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Application of Microbeams of lonization Radiation

Energy Spot size Sources Applications
(Equipment)
lon 2-3 MeVu <1um Van de Graaf, etc = Non-destructive analysis
( Micro capillary / (NDA)
Pinholes / Focusing ) Cyclotron PIXSE, RBS, SIMS
Focusing Micro fabrication
X-Ray 20 -50 keV =1 um X-ray tube NDA
( Grazing incidence  Synchrotron XRF  (Z < 20)
mirrors ) Micro fabrication
100 - 150 keV Synchrotron Deep-NDA
HE-XRF (all Z)
> MeV =1 mm Linac Radiation therapy
Electron 20 -30 keV <1um Scanning electron NDA (<<1 um)
( Magnetic lens) microscope EMP, EPMA, EMPA
Micro fabrication
>1 MeV MeV electron Deep-NDA
microscope EMP, EPMA, EMPA

XRF : X-Ray Fluorescence
EMP: Electron microprobe
EPMA: Electron probe microanalyzer
EMPA: Electron micro probe analyze

PIXE : Particle Induced X-ray Emission
RBS : Rutherford Backscattering Spectrometry
SIMS : Secondary lon-microprobe Mass Spectrometry




.

9

Accelerating Tube!
Filter Capacitor

LLAL LR L)
N

Hanging |
Platform +

Lens

Column

> Diode
- Capacitor

Pressure

(Cockcroft=Walton
Circuit)

Tank

|
= ]
A
TV Camera
System

— - | &
= EM ('amcn_lboxf ‘

Concrete Base

Anti Vibration
Device




Application of Microbeams of lonization Radiation

lon

X-Ray

Electron

Energy Spot size
(Equipment)

2-3 MeVu <1 pum
( Micro capillary /
Pinholes / Focusing )
Focusing

20 -50 keV =1 um
( Grazing incidence
mirrors )

100 - 150 keV

> MeV =1 mm

20 -30 keV <1um
( Magnetic lens)

> 1 MeV

Sources Applications

Van de Graaf, etc

(NDA)
Cyclotron PIXSE, RBS, SIMS

Micro fabrication
X-ray tube NDA
Synchrotron XRF  (Z<20)

Micro fabrication
Synchrotron Deep-NDA

HE-XRF (all Z)

DLA Radiobiology/ NDA
Linac Radiation therapy
DLA Radiation therapy?
Scanning electron NDA (<<1 um)
microscope EMP, EPMA, EMPA

Micro fabrication

Deep-NDA
EMP, EPMA, EMPA

Radiobiology/ NDA

MeV electron
microscope
DLA

PIXE : Particle Induced X-ray Emission
RBS : Rutherford Backscattering Spectrometry

SIMS : Secondary lon-microprobe Mass Spectrometry

XRF : X-Ray Fluorescence
EMP: Electron microprobe
EPMA: Electron probe microanalyzer
EMPA: Electron micro probe analyze

Non-destructive analysis
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X-band Linac for Cancer treatment

The dynamic tracking aiming at moving lung cancer becomes possible In
order to reduce the irradiation dose for surrounding normal organs.
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Figure 3 6 MeV pinpoint X-ray dynamic tracking therapy system

max. 2Gy/min, max 250 pps, 1=3 us,
Beam diameter 1.2mmOo,
Field area 410mmx410mm@1m



Relative absorbed dose (%)
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The Cancer treatment by the Electron/X-ray beams
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Adenocarcinoma, etc.) 50 ~ 60 Gy

Fractionated Irradiation 5 ~ 6 Gy/exposure (10 min)
4 ~ 5 exposure/week

Buildup Bragg peak

138 MeV proton beam

Depth in tissue : water (cm)
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Relative absorbed dose (%)

The Cancer treatment by the Electron/X-ray beams
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; Very-high energy electron (>
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to deep tumors.

Depth in tissue : water (cm)



Very High Energy Electron Therapy (VHEET) > 100 MeV,

C Yeboah, et al., “Optimization of intensity-modulated very high energy (50-250 MeV) electron therapy™
Phys. Med. Biol. 47, 1285-1301 (2002)

C DesRosiers , et al., “150-250 MeV electron beams in radiation therapy” Phys. Med. Biol. 45, 1781-1805 (2000).

a)

Dose, arb un

1 :
0.6 ~tos
o R Lo
024" “ \ ‘ 'lh P A | 2
! \\\\\\\\ a5

m\“\w,l | \\\\\\\ \\W ) o

|

I

VHEE forms a concentrated
dose-area.

Problem might be a beam dump of
the transmitted electron.
The beam direction moves.

; Gamma ray emission in treatment room.




Summary: Radiation treatment

E-beam surgery of deep cancer from outside the body is
hard because of the gamma-ray from the beam dump.

Cancer on a body surface (skin cancer, laryngeal
cancer , etc) might be therapeutic objective.

An accelerator on an endoscope for alimentary canal.
(Seems to be suitable for DLA. Required dose rate would
be satisfied by operating DLA at a few MHz)



Outline

Radiobiology research (motivation)
* Required conditions
 Estimation of the energy gain
 Estimation of the electron

current
e Experimental setup



Observation of the DNA damage/repair by using laser and microscopy

WIAOMIAGS g1 JiN linear damage

Filter [gIOWe"
pulse laser ||higher scan laser
365 nm dose Mirror 405 nm

(a) 20 sec after irradiation (b) 200 sec (c) Irradiation and scanning system

Figure 9 On-line observation of DNA damage/repair by UV laser. Irradiation is done by 405nm
laser 30 scans with photosensitizer, and the scanning is done by 488nm laser, by 20sec interval x10
times, and U20S (human osteosarcoma) cells transfected by GFP-XRCC1 (Single strand

break marker) are used.

‘/

Figure 8 On-line observation system of DNA damage/repair by UV laser  Uesaka, et al., IOP Conf. Series: Materials
and optical microscopy (Prof.Akira Yasui, Tohoku University) Science and Engineering 79 (2015) 012015.

Photosensitized regent is used to induce free radical-induced damage to DNA .

Different from the actual process of the DNA damage.



Observation of the DNA damage/repair by using laser and microscopy

WIAOMIAGS g1 JiN linear damage
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(a) 20 sec after irradiation (b) 200 sec (c) Irradiation and scanning system
Figure 9 On-line observation of DNA damage/repair by UV laser. Irradiation is done by 405nm
laser 30 scans with photosensitizer, and the scanning is done by 488nm laser, by 20sec interval x10
times, and U20S (human osteosarcoma) cells transfected by GFP-XRCC1 (Single strand
q break marker) are used.

Figure 8 On-line observation system of DNA damage/repair by UV laser = Uesaka, et al., IOP Conf. Series: Materials
and optical microscopy (Prof.Akira Yasui, Tohoku University) Science and Engineering 79 (2015) 012015.

Photosensitized regent is used to induce free radical-induced damage to DNA .

Different from the actual process of the DNA damage.

Is it possible to apply DLA to the radiobiology research?



The DLA is one of the promising device to
deliver the microbeam in a small scale lab.

ReqUired beam parameters K.Koyama, et al., J. Phys. B: At. Mol. Opt. Phys, 47, 234005 (2014) .
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What is the required number of electrons?

Particle tracks in Chromatin

Single proton can cause the DNA ~®
double-strand break (DSB) by the
dense ionization localized within
about 5 nm from the proton track.

It is hard to make the double strand
break by the electron.

Low LET (e, X)

High LET (p, C)

MWM‘. »Wr-fluwww

1000+

/ Proton \

100¢

|

1 +
0.01 0.1 1
Energy (MeV)

In order to make the DSB, the radiation
dose of 25 mGy - 150 mGy Is required.

.

Stopping power (MeV cmZ2/g)

At least, 102 electrons/(um2 min) are
required for the experiment.




SINGLEPULSE " Acceleration by Gaussian pulse laser
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Electron current estimation

® measurement data |
- — Fitting

Two photon absorption
(530nm)

Quantum efficiency:

0 10 20 30 40 50
Au thickness [nm]

Courtesy of T. Shibuya

Laser pulse

Q = TPl 16x 1079 C
hv Nge

Yb:YAG Ao =1.03 pm

: Quantum efficiency
hvo= 1.2 eV

E L : Laser energy

/' —
Ti (a few nm- thick) ~20nm hv : Photon energy



Electron current estimation

Child-Langmuir limit

7 450 2e V3/2
“b- 7 9 \/ m. d>?
= 180 A/cm? @ d = 3.8mm, V = 50kV

Qe = 141C @ 7 = 10ps, 2r, = 10pum

Charge of photoelectron

QIC] = 9x1077EL[J] @Qhv=234eV
Nee = 2 % 107°

Laser pulse
EL = 1.6 nJ

Pr, =160 W

I, =2 x 10° W/cm?

Normalized emittance
€n, = TPYT0 = Ty \/ 20 F /mc?

AE = (hv — ®,) /3, 0 =~ \/AE/eV




Number of electrons and Beam size of injected beam

Two Q-magnets

AE

2 s
27‘0 r +9) Lg

1
The cross section of the e-beam at the DLA entrance is a function of the source size rs
and the beam divergence angle 0.

AE = 0.2eV~0.7eV
0 = 4 urad ~ 14 prad
€, ~ (1.4~ 2.6)x 107? mm — mrad

2rg ~ 0.3 ym ~ 0.8 um| @ L; = 500mm, L, = 50mm

Aberrations

Due to the geometrical loss of electrons (aperture ratio, nonparaliel),
the passing ratio of electron is 40 % ~ 15%.

Q =~ 0.56 fC ~ 0.21 fC (3500 e ~ 1300 )



Number of electrons and Beam size of injected beam

Two Q-magnets
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The cross section of the e-beam at the DLA entrance is a function of the source size rs

and the beam divergence angle 6. . .
? 2 Supposing the usable ratio of

2o = (ZL +9) Lo electrons is 1% for the does

L experiment, the required number

AE = 02eV~0.7eV of 102 el/(um2 min) might be
0 = 4 prad ~ 14 prad achieved by 3 to 8 shots.

€, ~ (1.4~ 2.6)x 107? mm — mrad

2rg ~ 0.3 ym ~ 0.8 um| @ L; = 500mm, L, = 50mm

Aberrations

Due to the geometrical loss of electrons (aperture ratio, nonparaliel),
the passing ratio of electron is 40 % ~ 15%.

Q =~ 0.56 fC ~ 0.21 fC (3500 e ~ 1300 )



Number of electrons and Beam size of injected beam

Two Q-magnets
6 g_ f— _ {AE
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The cross section of the e-beam at the DLA entrance is a function of the source size rs

and the beam divergence angle 6. . .
? 2 Supposing the usable ratio of

zroz(%Jrg) Lo electrons is 1% for the does
L experiment, the required number
AE = 0.2eV~0.7eV of 102 el/(um2 min) might be

0 = 4 prad ~ 14 prad achieved by 3 to 8 shots.
€, ~ (1.4~ 2.6)x 107? mm — mrad
Not measyreq
2rg ~ @ L; = 500mm, L, = 50mm

Aberrations

Due to the geometrical loss of electrons (aperture ratio, nonparaliel),
the passing ratio of electron is 40 % ~ 15%.

Q =~ 0.56 fC ~ 0.21 fC (3500 e ~ 1300 )

yet.



To downsize the electron gun

200kV X-Ray tube Coniferous Carbon-Nano Structure (CCNS)

Pump
Insulating o1l
Ceramics - . Ceramics
Extraction
electrode

= Cathode({| [ L//——P>\ Anode, [
CCNS ™ — « |

(1.0 mm diameter) 3.0 mm

.
-100 KV ==-hv av=—+100 kV
Courtesy of R. Suzuki @AIST 77




To downsize the electron gun

200kV X-Ray tube Coniferous Carbon-Nano Structure (CCNS)

Pump
{-\n extraction voltage of 100 kV ﬁ e o
IS pOSSIbIe In a 5-cm |0ng e- Ceramics Ceramics
Extract on

gun. electro le

. == =P Anode ]
CCNS~ — =« |

(1.0 mm diameter) 3.0 mm

B
-100 KV ==-hv av=—+100 kV
Courtesy of R. Suzuki @AIST 77




To downsize the electron gun

200kV X-Ray tube Coniferous Carbon-Nano Structure (CCNS)

Pump

An extraction voltage of 100 kV G g gieagige
IS pOSSible in a 5-cm |0ng e- Ceramics ' Ceramics

Extract on
gun. electro le

il | e —Jp\ Anode ]
Photoelectric gun might be .oCCdNS 3‘;.,#.: |
better to control an emission | e =0
area. |
-100 KV ==-hv av=—+100 kV

Courtesy of R. Suzuki @AIST 77



DLA structures

* For accommodating those devices for the experiment.
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Sample holder

KOYAMA ACHIP meeting, 26-28, September 2018 at DESY



DLA structures

* For accommodating those devices for the experiment.

Doubl %pectrometer
ouble |
Vent —UGrating | MCP D —

Electron gun Q-magnet will be

used for making a
laminar beam

Laser
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V QODQ 20 Trantslation
stage
\'v\ g
Grating — ’ |
Electron beam % : v e Electron

Electron gun trometer
A\ Q-magnets
\2%

Sample holder

KOYAMA ACHIP meeting, 26-28, September 2018 at DESY



Courtesy of Z. Chen
Fabrication of the designed devices

= All the devices for the experiment have been fabricated.
Ceramic insulator Vacuum chamber

Electron gun Magnets

KOYAMA ACHIP meeting, 26-28, September 2018 at DESY



Courtesy of 2 Chen  Magnets design

-50kV Ground Ground

. : Optical axis
/ Bending
- magnet
| | Gratlng
Cathode . ) N::g:::c
Anode pinhole
. . . MCP + screen
/ Engineering design
< m e
b/GC”o Focusing aesd, _p—
S
9/77 ﬁ
CCD

\
N
A/T\A DLA gratmg
BN

* Double focusing of electrons
(in the bending plane and the
transverse plane) is required.

Bending magry



Industrial Application

Present LSI has a two dimensional structure.
SEM is used for the inspection.

Cu TSV MOSFET

h15 ~20

%mu s |

Adhesive Layer \V Ou |

Micr:HBump

Y B

Sl Substrate

Courtesy of Prof. Koyanagi, Tohiku University



Electron Beam Interaction with Matter

electron beam

Auger Electrons (AE)
surface atomic composition

Characteristic X-ray (EDX)
thickness atomic composition

Cathodoluminescence (CL)
electronic states information

Secondary Electrons (SE)
topographical information (SEM)

Backscattered Electrons (SE)

atomic number and phase differences

Continuum X-ray
(Bremsstrahlung)

1000 } |
100 | 1mm Si — my
=) 5 01 3
NE E [100um 1 (8
10 L i ] —
O 3 0.1Tmm Si— 7
L F | 1mm S 1001 &
= 1L 1k 3,
—— 10um Si —3 e
041 L 4 0.001
i mmsr4
0.01 v b el 0.0001
0.001 0.01 0.1 1 10

Energy (MeV)

tion)

~ 100 nm..
~ 100 um..

~ 1cm.

~ 10 keV
~ 500 keV
~ 10 MeV



Electron Beam Interaction with Matter

electron beam

Auger Electrons (AE) Secondary Electrons (SE)
surface atomic composition topographical information (SEM)

Backscattered Electrons (SE)

Characteristic X-ray (EDX) atomic number and phase differences

thickness atomic composition

Continuum X-ray

Cathodoluminescence (CL) (Bremsstrahlung)
electronic states information

High-energy electron enables to

Lo Si 0 observe the depth of 3D LSI.
§ ~100nm. = 10keV
1000 } g
f E ~100 um . =500 keV
= 100 | tmm Si — 2 ~ 1cm. = 10 MeV
o - | 100pum E 0.1 8
i ] (D
5 104 oimmsi{ =
2 F | 1Tmm S 1001 &
= 1L 1k 13
—— 10um Si —3 tion)
01! 0001
Tum Si —
0.01 b e 0] 0.0001
0.001 0.01 0.1 1 10

Energy (MeV)



Cathodoluminescence (CL)

Auger Electrons (AE)
surface atomic composition

Electron Beam Interaction with Matter

electron beam

Characteristic X-ray (EDX)
thickness atomic composition

electronic states information

ulp (cm</g)

Secondary Electrons (SE)
topographical information (SEM)

Backscattered Electrons (SE)
atomic number and phase differences

Continuum X-ray
(Bremsstrahlung)

Si
10° . e 10
1000 } |
1005 1mmS|—jO1 g
= 1700um 1% 3
10| oimmsi_] =
- [1Tmm S 1001 &
1L 1k : 3
—— 10um Si —3 s
0.1 _ 4 0.001
Tum Si —
0.01 N NN Y B .l 0.0001
0.001 0.01 0.1 1 10

Energy (MeV)

High-energy electron enables to
observe the depth of 3D LSI.

~100nm. = 10 keV
~100 um . =500 keV
~ 1cm. = 10 MeV

“The X-ray fluorescence of low-Z
materials (Z<20) from the depth
of Si is hard to detect.



Summar
m Cancer therapy Y

* High dose rate of = 1Gy/min is
required.
m Radiobiology research
e 0.5~1 MeV, > 100 el/min pym?
* 1 MeV, by the 5 mm-long DLA
e 100 el/min in 0.5~1MeV range is
possible
 Experimental setup will be installed
and begin the experiment by .....
m Industry
* Inspection of the depth of material.
(50 ~ 100 ym)



