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In this talk we are concerned followings

• What are those radiations?
Transition, Cherenkov, Bremsstrahlung, or 
Synchrotron?

• What is the effect of magnetic field on these 
radiations.

• Synchrotron-Cherenkov radiation theory.

• Measured radiation power.

• What sort of applications will be opened.
X-ray laser,  EUV Lithography, research 

on optical nature at the absorption edge



Target exchanging system

W40 sphe.

(5.5um)wire

Cu10 sphe.

(4.5um)wire

MIRRORCLE tabletop storage ring 

enables placing targets in the orbit

One micron wide 

line source will be 

most appropriate for 

mask inspection!!!



Choice of MIRRORCLE
20 MeV 6MeV 4MeV



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

Case of MIRRORCE-20 the 

magnetic field applied is 3300G

CNT yarn

3x3mm2

8.5m thick 

Scintillator 

detector



• 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.

• 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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Experimental results on Mo strip

Measured angular distribution of the radiation 

from 5 µm thick Mo strip target.

Transition radiation is expected for the metal target,

But 10 mrad spread is extremely narrow.

1/=1/40=25mrad

Question arises that effect of magnetic field there?



Experimental results on Sn wire

Angular distribution for Sn wire of thickness 150 µm.

Not only the hollow distribution, but some peaks appear.

Energy higher than 1000 eV is detected.

Radiation spread is about 25 mrad



Experimental results on Al strip

Angular distribution for 385 nm thick Al strip target.

Energy higher than 400 eV is detected.

Several spots appears, but no hollow radiation.

Peak position is asymmetry



(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



Experimental results on 10m thick wire 

made of CNT strings
A) Measured by plastic Scint.                 B) With 0.385um Al filter                   C) A-B 73eV<E<420eV)

Median plane 



Suggesting a new radiation mechanism

under magnetic field

Brems-

strahlung

Acceleration by Coulomb force

Synchrotron radiation  

Acceleration by 

magnetic force

Cherenkov radiation by 

bound electrons  n=1+n>1

Transition radiation by free 

electrons

Under magnetic 

field

Synchrotron 

Cherenkov (SC) 

Synchrotron 

Transition (ST)

SR spread  1/ = mc2/Ee

1/ < Cherenkov   2n

TR spread  1/
2n < SC,ST < 1/

Brem. spread  1/



Synchrotron Cherenkov theory
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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 n1

for n << 1

SR formalism is given for

SC formalism is given for



Oscillatory behavior appears beyond the SR regime >1/



Our results are consistent with Rinne theory
Photon energy range detected by NE102: 70 eV-1.5 keV

with Al filter:      400 eV-1.5 keV    

Mo Absorption edge: 2.3keV(L), 17.5 keV(K) 

no SCR is expected, so this is TR 

Sn
Absorption edge: 3.4keV(L), 25 keV(K) 

no SCR but TR

Al
Absorption edge: 1.5keV(K) 

SCR is within the detection range

C

Absorption edge: 277eV(K) 

Must be definitely SCR

Photon energy higher than 400 eV

Must be Transition



Obtained △n is reasonable

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

0.0011 1.56x10-4



Measured EUV power from CNT



Summary of SC radiation

• SC radiation appears at the absorption edge of 
materials in X-ray region.

• Photon energy is 277eV for C, 1.5keV for Al, 108 
eV for Be targets.

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

• 20MeV present 5mrad.

• Radiation is highly coherent.



Applications of SC radiation

1. Hard and soft X-ray laser

2. EUV or soft X-ray Lithography source

3. Science on optical nature of absorption Edge in 

soft and X-ray regions





1 kW/sr coherent EUV source is feasible

By setting 1000 of  CNT target along the beam orbit

By using a magic mirror (quasi ellipsoidal mirror)



10KW EUV laser is feasible



Synchrotron-Cherenkov Laser

Period of 

micro-bunch 

Wave 

length sc
sc= -2no

n is integer

CNT targets

mirror

e-beam



Synchrotron-Cherenkov Laser is a classical 

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

ERL or Racetrack Microtron

1MeV MIC 

type e-gun

20MeV LINAC

5m long

SCL Insertion 

Note: Recovery of electron 

energy is not essential for 

only 20 MeV 10KW beam.



Summary
Radiation 

mechanism
Accele-

rator
Ｅｅ

Spect

rum/c

ohere

nce

Focal 

point

Power

Ｃｏｓｔ
(MUS$)

Present 

statueAve.
Ettendue/

mrad2

undulator storage 

ring 

insertion

>１
ＧｅＶ

Wide/ 

partiall

y

20m
10

mW
25W 30 Existing

SASE FEL 

for X-ray

Linac >１
ＧｅＶ

Mono

/Yes
10m

1J/

pulse

10KJ/

pulse
300 Existing

FEL for 

EUV but not 

for soft X

Linac

>300

MｅＶ
Mono

/Yes

1mm
1J/

pulse

1J/

pulse
100 Existing

ERL with 

SuC cavity
1mm

10

KW

10

KW
500 Feasible

Synchrotron 

Cherenkov

for EUV or 

soft X

Storage 

ring <20

MeV

Mono

/Yes

Tunable

10m x

1mm

0.1

KW

10

KW
5 Existing

10

kW

1000

KW
109 Feasible

ERL with 

SuC cavity

SuC: Superconducting


