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20 years experiences
AURORA was not adapted by 

lithography because,

I. 1W flux was not enough

II. If source is large and 

expensive, by the failure 

of 1 machine, whole 

process will be stopped!

III. Proximity projection is 

failed in mask correction 

technology. 

IV. MTBF was not enough.

Shifted to Laser or e-beam 

plasma EUV

10W  for proximity, 1 to 10 

KW for projection is 

necessary

Downsizing and cost down 

is necessary

Number of components 

should be reduced. SuperC 

technology is troublesome



20 MeV 6MeV 4MeV

I started working for normal conducting, low 

energy synchrotron technology 20 year ago

These machines are completed and 

regularly used. CV4 is delivered to 

Hitachi for ultra fine resolution CT



MIRRORCLE is a real storage ring

4A beam current is accumulated

10ms damping time, 1min lifetime is recorded

Immediate after the 

injection

During the 

damping

Fully damped

accumulation Injection is stopped Beam decay



By success in CW top-up injection we 

are able to obtain desired high power 

EUV or X-ray flux!



In this talk we focus on

• Introduction of Synchrotron-Cherenkov 
radiation for EUV and soft X lithography.

• 20 MeV tabletop synchrotron can generate 
1KW EUV or soft X.

• 20 MeV synchrotron-Cherenkov Laser for 
10KW.

• Comparison with other sources such as X 
FEL and ERL



Target exchanging system

How to generate EUV or X-ray by low energy synchrotron        

> use target in the electron orbit

CNT weave or yarn is used for 

EUV or soft X generation

40 W or 10 Cu sphere glued on 

5.5m CNT wire are used for hard 

X-ray generation

Important note!

Target last permanently.

Deblis never happen because 

plasma is not generated. 



20 MeV MIRRORCLE Bending magnet radiation for EUV

Brems. TR or Cherenkov radiations by 

target material. Electron E< 20MeV

Beam spread： = 2／γ= 50mrad

Radiation in vacuum by magnetic force

Electron E~300 MeV, 

Beam spread： = 1／γ=1.3mrad

Beam line can be 1 m

We can collect whole EUV radiation 

by mirror

Beam line you need 10m due to thick 

concrete wall

Brems total radiation yield/1mm thick 

target/1 electron：

10-３photons／e, 0.1% band, mm target

TR or Cherenkov gives 100 times 

more > 10-1

Total radiation yield/1mm trajectory/1 

electron：

10-５ photons／e, 0.1% band,  mm trajectory

Undulator gives 100 times more. 

> 10-3

Average beam current 100mA Average beam current 100mA

Synchrotron radiation yield by target and undulator

0.15 m

1 m

0.15 m

10ｍ

beam size at 1m 

distance is 50mm

beam size at 10 m 

distance is 13mm
Ring size 

1m

Ring size 

10m

SC radiation by 1 target 

with 20MeV ring

Undulator radiation by 300 

MeV ERL 

10-31000.1[A]/1.6x10-19

= 6.251016/50mrad2

10-5100x0.1[A]/1.610-19

= 6.31014/1.3mrad2



Either Cherenkov or TR radiation is the 

mechanism to be used

Cherenkov radiation occur when   n=1+n>1

Transition radiation occurs 

at the boundary of two medium

The radiation spread θ:    1/ < θ   2n hollow cone

In EUV and X-ray region,

Spectrum is monochromatic.

It is coherent radiation

The radiation spread:    1/ hollow cone

Spectrum is continuous
p 



Cherenkov radiation under magnetic 

field

It is called Synchrotron-Cherenkov 

radiation.

It is neither Cherenkov nor 

Synchrotron



The angular distribution of synchrotron-Cerenkov 

radiation
T. M. Rynne, G. B. Baumgartner, and T. Erber

J. Appl. Phys. 49(4), April 1978, p. 2233

Given formalism is same for SR 

except the refraction index n1

for n << 1 (n=1+n)

SR formalism is given for

SC formalism is given for



Oscillatory behavior appears beyond the SR regime >1/

Interference of Cherenkov 

and SR appears

SCR regime

SR regime

Cosθ=1/n

CR regime



5 µm thick Mo sheet 150 µm dia. Sn wire 385 nm thick Al strip

15 μm thick CNT yarn 55 nm thick DLC strip 55 nm thick DLC strip with 

385 nm thick Al filter

J. Synchrotron Rad. (2011). 18
Measurement of angular distribution of soft X-ray radiation from 

thin targets in the tabletop storage ring MIRRORCLE-20SX

Hironari Yamada et al.



Experimental set up

CNT web target is 

aligned parallel to 

the magnetic field

Electron orbit
CNT web target is 

aligned parallel to 

the magnetic field

Electron orbit

The target-detector
distance is 720 mm

   Plastic 

scintillator

   Radially 
positioning

    system

  The scintillator scans in the plane
  perpendicular to the median plane
              of the electron orbit

     Radiation
 from the target

Target is aligned
   parallel to the

  magnetic field

Applied magnetic 

field is 3300G



• The EM radiation yield from 

100nm thick CNT yarn must be 

very weak.

• If thick target is used, soft X-

ray is captured inside of target.

• Electrons are hitting target 

every 1.5ns repeatedly in the 

storage ring.

• Electron penetrate the thin 

target and re-circulate.

•Gain 1KW energy by RF cavity

• The beam current is 40A

State of art technology 1



State of art technology 2

•Plastic scintillator (PS)  is 

connected by plastic fiver to photo 

multiplier (PM).

• Read current from PM and CF 

converter is used.

• Mechanism moves the PS radially 

and rotate around the axis of 

radiation

• 8.5  m thick NE102 plastic 

scintillator only detect EUV and soft 

X-rays up to 2keV, but no hard X-

rays or UV’s are detected.

• Filter made of 385 nm thick Al foil 

select radiations higher than 400eV
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(a)Without Al filter

Photon energy higher than 

73eV is detected

2 peaks appears

Experimental results on 55nm thick DLC

(b) With Al filter

Photon energy higher than 

400eV is detected

Hollow radiation having 3 

ridges appears

(c) = (a)-(b)

Photon energy range 

73eV<E<420eV    

absorption edge of C 277eV 

is detected



Experimental results on 10m thick 

CNT wire (yarn)
A) Measured by plastic Scint.                 B) With 0.385um Al filter                   C) A-B 73eV<E<420eV)

Median plane 



Our results are consistent with Rinne theory
Hollow cone distributions are due to the TR, and  directional 

distribution is due to the SCR   

Mo
Absorption edges are 2.3keV(L), and 17.5 keV(K) 

Radiation spread ~15mrad hollow cone

no SCR is expected, so this is TR 

Sn
Absorption edges are 3.4keV(L), and 25 keV(K)

Radiation spread ~20mrad hollow cone

no SCR but TR

Al
Absorption edge: 1.5keV(K) 

SCR is within the detection range

C

Absorption edge is  277eV(K) 

Radiation spread ~5mrad directional

SCR is detected

Photon energy higher than 400 eV

Radiation spread ~30mrad hollow cone

Must be Transition



Comparison with Rynne theory 

Our case theory

E 20 50 MeV

magnetic field 3.3kG 5 kG

photon energy 277 eV 2.4 eV

5mrad 12 mrad

5.9E-4 0.04

A=4500 A=4500

0.0011 1.56x10-4



Measured EUV power

from CNT



Summary of SC radiation

• SC radiation appears at the absorption edge of materials.

• Photon energy is 277eV for C, 

(108 eV for Be targets)

• Radiation spread  is <1/. Higher photon energy presents 
narrower angular spread. 

• 20MeV present 5mrad.

• Radiation power over the radiation field is 
98mW/60mrad2

at the peak: 235W/sr

• Radiation must be highly coherent.



20 MeV tabletop synchrotron can 

generate 1KW EUV or soft X

by setting 1000 of strings

and

by CW continuous injection



1 kW EUV source is feasible

By setting 1000 of  CNT target along the beam orbit

By using a magic mirror (quasi ellipsoidal mirror)



振幅
パータベータ
励磁電流

ビーム電流

時間

図２ 連続発振の入射時のビームとパータベータのタイミング
略図。点線が入射する箇所。

入射部分

Continuous CW beam injection 

scheme is our key technology

 

充電電源
DC３００V
５０ｋW

インバータ基板 １０並列

直列共振用コンデンサ
とダンピング抵抗

パータベータ
１５０ｎH



Synchrotron-Cherenkov or 

Transition Radiation Laser
amplification is not required!

2. Wave front and electron must 

have the same phase velocity

3. Number of target is 100

1. SC generates monochromatic, 

TR generate continuouse wave.CNT targets

mirror
e-beam



EUV laser theory

(Quantum mechanical approach)



Synchrotron-Cherenkov Laser is a classical 

laser but start with coherent radiation!
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Accelerator for SCL can be

Energy Damping LINAC

20MeV LINAC

5m long

Note: Recovery of electron 

energy is not essential for 

only 20 MeV 20KW beam.

100 CNT Insertion

20KW



EUV source Candidates
Radiation 

mechanism
Accele-

rator Ｅｅ Size
Focal 

point

size

Power
COST
(MUS$)

comments
Ave.

Ettendue

/mrad2

undulator storage 

ring 

insertion

>1

GeV

30m 

Dia.
20m

dia.

10

mW
25W 30

1KW is not 

achievable

SASE FEL 

for X-ray

Normal C 

Linac
>1

GeV

1km 

long

100

m 

dia.

1J/

pulse
100J/

pulse
300

Average power 

is low

SASE FEL 

for EUV

but not for 

soft X

>300

MeV

>20m 

long

ERL with 

Super C 

LINAC
1mm 

dia.
10

KW

10

KW
300

Feasible but 

many to be 

studied

SCR or TR

for EUV 

and soft X

Storage 

ring

<20

MeV

1mx3m

5mx5m

10m x

1mm

1

KW

10

KW
5 Existing

10

kW

1000

KW
10

Feasible but 

many to be 

studied

ERL with

Normal C



conclusion

SCR or TR with tabletop storage ring for 

1KW EUV is ready

and

SCR with ERL

is the way to 10KW EUV or soft X-ray laser


