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Monochromatic Tunable Hard X-ray Source

by X-band-linac/YAG-laser Compton Scattering 

Scale of system: less than 5m x 5m(with the power supply)

Price: ~4 million dollars

X-ray energy(max.): 10~50 keV

X-ray intensity: >109photons/s(total)

X-band accelerating 
       (decelerating) structure

X-band Klystron

Patient

Monochromatic hard X-ray

Moving arm

2D X-ray detector

Laser system

Dynamic image

of coronary artery

Moving stage(bed)

<5 m

<3m

Intravenous injection 

of contrast agent
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attenuation

for various elements



Entry/bin 

[x10

3  photons/keV]

Scattering angle [rad]
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Pulsed, tunable, monochromatic X-ray machine

at MXI Sys./Vanderbilt’s W.M. Keck Free-Electron Laser Facility

Machine Specifications:

E-beam:                  50 Mev Linac running in “single pulse” mode

1 nanocoulomb/pulse

Laser: Nd:Glass

1052 nm

20J – (10J compressed to 10 ps)

.003 Hz

X-ray beam: 10N photons/shot

tunable from 12 to 50 keV

1-10% bandwidth



Energy differences in a finger or in a body, such as a mouse

19 keV 29 keV

Energy movie from 15 keV to  33 keV

We have the ability to specifically tune the X-rays to the

imaging task at hand.



Inverse Compton scattering experiment by

70MeV linac and Ti:Sapp laser at PLEIADES, LLNL

X-ray image taken by Csl Scintillator Fiber coupling CCD

Alignment
Spatial Alignment

          aluminum cube at collision point

Temporal Alignment

          streak camera

Off-Axis Parabola

Goal
Total flux: 108 photons/sec

Peak brightness: 

                 1020 photons/mm2

                         /s/mrad2/0.1 % band width

Future works
Permanent quadrupole magnet for

electron beam focusing

!beam size:15 µm

540 mJ Laser pulse for interaction

Tuning up of the UV Laser

for photo injector



Nuclear Engineering Research Laboratory

Graduate School of Engineering
University of Tokyo

Hard- X-ray on the Thompson scattering

Ti:sapphire
Laser pulse

BS
M

M M

Optical
Delay

OAP

OAP

Gas Jet

X-ray

e-Bunchgeneration

Collision

50%

50%

Electron bunch
by PIC simulation

40fs

Spectrum of x-rays depending on the laser intensity, a0=eE/mc!
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Laser pulse and electron

bunch encounter can be

produced with use of

the laser self-focusing

Hard X-rays (~10-20 keV) in a 1-2o cone can be produced with 12TW Laser

F.He, Y.Lau, D. Umstadter, R.Kowalczyk

PRL, 90,055002 (2003)

A.Zhidkov, J.Koga, A.Sasaki, M.Uesaka

PRL, 88,185002 (2002)

Set up for head-on collision

Thomson scattering

LOA(France), etc.



Beam-driven channel scenario

• long electron beam (3–4 mm), high charge (~10-100 nC)

• laser pulse arrives when beam head exits plasma

• laser guiding over 5–10 ZR through plasma-formed channel

R.Yoder and J.Rosenzweig
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First Generation

MXI Sys/Vandervilt, PLEIADES, U.Tokyo/KEK/JAERI, Sumitomo etc.

-Single-electron-single-laser Compton scattering

-First demonstration and application

-Intensity up to 10^8 photons/s

-Intensity fluctuation due to the time-jitter between electron and laser pulses

Second Generation

U.Tokyo, Lyncean Tech.(R.Ruth), Sumitomo/AIST/KEK, etc.

-Multi-scattering of electron- and laser-pulses

-Intensity of more than 10^9 photons/s

-A variety of applications for medicine, protein structural analysis,

  nondestructive evaluation and nuclear engineering



0.5~1m

linear stage
(0.3~0.8m)

BB2

BB1
(magnetic pole only)

BPM

CCD

Optical stage

Polarized beam splitter

Vacuum chamber

BPM

Optical stage

Pockels cell

Optical table

Expander

2
.6

m

0.8m

Mirror 100 !
(remote control)

N
d
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r

electron
beam

Q

Beam dump

Thin mirror
(In vacuum, remote control)

Focussing lens(f=1.5m)

YAG rod

laser
electron

beam

Laser circulation system

RF pulse length: !  10000 bunches

Laser pulse length: 10 ns(FWHM)

MMMMMMMM! collide with 110 bunches

Increase X-ray yield by re-incident the laser light.

21 ns per a revolution ! 47 revolutions per 1ms

Enhancement:

•  10 times(max.) with 90% transmission per

revolution:M109photons/s

• 100 times with 5J pulse and laser power

compensation by Nd:YAG rod: 1010photons/s



Performance of Linac/Laser

Inverse Compton X-ray Source
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Performance of Typical Monochromatic

Tunable Hard X-ray Source
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Compton scattering hard X-ray source

Compact hard X-ray source based on

Compton Scattering
Properties of the generated X-ray



Beam Parameter Simulated by GPT*

0.67-psec&9)1$%0*)#($%"z

25.878.4pC/bunch6$,'#*

16.6#196#mm mradW-"((,)1*

3.46f3.580.12f3.58MeVW)*'#=

@outlet of $-Magnet@outlet of RF-GununitBeam Characteristics

$-Magnet

slitFocus Coil

Thermionic

 Cathode
Startr

150pC/bunch

outlet-2

outlet-1

MM%Using Code GPT:

     General Particle Tracer

X-band 3.5MeV axisymmetric thermionic RF gun under collaboration

with Prof. Marnix van der Wiel, et al., of Eindhoven U. Tech.



X-band Linac Facility at Univ.Tokyo

Control room

RF source

Beam line



Now RF aging of the gun is under way

Output of Klystron RF

Current Transformer

Reflection from RF gun

Flash at RF window  KPMTL

160ns < filling time

Construction of the system is to be finished this year .

Application experiment will start next year.

Electron emission



Circulation at 2nd Harmonics to get

10 times increase of X-ray yield
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Applications

- Static/dynamic imaging for medical and industrial uses

- Dual energy X-ray CT to get 3D distributions of atomic-

   number-  and electron-densities for light atoms

   up to 43Tc

- Subtraction CT across the K-edge to get 3D distribution

  of specified heavy atoms

-  Protein structural analysis



Ultra Micro-vessel Angiography for Diabetic Femur and Thrombus

@ NCVC (National CardioVascular Center)

X-ray tube (50kVp) with high-

sensitivity HARP camera

HARP (High-gain Avalanche Rushing

amorphous Photoconductor) camera

Micro-vessels visualized by contrast agent

Imaging area:

    20cm ` 20cm

Space resolution:

    25 µm

Avalanche

multiplication

hole

light
electron

Scanning

beam

e--gun

Small blood

vessels in femur

Signal electrode
amorphous-Se

50 keV X-ray

tube

HARP

C-Arm

X-ray

phospher



Ultra Micro-vessel Angiography by Compact

Monochromatic Hard X-ray Source

Ultra Mico-vessel angiography

by polychromatic hard X-ray

4.8`1010 photons/mm2/s @33-

35keV 4.8`109 photons/mm2/s

@51-54keV

Angiography by the compact hard X-ray source

High power laser (7J/pulse), 40 times circulated laser, Wide length of electron macro

pulse and Small light spot (25 µm diameter) etc…         Space resolution: 25 µm

Angiography can be

performed!

(Space resolution: 100 µm)

•30 images/s

•Space resolution: 25 µm

•High-sensitivity HARP camera

• 10 images/s

•Pixel size (100 µm `100µm)

Required photon intensity

2`107 photons/mm2/s @33-

35keV 1`107 photons/mm2/s

@51-54keV

Expected photon intensity

Photon intensity is reduced

•10 times circulated laser colliding

with electron

Future plan to perform ultra micro-vessel angiograpphy

Compact hard X-ray source

based on electron-laser collision



Torikoshi(NIRS), et al.

Dual Energy CT for 3D Distribution of Atomic-Number- and Electron Densitis 

for Lighter Atoms up to 43Tc



Torikoshi(NIRS) et al.
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2.5mm
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x

z

10cm

X-ray(114,117,120,123keV)

3m

10cm

238U(4mm&)

242Pu(4mm&)237Np(4mm&)

thickness=0.5mm

Fe(2.6mm)

Air

(inside)

camera

Atomic number identification for material inside iron can

(EGS4 test geometry)             (**** Radiography ****)

Subtraction CT across the K-edge 

to get 3D distribution of specified heavy atoms.



X-ray distribution

at CCD camera

(just a plot. 

Pixel size is 

not considered)

Subtraction
U

Subtraction

Np

Subtraction

Pu



Application plans of the compact hard

X-ray source



System of Beam-Experiment

t Magnet

Wire Scanner

Bending Magnet

RF GunuSolenoid

Electron Beam

RF



Energy differences in a finger or in a body, such as a mouse

19 keV 29 keV

Energy movie from 15 keV to  33 keV

We have the ability to specifically tune the X-rays to the

imaging task at hand.



  High Energy   -       Low Energy  =     Iodine Image

John Lewin, M.D.- University of Colorado Health Sciences Center:



Stylized diagram of an atom:

Each electron is bound

in its orbit by a characteristic

energy for that particular atom/

orbit. This is called its binding

energy. The binding energy is

different for each  atom in the

periodic chart.

Our beam can be tuned to just

the right energy to knock the k-

shell electron out of its orbit. For

the Iodine atom that energy is

33.2 keV.
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1. Light Atoms up to 43Tc

- Interpolation of the X-ray attenuation constant 

      between charateristic edges is available.

- 3D distributions of the atomic number density and electron 

      density can be obtained

- Their spatial resolution is determined by the X-ray source size.

2. Heavy Atoms

- The interpolation does not work.

- Subtraction CT gives 3D distribution of specified atoms.



 Tunable 

Collimator

  Sample

L1 L2

'

X-ray detector

…

  X-ray source

(tunable, pulsed)

Ex. T = 10 ns

      N = 10/sec

      PS = 107 photons/shot

      PF = 108 photons/s

           ~ 109 photons/s; laser circulation

Periodic Motion of

Sample (< 200 Hz)

T

N/sec

PS

Photon energy:

10 ~ 50 keV

Compact Compton Backscattering

Hard X-ray Source (UTNL)

CCD type detector
Active area: 21cm x 21cm

Spatial resolution: 90 µm

(~ 0.5 MUSD)

HARP-based detector (NHK)
Scheme of CCB X-Ray Testing System



copolymer
plasmid DNA

drug

nano assembly

targeting

molecule

drug, DNABiocompatibility

shell
core

Applications of Hard X-ray and Nano

Particles for Cancer Therapy and Diagnosis

X-ray application for cancer therapy and diagnosis with micelles

•Application for cancer therapy

•Site-specific targeting and accumulation by micelles

Tumor targeting

cancerous cell

normal cell

no way out

Wastes

Polymeric micelles

leaky

vessel wall

lymphatic

system

blood

flow

K. Kataoka et. al. Adv. Drug Del. Rev. 47 (2001) 113.

K. Kataoka lab. http://bmw.mm.t.u-tokyo.ac.jp

•X-ray imaging of tumors

•Contrast agent including Iodine

delivered and accumulated by micelles

Diagnosis Therapy
•Enhanced radiation damage to cancer cells targeted

and stimulated by micelles with specific agents

•X-ray irradiation to micelles for nuclei acid and

protein delivery to cancer cells

Polymeric micelles for drug delivery

several tens nm

Ref.



4D(space and time) control of Chemo-radiology

1.MAdvanced compact accelerators available at hospital

M            vhigher RF(C,X,Ka,Ku,W-bands)

            MvCompton scattering hard X-rays

            Mvcompact ion accelerator

            MvTable-top TW laser

M.Uesaka(Nuclear Engineering Research Laboratory, Univ.Tokyo)

K.Nakagawa(Department of radiology, Univ.Tokyo Hospital)

2.MSpatial control

(i)X-ray and electron

MMvIMRTM
(ii)Compton scattering hard

     X-rays

     vIntravenous

angiography

MMvAuger electron

therapy

(iii)Precise spatial dosimetry

MMvnew material and

       phantom

3.Temporal control

vsimulation and diagnosis

for

  circulatory system(medicine,

  contrast agent, Au powder)

vTiming control of

irradiation

vdetection and control of

  oxygen content

vradiation chemistry of bio-

  water and control of OH

  radical content

vsimulation and diagnosis of

  blood flow in capillary

vPET analysis4.MUpgrading and optimization by integrated treatment program



System of RF Gun Aging

Measurement by Oscilloscope 
Gun

t Magnet



Trouble Point
Discharge @ RF WindowK12MWL

vDischarge of multi-pactaring 

Photo Direction

Discharged Signatures

In addition, We could not see 

      discharged signature at Gun side.

Worse vacuum at upstream

Amplified discharge



Discharged Signatures



Cathode



New Beam Line



Time Table of stored

Energy at RF Gun

Stored Energy & Reflection

Cavity has been filledFlat 

We can evaluate

the characteristics

of the gun with

400ns pulse.



Return loss at the gun



Development of an S-band RF Window 

for Linear Colliders

A.MIURA and H.MATSUMOTO

KEK Preprint 92-215 March 1993 A

RF‘‹

RF‘‹

Discharge of multi-pactaring 

Discharged signatures remain like shape of 8.

Discharged Signatures





Design of New Compact Stereotactic X-band

Therapy Machine

Stable and high-current 

commercial S-band machine, 

but large

Compact X-band(9.3GHz) 

machine, but unstable and 

low-current

This stability and high-currents

This size



Drift tube

Top view

RF input

RF output

corrector

Drift tube

cathode

Pole piece

cavity

Side view

Schematic layout of compact accelerator

using multi-beam klystron (Type 1)

Structure of standing wave acc. tube

10 MeV triode thermionic gun

50 kV power supply



Schematic layout of compact accelerator

using multi-beam klystron (Type 2)

30 cm

S.W. Acc.tube 

10 MeV electron beam

50 kV power supply

Multi-beam klystron

Rotary joint 1
Rotary joint 2



Therapy 



Inverse Compton Scattering Hard X-ray Source

Dynamic Angiography

Application to Life Science

X-band RF source

Laser Plasma Cathode
X-band Accelerating Structure

Laser Dump

Timing system
Ti:Sapphire

Laser

Laser-electron Collision

(Compton Scattering)

Hard  X-ray(33keV)

Bending 

Magnet

Beam Dump

Virtual Laboratory

National Institute of

Radiological Sciences
Japan Atomic Energy

Research Institute

Hiroshima

University

Kyoto
University

High Energy Accelerator
Research Organization

Japan Nuclear Cycle
Development Institute

Advanced Industrial
Science and Technology

Osaka

University

The University

of Tokyo

Heavy Ion Synchrotron

Cancer Therapy

100 TW Class

Laser

Target Chamber
RF Cavity for Phase Rotation

RF Acceleration Cavity

Circumference

10 m

Circumference

20~30 m
Electron beam Cooler

Heavy Ion beam(200MeV/n)

Induction

Acceleratio

Development of Advanced Compact Accelerators



7(,#*J%q*5*02/-*)(%2;%62-/,1(%.11*0*',(2'
,(%<)"5*'+"(=%2;%>2?=2

<+*'%H,1"0"(=

.//0"1,("2)3a,J",("2)
6$*-"+('=Z:$=+"1+D
&*,-%:$=+"1+

7"n*3M&9"0J")#

7QB,)J%h")*,'
.11*0*',(2'+

aHM%MEVYGg%O!n

O',J"*)(MCF
@UZ-

PQB,)J%h")*,'
.11*0*',(2'

aHMM%CCVdEd%O!n

O',J"*)(MdF%UZ-

:'2(2Q(=/*%q*5*02/-*)(

.//0"1,("2)3q9,0Q
W)*'#=Z79B(',1("2)%PQ
',=%6>%;2'%@*J"1,0%<+*

7"n*3%a22-

&*,-%:$=+"1+

7"n*3%>,B0*Q(2/

h,+*'%:0,+-,%.11*0*',(2'

aHMM%CFfCFF%>!n

O',J"*)(Mf
CFFOUZ-



History of RF aging of RF-gun



Development of an X-band Photoinjector at SLAC*
 

A.   E. Vlieks, G. Caryotakis, R. Loewen, D. Martin, A. Menegat

MMMMMMMMMMMMMMMMM SLAC, 2575 Sand Hill Rd, Menlo Park, CA

94025, USA

MMMMMMMMMMMMME. Landahl, C. DeStefano, B. Pelletier, and N.C.

Luhmann, Jr.

MMMMMMMMMMMMMMMMM3001 Engineering III, Dept. of Applied-

Science

MMMMMMMMMMMMMMMMDavis, CA 95616, USA

MMM

Solenoid
Laser Mirror
Chamber

Accelerator

Interaction Chamber

Quadrupoles

RF Gun

Figure 1. Photoinjector Layout

wxyz{|}~�v�y��y��w��{���
���yMM���MMM%%%%%%%%%%%%%%GVG

����K���z�LMMEFF��Z��Cg��

Filling time                                  65ns

���z��MM                     �
����� MMM                 200ns

¡¢�£�MMM                      7MeV

�¤MM                                 M0.5nC/¥¦§�¨
¡©~�y�MMMMMMM 1    mm.mradM!

{|}~�    ¡¢�£�MMMMMMM     60MeV

�ª�MMMM                     M60MW

�{|��«yMMM
¬®¯MM                         M60Hz

°±²³M                                 1.05m

´�µ�MMMMMMMMMMMMMMMTi:Sapp.

X�MMMM¡¢�£�MMMMMMMM20¶85keV

·{~��MMMMMMMMf108¸¹/º

»¼
w�½¾2¿�¹�yÀÁ

e
e

ee

e

20-85keVw�

UCLA, Univ.Michigan ÂÃÄÅÆÇÈÉ

Ê

ËÌÍ
ÎÏ

�yÐÑ

ÒÐÓ²



0

1

2

3

4

5

6

0 10 20 30 40 50 60 70 80 90 100

X-ray energy [keV]

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

0.1

0 10 20 30 40 50 60 70 80 90 100

X-ray energy [keV]

Energy spectrum Angular distribution

Result of beam-beam interaction Monte-Carlo

Simulation code CAIN and Klein-Nishina's equation
(CAIN: K .Yokoya@KEK)

X-ray Yield: 1.7x107photons/laser-pulse x 10 circulation x 10 pps =1.7x109photons/s


