑡𝑒𝑟) = 68 𝑓𝑠.  For perfect 

synchronization, (𝑇𝑒-𝑇𝑠𝑐𝑎𝑡𝑡𝑒𝑟)  is zero, so (𝑇𝑚𝑎𝑖𝑛-𝑇𝑒)  is 68 fs as 

predicted from the half of plasma wavelength. The time delay 

between the electron and the scattering laser beams can be 

expressed as, 

∆𝑇 (𝑓𝑠) = 𝑇𝑒 − 𝑇𝑠𝑐𝑎𝑡𝑡𝑒𝑟 =  −49 × 𝑠𝑐ℎ(𝑚𝑟𝑎𝑑) ( 3.10 ) 

Using Eq. 3.10, the time delay can be deduced by the horizontal 

pointing of LYSO-SC when the real-time delay monitoring system 

was not introduced. 
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Figure 3.11: Scatter plot of time delay measured by the real-time 

monitoring system with respect to the horizontal gamma-ray 

pointing obtained from LYSO-SC. The red solid line in the scatter 

plot represents Eq. 3.9.  

 

3.2.2.4. Projection ratio 

For further comparison between the simulated gamma-ray 

profile and the measured one, it is necessary to know the projection 

ratio to convert the measured gamma-ray profile in the divergence 

map to the (x, y) coordinates. The projection ratio can be obtained 

from the relationship between the time delay and the pointing of 

gamma-ray.  
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Figure 3.12: Illustration for understanding the projection ratio. 

 

In the top image of Figure 3.12, the time delay between the 

electron and the scattering laser beams is zero, i.e., the scattering 

occurs at (x, y, z) = (0, 0, 0) and the gamma-ray pointing is 0 mrad. 

In the bottom image of Figure 3.12 presenting the case of gamma-

ray pointing of 1 mrad, the time delay between the electron and the 

scattering laser beams is 49 fs from Eq. 3.10. In this case, the 

electron beam scatters with the scattering laser beam where the 

center of the scattering laser beam is 7.8 μm away from the focal 

position, corresponding to 26 fs. Here, the distance between the 

center of the scattering laser beam and the main driving laser axis is 

3.9 μm. As a result, the projection ratio is determined to be 3.9 

μm/mrad. 
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3.2.2.5. Example of the simulation 

Examples of the simulation depending on input parameters are 

given here. The first example is the case of  ∆𝑇 = 0, ∆𝑥𝑆𝐿 = ∆𝑦𝑆𝐿 = 0, 

and the electron beam profile has a Gaussian distribution of 30 𝜇𝑚 in 

FWHM. In this case, the tightly focused scattering laser beam 

scatters with the electron beam at the location of (x, y, z) = (0, 0, 

0). Figure 3.13 shows an electron and scattering laser beam and the 

corresponding gamma-ray flux for this case. A gamma-ray flux is 

computed from 𝑁𝑒(𝑥, 𝑦, 𝑧, 𝑡) ∙ ∫
𝑑𝜎𝐶𝑆𝑀

𝑑𝜀𝛾
(𝑎0(𝑥, 𝑦, 𝑧, 𝑡), 𝜀𝑒− = 2 𝐺𝑒𝑉) 𝜀𝛾𝑑𝜀𝛾  . 

𝑑𝜎𝐶𝑆𝑀

𝑑𝜀𝛾
 is the NCS cross section. Figure 3.14 shows the total time-

integrated gamma-ray flux. This result shows that when the 

scattering laser beam makes a Compton scattering at the center of 

the electron beam, the gamma-ray profile becomes a symmetrical 

shape. 
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Figure 3.13: Electron and scattering laser beam implemented in 

the (x, y, z, t) coordinate for the case of ∆𝑇 = 0, ∆𝑥𝑆𝐿 = ∆𝑦𝑆𝐿 = ∆𝑧𝑆𝐿 =

0, and the electron beam profile is the gaussian distribution of 30 μm 

(FWHM).  a-c) Scattering profiles of the electron (moving from right 

to left) and the scattering laser beams (moving from left to right) at 

the time specified in each figure. d-f) Computed gamma-ray flux for 

a)-c), respectively. 
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Figure 3.14: Total gamma-ray flux for the case shown in Figure 

3.13. 

 

The second example is the case of  ∆𝑇 = 150 𝑓𝑠, ∆𝑥𝑆𝐿 = 0, ∆𝑦𝑆𝐿 =

0 𝜇𝑚, ∆𝑧𝑆𝐿 = 0, and the electron beam profile is a gaussian distribution 

of 30 𝜇𝑚 in FWHM. In this case, the scattering laser beam scatters 

with the electron beam before reaching the focus; the strongest 

scattering position is (x, y, z) = (12, 0, -22) 𝜇𝑚. The maximum laser 

intensity during the scattering is lower than in the first example case. 

Figure 3.15 shows the electron and the scattering laser beams 

implemented in the (x, y, z, t) coordinate for this case. Figure 3.16 

shows the total time-integrated gamma-ray flux. Because of the 

time delay, the scattering laser beam makes a scattering at the edge 

of the electron beam, producing the asymmetrical gamma-ray profile. 
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Figure 3.15: Electron and scattering laser beam implemented in 

the (x, y, z, t) coordinate for the case of ∆𝑇 = 150 fs, ∆𝑥𝑆𝐿 = ∆𝑦𝑆𝐿 =

∆𝑧𝑆𝐿 = 0, and the electron beam profile is the gaussian distribution of 

30 μm (FWHM).  a-c) Scattering profiles of the electron (moving 

from right to left) and the scattering laser beams (moving from left 

to right) at the time specified in each figure. d-f) Computed gamma-

ray flux for a)-c), respectively. 
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Figure 3.16: Total gamma-ray flux for the case shown in Figure 

3.15. 

 

3.3.3. Estimation of laser intensity  

The realistic simulation of a scattering process can be performed 

after obtaining actual experimental parameters. By finding the 

experimental parameters, including laser intensity, corresponding to 

a measured gamma-ray profile, the scattering process can be 

simulated. The expected gamma-ray profile was calculated as 

follows. 

𝑆𝐶𝑒𝑥𝑝𝑒𝑐𝑡𝑒𝑑(𝑥, 𝑦)

= 𝐶 ∫ ∫ 𝑁𝑒(𝑥, 𝑦, 𝑧, 𝑡) ∙
𝑑𝜎𝐶𝑆𝑀

𝑑𝜀𝛾
(𝑎0(𝑥, 𝑦, 𝑧, 𝑡), 𝜀𝑒−)

∙ 𝑅𝐿𝑌𝑆𝑂−𝑆𝐶(𝜀𝛾)  𝑑𝜀𝛾  𝑑𝑧 𝑑𝑡 

( 3.11 ) 

Here, 𝑆𝐶𝑒𝑥𝑝𝑒𝑐𝑡𝑒𝑑(𝑥, 𝑦) is a calculated gamma-ray profile on LYSO-SC, 

C a normalizing factor to set the maximum value of 𝑆𝐶𝑒𝑥𝑝𝑒𝑐𝑡𝑒𝑑(𝑥, 𝑦) as 
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1, and 𝑅𝐿𝑌𝑆𝑂−𝑆𝐶(𝜀𝛾) the response function of LYSO-SC obtained at 

Sec. 3.2.1. Because the experimental parameters of the simulation 

can be found by comparing the simulated and the measured gamma-

ray profiles. For comparison, measured gamma-ray profiles were 

also normalized and projected into the (x, y) plane using the 

projection ratio (3.9 μm/mrad). 

 

3.3.3.1. Structural similarity index measure 

Experimental parameters can be estimated by comparing a 

calculated gamma-ray profile with a measured result.  The actual 

scattering laser intensity during a Compton scattering is not directly 

measurable, but very critical for rigorous analysis and understanding 

of the scattering process. The estimation of experimental parameters 

including scattering laser intensity is sought by analyzing a measured 

gamma-ray profile on LYSO-SC using the structural similarity index 

measure62 (SSIM). SSIM is a method to compare two images using 

three elements: luminance, contrast, and structure. The value of the 

SSIM can range from 0 to 1. The closer to 1, the more similar the 

two images are. Luminance is described as 𝐼(𝑥, 𝑦) =
2𝜇𝑥𝜇𝑦+𝐶1

𝜇𝑥
2+𝜇𝑦

2+𝐶1
, where 

𝜇𝑥 =
1

𝑁
∑ 𝑥𝑖

𝑁
𝑖=1  is an average intensity of pixel, 𝑥𝑖 is an intensity of i-th 

pixel, N is the number of total pixels, C1 is a constant to prevent a 

denominator to become zero and normally expressed as 𝐶1 = (𝐾1𝐿)2 

with 𝐾1=0.01 and 𝐿 being a range of intensity. Contrast is described 

as 𝑐(𝑥, 𝑦) =
2𝜎𝑥𝜎𝑦+𝐶2

𝜎𝑥
2+𝜎𝑦

2+𝐶2
, C2 is also a constant to prevent a denominator 

to become zero and expressed as 𝐶2 = (𝐾2𝐿)2 , normally 𝐾2 =0.03. 



 

 ９１ 

Structural similarity has the same meaning as the correlation of two 

images described as 𝑠(𝑥, 𝑦) =
𝜎𝑥𝑦+𝐶3

𝜎𝑥𝜎𝑦+𝐶3
, where 𝜎𝑥𝑦 =

1

𝑁−1
∑ (𝑥𝑖 −𝑁

𝑖=1

𝜇𝑥)(𝑦𝑖 − 𝜇𝑦). For the convenience of formula, 𝐶3 = 0.5 × 𝐶2 is assumed. 

Then SSIM can be expressed as 𝑆𝑆𝐼𝑀(𝑥, 𝑦) = 𝐼(𝑥, 𝑦)𝛼 ∙ 𝑐(𝑥, 𝑦)𝛽 ∙ 𝑠(𝑥, 𝑦)𝛾. 

To make a simple expression, 𝛼 =  𝛽 =  𝛾 = 1 was assumed and the 

SSIM can be expressed as, 

𝑆𝑆𝐼𝑀(𝑥, 𝑦) =
(2𝜇𝑥𝜇𝑦 + 𝐶1)(2𝜎𝑥𝑦 + 𝐶2)

(𝜇𝑥
2 + 𝜇𝑦

2 + 𝐶1)(𝜎𝑥
2 + 𝜎𝑦

2 + 𝐶2)
 ( 3.12 ) 

 

3.3.3.2. Comparison of gamma-ray profile 

Simulated gamma-ray profiles obtained with a range of 

experimental parameters will be compared with the measured data. 

In the simulation, the experimental parameters,  ∆𝑇, ∆𝑥𝑆𝐿 , ∆𝑦𝑆𝐿 and 

∆𝑧𝑆𝐿, were considered input variables. Here, the shot #1781, with a 

peak electron energy of 2.7 GeV and time delay of 0 fs, was 

representatively analyzed. The simulated gamma-ray profile was 

compared with the measured data. Tables 1 and 2 show the SSIM 

values depending on the experimental parameters, and  Figure 3.17 

shows the result most similar to the measurement of shot #1781. 

Measured gamma-ray beam profile shows symmetrical shape based 

on x = 0, also the simulated gamma-ray profile with the experimental 

parameters, ∆𝑇 = 0 𝑓𝑠, ∆𝑥𝑆𝐿 = 0 𝜇𝑚, ∆𝑦𝑆𝐿  = 4 𝜇𝑚, and ∆𝑧𝑆𝐿  = 0 𝜇𝑚, 

shows symmetrical shape.  
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Table 1: Comparison result between simulated gamma-ray 

profiles and the measured one for the shot#1781. Simulations were 

carried for a set of ∆𝑇 and ∆𝑥𝑆𝐿 when ∆𝑦𝑆𝐿 = 4 𝜇𝑚 and ∆𝑧𝑆𝐿 = 0 𝜇𝑚. 

 

 

Table 2: Comparison result between simulated gamma-ray 

profiles and the measured one for the shot#1781. Simulations were 

carried for a set of ∆𝑦𝑆𝐿 and ∆𝑧𝑆𝐿 when ∆𝑇 = 0 𝑓𝑠 and ∆𝑥𝑆𝐿 = 0 𝜇𝑚. 
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Figure 3.17: a) Measured gamma-ray beam profile from LYSO-

SC of the shot #1781. b) Simulated gamma-ray beam profile with 

the parameters, ∆𝑇 = 0 𝑓𝑠, ∆𝑥𝑆𝐿 = 0 𝜇𝑚, ∆𝑦𝑆𝐿  = 4 𝜇𝑚 and ∆𝑧𝑆𝐿  = 0 𝜇𝑚. 

 

3.3.3.3. Laser intensity during the scattering 

From the SSIM analysis the actual laser intensity during the 

scattering can be estimated, along with the number of scattered 

electrons. For the shot # 1781, the simulated gamma-ray profile 

using the parameters, ∆𝑇 = 0 𝑓𝑠, ∆𝑥𝑠𝑙 = 0 𝜇𝑚, ∆𝑦𝑠𝑙 = 4 𝜇𝑚 , ∆𝑧𝑠𝑙 = 0 𝜇𝑚 , 

produced the highest SSIM result. Figure 3.18 shows a snapshot of 

the electron and the scattering laser beams in this case. At the 

coordinate of (x, y, z, t) = (0, 0, 0, 0), the scattering laser beam 

intensity and the electron beam density were 𝐼𝑠(0,0,0,0) = 13  and 

𝑁𝑒(0,0,0,0) = 4000, as shown in  Figure 3.18.  In other words, the 

number of electrons scattering with a laser of 𝑎0 = 13 is 4000. The 

total number of electrons scattered with the laser intensity 𝑎0 = 13 

can be obtained by ∫ ∫ ∫ ∫ 𝑁𝑒,𝑠𝑐𝑎𝑡𝑡𝑒𝑟𝑒𝑑(𝑥, 𝑦, 𝑧, 𝑡) 𝑑𝑥𝑑𝑦𝑑𝑧𝑑𝑡 , where 

𝑁𝑒,𝑠𝑐𝑎𝑡𝑡𝑒𝑟𝑒𝑑(𝑥, 𝑦, 𝑧, 𝑡) = 𝑁𝑒(𝑥, 𝑦, 𝑧, 𝑡)  for 𝐼𝑠(𝑥, 𝑦, 𝑧, 𝑡) = 13  and 
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𝑁𝑒,𝑠𝑐𝑎𝑡𝑡𝑒𝑟𝑒𝑑(𝑥, 𝑦, 𝑧, 𝑡) = 0 for 𝐼𝑠(𝑥, 𝑦, 𝑧, 𝑡) ≠ 13 . For shot #1781, the 

number of electrons scattering with a laser beam at a certain 𝑎0 value 

is shown in  Figure 3.19.   

 

 

Figure 3.18: Images of (a) electron and (b) scattering laser beams 

in the x-z plane for 𝑦 = 4 𝜇𝑚 and   𝑡 = 68 𝑓𝑠 of the shot #1781. 
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Figure 3.19: Distribution of scattering electrons with respect to 𝑎0 

of the shot #1781, with parameters of ∆𝑇 = 0 𝑓𝑠, ∆𝑥𝑠𝑙 = 0 𝜇𝑚, ∆𝑦𝑠𝑙 =

4 𝜇𝑚, and ∆𝑧𝑠𝑙 = 0 𝜇𝑚. 

 

The simulation results may not perfectly match the experimental 

results due to the factors such as a non-gaussian electron beam 

profile, pointing fluctuations, and other inaccuracies in the 

experimental setup. It is however noted that the peak position of the 

simulated gamma-ray profile is relatively insensitive to electron 

beam properties. As the electron beam size is much larger than the 

scattering laser beam, the peak position of the gamma-ray profile is 

more affected by the spatiotemporal distribution of the scattering 

laser beam than the electron beam. To determine if the simulated 

gamma-ray profile matched the measured profile, a threshold of 
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SSIM > 0.9 was used as the criterion. Figure 3.20 shows the 

scattering electron for different laser intensities, along with the 

corresponding gamma-ray profiles with SSIM > 0.9. The red circles 

represent the average scattering electrons at each laser intensity, 

with error bars indicating the minimum and maximum values. 

 

 

Figure 3.20: Distribution of scattering electrons with respect to 𝑎0 

for the shot #1781 calculated based on the parameters that resulted 

in gamma-ray profiles with SSIM > 0.9. The experimental 

parameters used in the simulation included variations in ∆𝑇 =

−20 to 20 𝑓𝑠, ∆𝑥𝑠𝑙 = −4 to 4 𝜇𝑚, ∆𝑦𝑠𝑙 = 4 𝜇𝑚, and ∆𝑧𝑠𝑙 = −12 to 12 𝜇𝑚. Red 

circles represent the average scattering electrons at each laser 

intensity and error bars indicate the minimum and maximum values 

for the cases of SSIM > 0.9. 
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3.4. Gamma-ray energy spectrum 

The reconstruction of gamma-ray energy spectra has been 

performed with two methods - SIRT and the cross-sectional method. 

For the cross-sectional method, the gamma-ray energy spectrum 

can be obtained from 

𝑑𝑁𝜀𝛾

𝑑𝜀𝛾
= ∫ 𝑁𝑎0

∫
𝑑𝑛𝑒

𝑑𝜀𝑒−
∙

𝑑𝜎𝐶𝑆𝑀

𝑑𝜀𝛾
(𝑎0, 𝜀𝑒−) 𝑑𝜀𝑒−  𝑑𝑎0 , ( 3.13 ) 

where 
𝑑𝑛𝑒

𝑑𝜀𝑒−
 is the electron energy spectrum measured on Lanex3. The 

analysis result of the gamma-ray energy spectrum of the shot 

#1781 is shown in Figure 3.21. Figure 3.21 a) shows the histogram 

of scattering electrons with respect to 𝑎0, obtained from Sec. 3.3.  

For this distribution, the gamma-ray energy spectrum was calculated 

using Eq. 3.13 and the result was shown as the red line in Figure 3.21 

b). Also, the gamma-ray energy spectrum obtained by SIRT is 

shown in the blue line of Figure 3.21 b). The expected signal on 

LYSO-PX can be computed by, 

PX = 𝐶 ∙ ∫
𝑑𝑁𝜀𝛾

𝑑𝜀𝛾
∙ 𝑅𝐿𝑌𝑆𝑂−𝑃𝑋(𝜀𝛾)  𝑑𝜀𝛾 ( 3.14 ) 

Here, PX is an expected LYSO-PX count, 𝑅𝐿𝑌𝑆𝑂−𝑃𝑋(𝜀𝛾)  is the 

response of LYSO-PX when a gamma-ray photon with energy 𝜀𝛾 is 

injected, C is a normalization factor to make 𝑃𝑋 equal to the total 

count of the measured one. Figure 3.21 c) shows the measured signal 

of LYSO-PX and the calculated response of LYSO-PX using Eq. 3.14. 

The calculated response from the cross-sectional method matches 

well the measured response with 𝑅2  of 0.99. Figure 3.21 d) shows 
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the total counts for the gamma rays with energy above 𝜀𝛾 , which is 

obtained from the formula, 𝐶 ∙ ∫
𝑑𝑁𝜀𝛾

𝑑𝜀𝛾
∙ 𝑅𝐿𝑌𝑆𝑂−𝑃𝑋(𝜀𝛾)

∞

𝜀
 𝑑𝜀𝛾 . For the 

measurement using the camera, the total noise is generally defined 

as √𝜎𝑠ℎ𝑜𝑡
2 + 𝜎𝑏𝑎𝑐𝑘

2, where 𝜎𝑠ℎ𝑜𝑡 is a shot noise, 𝜎𝑏𝑎𝑐𝑘 is a background 

noise including the dark current noise and the readout noise. When 

the signal is large, the shot noise is equal to square root of signal. To 

estimate 𝜎𝑏𝑎𝑐𝑘 , the total count on LYSO-PX without Compton 

scattering was repeatedly measured 25 times, and the standard 

deviation of the total count without the signal was 6 × 106 counts, 

which corresponds to  𝜎𝑏𝑎𝑐𝑘. For the shot #1781, the total noise level 

is √𝜎𝑠ℎ𝑜𝑡
2 + 𝜎𝑏𝑎𝑐𝑘

2 ≈ 6 × 106, which sets 𝜀𝛾 more than 450 MeV; the 

total count above this energy was more than two times the total noise 

level appeared in both methods. In other words, the gamma-rays 

with energy over 450 MeV meaningfully take part in the measured 

signal. Consequently, we claim from the measurement and analysis 

that gamma-rays with energy over 450 MeV was confirmed.  

In the case of NCS, the scattering between an ultra-relativistic 

electron and  𝑛 laser photons can produce gamma-ray photons up to 

the energy 𝜀𝛾
7, 61, 

𝜀𝛾  ≈
𝑛

1 +
𝑎0

2

2 +
2𝑛𝛾𝜀𝐿

𝑚𝑒𝑐2 (1 + 𝑐𝑜𝑠𝜃)
𝜀𝛾,𝑐𝑢𝑡𝑜𝑓𝑓 

( 3.15 ) 

Here 𝛾 is the Lorentz factor of electron, 𝜀𝐿 is the energy of a laser 

photon, and 𝜃 is the scattering angle of NCS. After substituting Eq 

3.6 into Eq. 3.15, Eq. 3.15 can be rearranged for the nonlinearity 

order, 𝑛, as follows: 
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𝑛 ≈
𝜀𝛾

2𝜀𝐿𝛾(1 + cos θ)

(1 +
𝑎0

2

2 )

(𝛾 −
𝜀𝛾

𝑚𝑐2)
 ( 3.16 ) 

In the above result and peak electron energy of 2.7 GeV as shown in 

Figure 2.29, the nonlinearity order was 286. In order words, 286 

photons simultaneously scatter with an electron, emitting gamma-

ray photon of 450 MeV. Consequently, the analysis of the gamma-

ray energy spectrum from the shot #1781 showed that NCS occurred 

in the strongly nonlinear regime. 
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Figure 3.21: Analysis results of the measured gamma rays for the 

shot #1781. a) Histogram of scattering electrons with respect to 𝑎0. 

b) Gamma-ray energy spectrum. The gamma-ray spectrum 

obtained with the cross-sectional method (CSM) is shown by the red 

line. The black dashed line is the one calculated for the n=1 case of 

CSM, i.e., the component of linear Compton scattering. The blue line 

represents the result by SIRT. c) Comparison of reconstructed 

LYSO-PX signals for the shot #1781. The black squares show the 

measured signal. The red and the blue lines represent CSM and SIRT 

obtained using Eq. 3.14, respectively. The black dashed line is the 

one calculated for the n=1 case of CSM. d) Total counts on LYSO-

PX for 𝜀 > 𝜀𝛾. The black dashed line is the noise level. Gamma-rays 

up to 450 MeV was detectable. 
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3.5. Additional analysis of NCS gamma-ray results 

and conclusion 

Four shots (shot #885, 902, 995, and 1512) with strong gamma-

ray signals were analyzed by applying the same method used for the 

shot #1781. The electron energy spectra and LYSO-PX response 

for four shots are described in Figure 3.22 and Figure 3.23, 

respectively. Figure 3.24 shows the gamma-ray profile simulated 

with the parameters presented in Table 3.  The parameters, resulting 

in SSIM over 0.9, were presented in Table 4. The analysis results 

for gamma-ray energy spectra are presented in Figs. 3. 25-3. 28. 

 

 
Figure 3.22: Measured electron energy spectra for the shots 

#885, 902, 995, and 1512. 
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Figure 3.23: Measured LYSO-PX response for the shots #885, 

902, 995, and 1512. 

 

 
Figure 3.24: a-d) Gamma-ray profile measured by LYSO-SC for 

shots #885, 902, 995, and 1512 respectively. e-h) Gamma-ray 

profile simulated for shots #885, 902, 995, and 1512 with the 

experimental parameters presented in Table 3.  
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Table 3: Representative parameters for the shots #885, 902, 995, 

and 1512. 

 

 
Table 4: Parameters giving SSIM over 0.9 for the shots #885, 

902, 995, and 1512. 
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Figure 3.25: Analysis results of the measured gamma rays for the 

shot #885. a) Histogram of scattering electrons with respect to 𝑎0. 

b) Gamma-ray energy spectrum. The gamma-ray spectrum 

obtained with the cross-sectional method (CSM) is shown by the red 

line. The black dashed line is the one calculated for the n=1 case of 

CSM, i.e., the component of linear Compton scattering. The blue line 

represents the result by SIRT. c) Comparison of reconstructed 

LYSO-PX signals for the shot #1781. The black squares show the 

measured signal. The red and blue lines represent CSM and SIRT 

obtained using Eq. 3.14, respectively. The black dashed line is the 

one calculated for the n=1 case of CSM.  d) Total counts on LYSO-

PX for 𝜀 > 𝜀𝛾 . Gamma rays with energy up to 410 MeV were 

detectable.  
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Figure 3.26: Analysis results of the measured gamma rays for the 

shot #902. a) Histogram of scattering electrons with respect to 𝑎0. 

b) Gamma-ray energy spectrum. The gamma-ray spectrum 

obtained with the cross-sectional method (CSM) is shown by the red 

line. The black dashed line is the one calculated for the n=1 case of 

CSM, i.e., the component of linear Compton scattering. The blue line 

represents the result by SIRT. c) Comparison of reconstructed 

LYSO-PX signals for the shot #1781. The black squares show the 

measured signal. The red and blue lines represent CSM and SIRT 

obtained using Eq. 3.14, respectively. The black dashed line is the 

one calculated for the n=1 case of CSM.  d) Total counts on LYSO-

PX for 𝜀 > 𝜀𝛾. Up to 460 MeV gamma-ray was detectable.  
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Figure 3.27: Analysis results of the measured gamma rays for the 

shot #995. a) Histogram of scattering electrons with respect to 𝑎0. 

b) Gamma-ray energy spectrum. The gamma-ray spectrum 

obtained with the cross-sectional method (CSM) is shown by the red 

line. The black dashed line is the one calculated for the n=1 case of 

CSM, i.e., the component of linear Compton scattering. The blue line 

represents the result by SIRT. c) Comparison of reconstructed 

LYSO-PX signals for the shot #1781. The black squares show the 

measured signal. The red and blue lines represent CSM and SIRT 

obtained using Eq. 3.14, respectively. The black dashed line is the 

one calculated for the n=1 case of CSM.  d) Total counts on LYSO-

PX for 𝜀 > 𝜀𝛾. Up to 490 MeV gamma-ray was detectable.  
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Figure 3.28: Analysis results of the measured gamma rays for the 

shot #1512. a) Histogram of scattering electrons with respect to 𝑎0. 

b) Gamma-ray energy spectrum. The gamma-ray spectrum 

obtained with the cross-sectional method (CSM) is shown by the red 

line. The black dashed line is the one calculated for the n=1 case of 

CSM, i.e., the component of linear Compton scattering. The blue line 

represents the result by SIRT. c) Comparison of reconstructed 

LYSO-PX signals for the shot #1781. The black squares show the 

measured signal. The red and blue lines represent CSM and SIRT 

obtained using Eq. 3.14, respectively. The black dashed line is the 

one calculated for the n=1 case of CSM.  d) Total counts on LYSO-

PX for 𝜀 > 𝜀𝛾. Gamma-ray energy up to 360 MeV was detectable.  
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The NCS results by scattering laser peak intensity of 𝑎0 = 13 with 

ultra-relativistic electrons ranging from 1.8 to 3.0 GeV were 

analyzed. Table 5 shows the analysis parameters for the shots #885, 

902, 995, 1512, and 1781 - peak energy of the electrons, maximum 

measurable gamma-ray energy, nonlinearity order, and 𝜒𝑒 . The 

nonlinearity order indicates the minimum number of laser photons 

required to produce the maximum measurable gamma-ray energy by 

NCS. In the case of shot #885, relatively low energy electron, 1.8 

GeV, produced a gamma-ray energy of 410 MeV, indicating a 

nonlinearity order of 630. The nonlinearity of a few hundred means 

the NCS experiment was performed in the highly nonlinear regime. 

In the case of shot #995, which had the highest peak electron energy, 

the strongest gamma-ray energy, 490 MeV, was measured. In this 

case, the strong field quantum electrodynamics parameter 𝜒𝑒 is 0.43, 

indicating that the NCS experiment was conducted in the strong field 

quantum electrodynamics regime close to 𝜒𝑒=1. 

 

  

Table 5: Analysis results for the shots #885, 902, 995, 1512 and 

1781. 
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In this NCS research, gamma-ray energy spectra were 

reconstructed using the two methods - the cross-sectional method 

and SIRT. The SIRT used LYSO-PX measurement results and 

Geant4 simulations to obtain the gamma-ray energy spectra. The 

cross-sectional method primarily estimated the laser intensity 

during scattering through simulation to calculate gamma-ray energy 

spectra. The simulation input parameters, including the time delay, 

the scattering laser beam pointing, and the defocus of scattering laser 

beam, were obtained by comparing the measured and the simulated 

gamma-ray profiles. Both methods revealed the production of 

gamma rays with energy much larger than the cutoff energy of linear 

Compton scattering. For example, for the shot #995, the gamma-ray 

energy of 490 MeV was obtained, while the cutoff energy of linear 

Compton scattering is 200 MeV. Here, the gamma-ray photon of 490 

MeV was generated from the Compton scattering of an electron with 

more than 250 photons. As with the other four shots analyzed, the 

results from the NCS experiment confirmed that the nonlinearity 

order was as high as 630. Consequently, the analyzed results 

confirmed that the NCS was experimentally demonstrated in the 

strongly nonlinear regime with the quantum nonlinearity parameter 

as high as 𝜒𝑒 = 0.43. 
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Chapter 4. Conclusion 

Nonlinear Compton scattering (NCS) has been explored to 

investigate light-matter interactions in the strong field QED regime. 

A series of NCS experiments with a multi-PW laser was designed 

and performed using an ultra-relativistic electron beam and an 

ultrahigh intensity laser. For the investigation of the strong field QED 

regime, an electron beam with energy of 2 - 3 GeV was produced 

from a He gas cell driven by a PW laser using the LWFA method, and 

a scattering laser with the normalized vector potential 𝑎0 ≈ 13 was 

prepared. As the spatiotemporal synchronization between the 

electron and the scattering laser beams determines the occurrence 

of scattering and affects the actual laser intensity during the 

scattering with an electron beam, a set of spatiotemporal 

synchronization systems were developed. The first spatiotemporal 

synchronization system with a pellicle at the scattering position 

achieved the temporal synchronization with a jitter of 11 fs. In 

addition, the real-time delay monitoring system using spatial and 

spectral interferometry measured the time delay range up to 200 fs 

between the main driving laser and the scattering laser during an 

experiment, maintaining the time delay within 14 fs (rms). With these 

installations, the scattering probability increased up to 40%.  

In this series of NCS experiments with a collection of 113 

gamma-ray data, five results with strong gamma-ray signals were 

analyzed. Gamma-ray energy spectra were retrieved from the 

measured signal on the pixelated LYSO detector by applying two 
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methods, SIRT and the cross-sectional method. In the case of SIRT 

a gamma-ray energy spectrum was retrieved from a pixelated LYSO 

signal by an iteration based on the response function calculated using 

the GEANT4 code for a set of gamma-ray energies.  In the case of 

the cross-sectional method, the gamma-ray energy spectrum for 

given experimental parameters, including the time delay, the 

scattering laser beam pointing, and the defocus of scattering laser 

beam, was calculated using the cross section of nonlinear Compton 

scattering. The laser intensity during scattering was estimated from 

the measured gamma-ray profile on the single crystal LYSO. The 

gamma-ray energy spectrum obtained from both methods showed 

good agreement when compared to check consistency. In the case of 

the gamma-ray energy spectrum obtained with an electron beam 

with a peak energy of 3.0 GeV, the gamma-ray energy extended up 

to 490 MeV, which far exceeded the cutoff energy, 200 MeV, of linear 

Compton scattering. Considering the scattering laser intensity 

estimated from the analysis, the normalized vector potential, 𝑎0, was 

13, and the corresponding quantum nonlinear parameter 𝜒𝑒 was 0.43. 

This result was a clear indication that the NCS occurred between an 

electron and 250 laser photons. Since this kind of experimental 

results has not been reported before, our experimental data will pave 

the road to the new physics regime of strong field QED and provide 

crucial data to prompt theoretical advancements in this area. 
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Abstract in Korean 
  

PW 레이저를 이용한 비선형 컴프톤 

산란 실험을 위한 광학 및 감마선 

진단계 개발 
 

김 도 연 

에너지시스템공학부 

서울대학교 대학원 

 

이 논문은 고에너지 전자와 초강력 레이저 사이의 비선형 컴프턴 산란을 

실험적으로 구현하고 분석하는데 필요한 광학 및 감마선 진단계를 다룬다. 

PW 레이저 기술의 발전으로 강한 전기장 하에서의 양자전기역학이 

본격적으로 연구되기 시작했다. 레이저 웨이크필드 가속 방식을 기반으로 

PW레이저로 헬륨 가스 표적에 입사하여 수 GeV 에너지ㅡ이 전자빔을 

생성하였다. 이 전자빔이 초강력 레이저와 산란될 때 다중 광자 컴프톤 산란, 

즉 비선형 컴프톤 산란이 발생하여 선형 컴프톤 산란의 한계에너지 보다 강한 

에너지의 감마선을 생성할 수 있다. 비선형 컴프톤 산란 실험을 수행하기 

위해서는 전자를 가속하는 레이저와 충돌시키고자 하는 레이저의 시공간 

동기화가 준비되어야 한다. spatial interferometer와 spectral 

interferometer로 구성된 실시간 두 레이저 사이의 시간 지연 측정 시스템을 

도입하여 컴프톤 산란 실험을 성공적으로 수행하였고 이때 성공률을 40 %로 
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상승시켰다. 

컴프톤 산란에서 생성된 감마선 진단을 위해 공간분포를 측정하기 위한 

신틸레이터와 에너지 스펙트럼을 측정하기 위한 신틸레이터가 준비되었다. 

비선형 컴프톤 산란에 의해 생성된 감마선 에너지 분포는 두가지 방법으로 

구하였다. 첫번째는 비선형 컴프톤 산란 단면적에 기초하여 계산하는 것이며 

두번째는 동시 반복 재구성 기법을 사용하는 것이다. 우선 비선형 컴프톤 

산란 단면적을 이용하기 위해서는 산란 시 레이저의 세기를 알아야 한다. 

산란 중의 레이저의 세기와 산란한 전자수는 전자와 충돌 레이저를 (x, y, z, 

t)에 구현하여 구하였으며, 이를 바탕으로 비선형 컴프톤 산란 단면적을 

이용하여 감마선 에너지 분포를 계산하였다. 다른 한편으로 동시 반복 재구성 

기법을 이용하여 픽셀화된 신틸레이터의 측정결과를 분석하여 감마선 

에너지 분포를 얻었다. 두 방법으로 구한 감마선 에너지 스펙트럼이 선형 

컴프톤 산란의 한계 에너지를 초과하는 수백 MeV까지 있었음을 

확인함으로써 비선형 컴프톤 산란이 실험적으로 일어나는 것을 검증하였다.  

이 연구를 통해 강한 전기장 하에서의 양자전기역학의 빛과 입자 사이의 

상호작용을 실험적으로 연구할 수 있었다. 

 

주요어 : 비선형 컴프톤 산란, 레이저 동기화, 감마선 진단, 강한 전기장 

양자전기역학, 레이저 웨이크필드 가속기, PW 레이저 

학   번 : 2016-21287 
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