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Inverse Compton Scattering X-ray Source
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Differential 
cross-section

if the photon energy is much smaller than the rest energy of electron, 

ε = hv
m0c

2 ≪1 FKN ~1 (dσ
dΩ
)KN = re

2

2
(1+ cos2θ )

The differential scattering cross section 
is independent of the frequency of the 
incident wave, and is symmetric with 
respect to forward and backward 
scattering. The frequency of the 
scattered radiation is the same as that 
of the incident radiation. The total 
scattering cross section is obtained by 
integrating over the entire solid angle of 
the polar angle. 
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In Thomson scattering, the energy of the scattered photon is the same as that of 
the incident photon. If there are Z-electrons in an atom, the cross-section is ZσTh.
The cross-section is energy independent, which deviates significantly from 
experiments, e.g. the scattered X-rays were softer than those of the incident beam, 
observed by J.A Gray.
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常见X/γ射线光源 

Photon Energy (keV) 
100� 101� 102� 103�

Peak Brightness 
(photons/s/mrad2/mm2/0.1%-BW) 

1010�

1015�

1020�

1025�

1030�

SR 

104� 105�

XFEL 

X-ray Tube 

TS/ICS Sources Compared with Other Light Sources

Mono-energetic 
Photon energy tunable 
Radiation in a small angle 
Ultra-short pulse 
 Small scale
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Probe for Nuclear Studies
科学意P：伽马射线是认知原子核的有力工具 

Water	molecule� Oxygen	atom�

10-10m�

Nucleus�

Electron�

Nucleus	of	oxygen�10-14m�

γ 射线 
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2001: 
Beginning 
of the TS 
studies in 
THU 

2002: 
Collaboration 
on TS with 
CAEP 

2006: The 1st 
scattering x-ray 
(4.6keV, 1.7x104) 
was got with a 
BWT linac of THU 
and YAG laser 
from CAEP 

2009: Soft X-
ray generation 
experiment 
using 
photocathode 
rf gun at the 
TTX� 290.4 
eV, 1 ps, and 
6.4 ︎x103. 

2011: 
Generation 
of first hard 
X-ray pulse 
at TTX, 51.7 
keV , 1.0 × 
106  

1.  Chinese Physics C , Vol. 32, No. 1, Jan., 2008  
2.  NIM A 608 (2009) S70–S74  
3.  NIM A 637 (2011) S168–S171 
4.  REVIEW OF SCIENTIFIC INSTRUMENTS 84, 053301 (2013)  

2013-2018: 
XGLS-3MeV, 108/pulse 

Milestones on the 
Road from TTX to 
XGLS

ICS Studies at Tsinghua
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RF 
Gun 3m S-band Linac1

Deflecting 
Cavity

2856MHz
Ref. signal

Oscillator

Regenerate 

Pre-amplifierTHG Main-amplifier
Compressor

Delay stage

Interaction 
chamber Dipole & 

beam dump

Klystron

MCP

CsI

CCD

Triplet

Photon energy (keV)     24        48
X-ray Flux (Ph/pulse)    8x106   5X107

Pulse length (ps)        0.16        3

TTX-I

Circumference   4.8 m 
Electron energy  50MeV 
RF frequency   500MHz 
X-ray Flux   ~1010ph/s 

TTX-II
Flat-Top X-ray

Tsinghua Thomson scattering X-ray source (TTX):  
TTX-I is operating, TTX-II is under technical design. 



C.Tang ,  EAAC2019

The 50MeV Electron linac beam line of  TTX

The maximum gradient of the gun is ~110MV/m and the bunch charge from a few 
pC to ~1nC. 

An S-band TW cavity was installed for ballistic bunching before the acceleration. 
The acceleration phase is set at ~-90° to introduce an energy chirp 
Simulations show the emittance can be preserved when compression factor 𝐶<3 

A 4-dipole chicane has been installed after the linac 
The bend angle can be varied up to ~15°. 

The combination of ballistic bunching and magnetic compression enable us to 
generate ultrashort (rms<20fs) and high-intensity (~10kA) electron beam.
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photons/pulse

Photon flux of TTX-I

NIM A 608 (2009), NIM A637(2011), RSI 84, 053301(2013)
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Advanced Imaging with TTX-I 
Small spot size: 

Phase Contrast Imaging (including PC 
CT) 

Tunable Energy: 
Multi-Energy X-ray Imaging (Material 

Identification, K-edge Imaging…) 
Narrow Spectra: 

Mono-Energetic X-ray CT 
Short Pulse Length: 

Fast Process Imaging 
…
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TTX-II with LESR and Optical Cavity
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第 3章 注入引出系统研究

图 3.32 极面形状示意图

高阶场的主要来源是磁极端面部分，由于材料饱和而引起场非线性。为了调

节非线性，可以在端面进行削斜处理，减少材料的饱和，同时引入阶梯结构，通过

调节阶梯结构的位置及宽度，从而达到调节高阶场的效果。

优化过程利用 CST的静磁工作室 [37]，对所有可调节参数进行扫描。二极铁极

头最后的优化的形状如图3.33。

图 3.33 极面形状示意图

模拟得到的场误差分布如图3.34。为了计算整块磁铁的平均偏差，计算用的场
强以平均场强代替，即在每个横向位置 x 处，沿着其所在的弧线积分，然后除以

弧线长度得到平均场强，从而得到每条弧线上的场误差。图3.34中的结果显示，在
要求的 ±20mm的范围内，场误差均满足 0.05%的要求。

对图3.34中进行拟合，可以得到高阶场分量，列于表3.6。这里高阶场分量定义
为距离理想轨道 20mm处，高阶场场强与二极场场强的比值。大部分高阶场的场
强都十分小，十二极场相对大一点，但所有高阶场的总和在误差允许范围之内。

53

第 4章 集体不稳定性

图 4.43 高频腔三维示意图。

图 4.44 高频腔部件及冷测照片。

加工完的高频腔部件以及冷测时的安装照片如图4.44。冷测的第一个内容是
利用网络分析仪测量高频腔的回波损耗 S11，测量信号从波导口直接馈入。测试结
果与 CST模拟结果对比如图4.45。由于冷测时高频腔没有进行焊接，馈入功率有
相当一部分通过腔体部件间的缝隙传播出去，因此 S11的峰值会比模拟的结果小。
测量出的基模频率与模拟有一定出入也是由于没有焊接的结果，当腔体部件之间

填充焊料后，腔体的长度会有一定增加。图4.44给出了将腔体长度减少 0.1mm 后
的结果，频率变化幅度为 0.4MHz，故由于没有焊接而引起的频率降低可以认为在
合理范围内。后续加工焊接完的安装在实际束线上的腔体也可以用调谐柱对频率

进行调整，图中给出了加入调谐柱拉伸腔体使其半径增加 0.1mm的结果，变化幅
度为 2MHz。
利用 S11参数也可以计算高频腔的品质因数 Q以及外品质因数 Qe：

S11( f ) = −20 log |Γ|,

98

Chapter 5 Design of Prototype Cavity of TTX2

5.2.3 Mechanical Design of the Prototype Cavity

The prototype cavity should be installed in vacuum and its vacuum vessel presented
on Figure 5.8 is similar to S-Box’s. It is made of the aluminium panels with seal and the
stainless steal frames. Four two-inches laser window are used to measure the coupling
and transmission. The pumping port, gauge port and two viewports are on the top of the
vacuum vessel. The motor feedthroughs are on the side.

图 5.8 Vacuum vessel of the prototype cavity of TTX2 from a di�erent point of view.

图 5.9 Top view (left) and side view (right) of the vacuum vessel

112
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A Very Compact ICS Gamma Ray Source- VIGAS

12.24m�

Compact 
li-ac  Fi-al focus 

quads 

Compact J-
level IR laser  

I-teractio- 
Chamber 

 pplicatio- 
u S-band photo-Injector 
u X-band Linac 
u Narrow band ps laser 
u  pplication platfor- 

γ-ray energy: 0.2-4.8MeV 
Bandwidth with collimator : <1.5% 

Total photon flux(ph/s):  >4×108@0.2-2.4MeV; >1×108@2.4-4.8MeV 
Photon flux with 1.5% Bandwidth(ph/s): >4×106@0.2-2.4MeV; >1×106@2.4-4.8MeV 

controllable polarization from linear to circular
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Gamma-ray energy is tunable in 0.06~5.82MeV with electron energy in 
50~350MeV 。 

photon flux:1.2×109ph/s@400nm; 3.5×109ph/s@800nm

Simulated Performance  of the Compact ICS Gamma 
Ray Source

u 散射 γ 射线能量能够覆盖0.2~4.8MeV范围，满足设计
指标。 

u 理想情况下的 γ 光子产额： 
    1.2×109photons/s@400nm; 3.5×109photons/s@800nm 

    能够满足设计指标。 

技术方案可行性分析：对撞过程模拟计算 

Laser: ~1.5J@800nm/0.8J@400nm, <10ps, <10um@IP
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The Main Structure of VIGAS can be  installed in a standard 
container  
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parameters value
energy(MeV) 50-350
charge(pC) >200

emittance(mm·mrad) <0.6
Bunch length(ps) <2
Energy spread(%, 

rms)
<0.3

beam size(um, rms) <20

S&X band Linac
X-band	klystron҅11424	MHz	
50	MW,	1.5	us	

SLED-I 

X-band	tube	 XC-72	

RF	load 

50	MeV 150	MeV 
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横向相空间分布 

技术方案可行性分析：束流动力学模拟计算 

σt, rms ~ 20µm�



Photocathode RF Gun Development 
at THU

2011

2006



 The gun designed to eliminate the 
multiple modes

Dipole Quadruple

BNL 2E-03 2E-02

LCLS 9E-06 5E-05

THU 7E-05 1E-05

		*CST	simulation,	Hφ	analysis	@	r=10mm

THU	Gun

BNL	Gun LCLS	Gun
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gun number

1#1 1#2 2#1 2#2 2#3 2#4 3#1 3#2 3#3 3#4 3#5 3#6 3#7
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Figure 1: Unloaded quality factor Q0 (red circles) and mode
separations (blue stars) across the three types of guns devel-
oped at THU.

Cathode roughness and thermal emittance

As the development of photocathode RF gun, the min-
imum emittance that can be achieved is approaching the
thermal emittance limitation, which is induced by the initial
transverse spread and cathode roughness. With the under-
standing emission process of the copper cathode, we devel-
oped 2D [9] and 3D [10] models to estimate the increase of
the thermal emittance due to the cathode surface roughness.
Our analytical formulas clearly reveal the relationship be-
tween the surface roughness and the emittance growth. Both
analytical and numerical results surprisingly show that in the
typical 3D random surface case, the influence of the surface
roughness on the emittance growth is much smaller than
the 2D sinusoidal case with typical roughness properties,
however with roughness properties which are matched to the
3D case, the emittance growth conditions in these two cases
are very similar. Even with applied electric field strength
up to 120 MV/m, the total emittance growth is still below
10%. It implies that the large emittance growth (50%–100%)
observed on metallic cathodes in some experiments, which
is generally believed to be the result of the electric field on
the rough surface, might be due to some other reasons and
needs to be studied further.

TTX BEAM LINE AND EMITTANCE
MEASUREMENTS

TTX beam line

The RF gun has been operated at the TTX to generate
the high quality electron beam since 2012. A schematic of
the beam line is shown in Fig. 2. The maximum gradient
of the gun is ⇠ 110 MV/m and the bunch charge can be
varied from a few pC to ⇠ 1 nC. After exiting the gun, the
beam will travel through a S-band TW cavity (buncher)
whose acceleration phase is set at ⇠-90 ° to induce an energy
chirp. The electron beam will be compressed during the
downstream drift before it is accelerated to high energy by
the 3-meter S-band linac. The compression, also called

ballistic bunching, can be controlled by the acceleration
gradient and phase of the buncher, and the drift length before
the linac. Simulation work shows that when the compression
factor C < 3, the emittance of the electron beam can be
preserved through tuning the solenoid outside the gun [11].

Figure 2: Schematic layout of the TTX beam line (not to
scale).

The electron beam can be compressed by the downstream
4-dipole magnetic chicane as well if the acceleration phase
of the linac is set at o�-crest. The total length of the chicane
is ⇠1.5 m and the bending angle can be varied continuously
up to ⇠15 °. Simulations have shown that the combination
of ballistic bunching and magnetic compression enable us to
generate ultrashort bunch with rms bunch length < 20 fs and
peak current ⇠10 kA at 500 pC beam charge [12]. The high-
intensity electron beam can be used in the broad-spectral
THz radiation generation and beam-driven plasma accelera-
tion.

The interaction chamber locates after two sets of triplets
where the electron beam is focused to small size for di�erent
experiments. In the chamber, the electron can be used to
collide with an infrared laser to generate hard X-ray through
Thomson scattering, or interact with a plasma or dielectric
tube for the study of advanced acceleration technology. At
the end of the beam line, a deflecting cavity and horizontal
dipole are installed for the beam longitudinal diagnostics.

Emittance measurements

A standard quadrupole scan technique was used to mea-
sure the transverse emittance of the electron beam. We use
the triplet 1 and the downstream screen (not shown in Fig. 2)
to do the measurements. In order to achieve small emittance,
the driven laser was shaped longitudinally and transversely.
Longitudinal shaping is a significant method to reduce bunch
emittance by shaping the temporal distribution to flat-top
pulse, which dramatically reduces the nonlinear space charge
force and corrects the linear space charge [13]. We used four
↵-BBO crystals in this study for pulse shaping [14]. When
a laser pulse passes through a crystal, it will be separated
into two sub pulses with a specific time delay. The lengths
of the crystals, 4.72, 2.36, 1.18, and 0.59 mm, determine
the separation between the individual output pulses, given
by the 1.18 ps/mm group velocity di�erence for propaga-
tion along the fast and slow axes of the crystal material. By
adjusting the angles of the fast and slow axes of the crystal
and the linear polarization of the incident laser light to 45°,
we can drive the intensity of every individual pulse equal
and temporarily achieve a plateau distribution. The origi-
nal pulse before the ↵-BBO crystals has a 1.2-ps FWHM
duration, which is measured by cross correlation with an
ultrashort IR pulse divided from the main pulse. After the

L. M. Zheng et al., Nucl. Instrum. Methods Phys. Res Sect.  A 834, 98-107 (2016) 
H. Qian et al., in the proceedings of FEL 2012 
H.Qian et al., in the proceedings of IPAC2011 

The unloaded quality factors and 0-pi mode separations 
of the three generations of the photocathode rf gun 

developed by THU

1st generation:  
silver copper brazing 

2nd Generation: 
gold  copper brazing 
Optimized vacuum pump 
hole 

3rd Generation: 
gold  copper brazing. 
optimized vacuum pump 
hole. 
added another two holes to 
eliminate quadruple.  
thin and ellipse iris. 
no Helico flex. 
dry ice cleaned cathode 
round corner. 

… 
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A Section of the X-band Linac

X-band Klystron 
11424 MHz, 

50 MW, 1.5 µs 

R  Pulse Compressor 

XC-72 

R  Load 

+100 MeV�XC-72 

R  Load 

 lat top can be achieved by 
control the phase and 
amplitude of the input rf pulse 。 
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Parameters Value
Freq. (GHz) 11.424

Phase Shift (degree) 120

Cells 72

Length (mm) 630

Filling Time (ns) 88

a (mm) 4, 3

vg/(0.01c) 3.76, 1.38

R/Q (kOhm/m) 14.2, 16.3

Q 6900, 7100

Input Power(MW) 50

Gradient (MV/m) 80
S21 (dB) -4.3

X-band High Gradient Structure
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T24 design, assembled/tuned/baked/bonded at Tsinghua 
University in 2014, test at KEK in 2014-2015  

(110 MV/m reached).

Parameters	of	high	power	tests	
of	T24_THU#1	at	KEK

Input	power 51.8	MW
Gradient 110.2	MV/m
BDR 1.26Ã—10-6	bpp
Pulse	width 252	ns
Total	RF	pulse 6.5Ã—108

Total	BD	number 6000
Total	RF-on	_me 3600	hours
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Parameters	for	100	MV/m	gradient

C12-
Open

T24-
OpenInput	power	[MW] 65.3 45.3

Output	power	[MW] 52.56 26.3
Filling	_me	[ns] 14.7 48.2
Max	surface	E-field	
[MV/m]

255 264
Pulse	temperature	
rise	[K]

30 23

Max	surface	Sc	
[MW/mm2]

6.2 5.1

Designed and manufactured a 12-cell open cell

High	Power	Test	at	TPoT-X:	
Reached	87	MV/m	with	BDR=	7×10-5	/
pulse	and	pulse	width	=	100	ns;	now	is	
s_ll	condi_oning.	
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A compact SLED-I RF pulse compressor using a cylindrical 
corrugate cavity was designed and tested at TPoT-X :  

Peak power gain = 5 for 1.5 us -> 100 ns 
Operation frequency 11.424GHz 

Mode HE1-1-14 

Cavity diameter (2a) 69.60 mm 

Cavity length 191.52 mm 

Corrugation depth (d) 6.56 mm 

Corrugation distance (h1) 10.68 mm 

Corrugation width (h2) 3.00 mm 

Quality factor (Q0) 115,000 

Iris diameter 8.18 mm 

Coupling coefficient ( β ) 3.5 

 

TPoT-X SLED-I	compressor	
generates	an	un-flat	pulse

Using	amplitude	modula_on	(By	
manipula_ng	the	signal	
generator)	can	reshape	the	pulse	
to	a	flat	one.	

The	cost	:	a	lower	gain	factor	
(average:	4->3.2)



Summary
• Inverse Compton Scattering (ICS) between an electron 

bunch of hundreds of MeV and a laser pulse is one of 
the best ways to generate high brightness gamma-ray. 

• Several projects of ICS source. TTX-I, TTX-II are 
operating or under construction. 

• VIGAS ( Very compact Ics GAmma-ray Source)  whose 
main linac is  based on high gradient x-band structures 
has been designed, and the key technologies of it is 
under R&D.

Thanks!


