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In this review article, a progress of emerging plasma
medical science, which is a novel interdisciplinary field
that combines studies on the plasma science with those
on the medical science is introduced. The non-thermal
atmospheric pressure plasma has been used for many
medical treatments, such as for the cancer, the blood
coagulation, and the wound healing. Understanding of the
scientific principles governing the plasma medical science
leads to the promotion of world innovations not only in

the medical field but also in the agricultural one.

Keywords: plasma medicine, plasma agriculture, reactive

oxygen species (ROS), plasma activated medium (PAM)
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Multiplication by avalanche
of ionization

Acceleration by high voltages

Figure 1. Multiplication of  ionization
(Avalanche) in application of high electric
field.

Reviews of Modern Plasma Physics.

Reprinted with permission from
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Figure 2. Electron collision processes with
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atoms and ions®. Reprinted with permission

from Reviews of Modern Plasma Physics.
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Figure 3. Equilibrium conditions on a balance

between thermalization and relaxation of the
electronic dynamics®. Reprinted with permis-
sion from Reviews of Modern Plasma Physics.
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of Modern Plasma Physics.
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Figure 5. Various kinds of atmospheric pres-

sure plasma sources®. Reprinted with permis-
sion from Reviews of Modern Plasma Physics.
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Figure 7. Schematic overview of plasma-liquid interactions.
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Figure 9. ESR spectra of C-PTIO and NO
trapped C-PTI in the plasma irradiated cell-
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produced with permission. All right reserved.
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Figure 10. Dominant pathways of chemical re-
actions with respect to H,O, and NO, 'V. IOP
publishing. Reproduced with permission. All
right reserved.
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Figure 11. Blood coagulation examples using
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the permission of AIP Publishing.
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Figure 13. Inhibition of tumor growth by
the subcutaneous injection of PAM in mice
of xenograft model with parental (NOS2) or

chemoresistant cells (NOS2TR)?.
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Figure 14. Apoptotic cell death induction after

the plasma irradiation compared with the X-ray

radiation ™.
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Innovative plasma treatments in food cycle

[ Plasma in Processing — high-quality food

Plasma in Packaging — healthy food]
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Figure 17.

for cutting food losses and reducing food waste®®.
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Innovative plasma application targets in the human food cycle, from farmers to customers,
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A stable radical, 2,2-diphenyl-1-picrylhydrazyl (DPPH®)
has been used as a reactivity model of reactive oxygen
species (ROS) to evaluate the activity of antioxidants.
However, the insolubility of DPPH® in water has precluded
its use in aqueous media, particularly in concentrated
buffer solutions. In this study, DPPH® was successfully
solubilized in water by complaxation of DPPH® with
B-cyclodextrin (f-CD). The water-soluble inclusion com-
plex of DPPH* with 3-CD (DPPH*®/B-CD), thus obtained,
could be efficiently scavenged by water-soluble antioxi-
dants, such as ascorbic acid and Trolox, a water-soluble
analog of a-tocopherol (vitamin E). The kinetic analysis
of the scavenging reaction of DPPH®/B-CD in buffer
solutions of various pH values provides fundamental and
valuable information about the reactivity of water-soluble
antioxidants in biological redox systems as well as a
strategy to develop pH-responsive antioxidants.

Keywords: antioxidant, reactive oxygen species, 2,2-

diphenyl-1-picrylhydrazyl radical, cyclodextrin, kinetics
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Scheme 1. Reaction of DPPH*® with antioxidants.
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FHIIER 21T > 72, Z OFEHE, #EEPRIC X 5 KD
EFICfE> T, DPPH® MR H L7, 2 DKIBHED
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H, DPPH® DRE# EIF 3 2 &N TE Lok,
2T, @BEWN LD BKENEETH S E#EZ, DPPH?
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Scheme 2. Solubilization of DPPH* by [3-CD.
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Figure 1.
complex of DPPH* with (3-CD calculated using
DFT (camB3LYP/6-31G8(d)/Def2TZV:C-PCM
solvation model parameterized for water). Ele-

Optimized structure of the inclusion

ment colors are: red, oxygen; light purple, ni-
trogen; gray, carbon; light gray, hydrogen.
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/ —) (MeOH) (516nm), EtOH (517nm), 7% F =
FUV (519nm) 7 E DRSBTS XD b BE IR
EY7bFLTw3 256, DPPH® O >N-N"—fiiid
B-CD DAMilicHiTE D, Ko MHAEHL T
WH I EDRBI N, FEEE, BHENBIEE (density
functional theory, DFT) (Z & ) DPPH® O B-CD Lt
f& (DPPH*/B-CD) Dt =515 9 % &, Fig. 1
IZR$ & 91Z, DPPH® D 7 VILERALAY B-CD NIZ T
B, >SN-N"-Bf71x B-CD DAMINC T v 2 MExE DS
ROLETH DI EDBbroz67,

DPPH® D¥EJE1X, =4 ) — )V -FEMHiE (1:1 v/v) HCTHt
HEINTV L ENVBFREDME (e = 10700 M 'em™)
ZHOGCER LY. ZO8H, i LYWE OIGHE
i i+ 2BEIGELTWEH0D, 1 % £iiED
DPPH* L 22K E N Twuiwnwl Ebhrot, &
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Figure 2. Cyclic voltammograms of DPPH*/j3-
CD (7.4 x 107> M) in phosphate buffer (0.1 M,
pH 7.4) (solid line) and DPPH"® (1.3x107* M) in
MeOH (0.1 M BuyNClOy,) (dashed line) at room
temperature at scan rate of 0.1 V s™! with glassy
carbon working electrode.

Table 1. One-electron redox potentials (E) ;)
of DPPH* in MeOH (0.1 M BuyNClO,4) and
DPPH" solubilized by 3-CD in phosphate buffer
(PB) (0.1 M, pH 7.4).

Solvent E;;,(DPPH*/DPPH*)/ E,;;(DPPH*/DPPH™)/
V vs. Ag/AgCl V vs. Ag/AgCl

MeOH +0.78 +0.27

PB +0.72 +0.32

Z60N%, ZD7d, DPPHY/B-CD DHEkZ#HEL <,
S DOFEBTIZ, DPPH® ZWEL TV AW 7Y —0D
B-CD % &L /KiER 2 Z D E MW7,

3 KA1 DPPH 2 Y AL DERILFERIZEE

DPPH* | MeOH 7 & O FH &AM, "y —d&
TRALBRICKIGZZ T 5 Z EDASNT VB0 22
T, DPPH® KSR TED & 9 Rigfigcsgsh %
IRTDITOWT, BRAL AT L7z, ) v BEhE
# (0.1 M, pH7.4) H#, KIF{L DPPH® D% A 7V »
JRNYET T L%WWET S L, Fig. 2 DEHTRT
FEALIRICI 3 & 417z, MeOH 1, DPPH® (& A[3fi 72
—ERAGEICKIEZZ T 2D L (Fig. 2 ),
U VBRI Tl — IR LR R HE RN & A o
7z (Fig. 2 D¥ =27 1B XU VI). ik, DPPH® 8
—HE LI N TERL 72 h F 4 ~f (DPPHY) (¥ —
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Figure 3. Spectral changes observed upon ad-

dition of (a) AscH, (0-5.4 x 107> M) or (b)
Trolox (0—4.6 X 1073 M) to DPPH*/B-CD (6.3 x
1073 M) in phosphate buffer (0.1 M, pH 7.4).
Insets: plots of the absorbance at 527 nm vs. (a)
[AscH,]/[DPPH"] and (b) [Trolox]/[DPPH"]®.
Copyright (2015) The Royal Society of Chem-

istry.
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4 FKB{L DPPH T YA )L EKBHERBEEYE D
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(Scheme 3a). AscH, DfbH HIicE¥ IV E (a-F 2
7 zu—)b) OKFEWFERTH % Trolox %\ 7
5412 b [HBRIC DPPH® 13 Trolox 12 & » T#IE R <
&SN (Fig. 3b, Scheme3b), A7 b ILiEEH
5, AscH, ¥ 7213 Trolox (& 2 43 ¥-® DPPH® ZHZ% L
TWw3 2 EDbhrol (FNZ 1 Fig.3a $7133b D
inset).

Rz, T Dy {tYWHE £ DPPH® & DRIGICE
\7 % 527 nm DWICEDREKZ N2 A vy 7 h 70—
ECIEEF L 72 (Fig. 4a). AscH, D¥RJE2S DPPH® 2 1%

(ﬂ) HO
- (@)

HO._ 0
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0 OH
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HO._~O\=0
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0 0.
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Scheme 3. Reactions of DPPH*/B-CD with
(a) AscH™ and (b) Trolox.
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Figure 4. Spectral changes (interval: 25 ms)
observed during reactions of (a) AscH, (1.4 x
1073 M) with DPPH*/B-CD (2.6 x 10~ M) and
(b) Trolox (6.3 x 10~ M) with DPPH*/B-CD
(3.0 x 1073 M) in phosphate buffer (0.1 M, pH
7.4) at 298 K. Insets: the first-order plots of the
absorbance at 527 nm®. Copyright (2015) The
Royal Society of Chemistry.
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Figure 5. Plots of ko vs. (a) [AscH;]
and (b) [Trolox]®. Copyright (2015)
The Royal Society of Chemistry.
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Figure 6. Plots of k vs. pH for AscH, (closed
triangles) and Trolox (open circles). The num-
bers beside the chemical structures are pK,
values.

R, 4D pHICBIT 5 kfExREL . fEHR%
Fig. 6 12789, AscHy, 8 & U Trolox D WD
2%, pH D EFICHES Tk EA KL 72, AscH, &
Trolox CTHED pH kFIE%Z R T DX, MWEZHD pK, fH
DIEFIE WD TH B EEZ 6N 5D (Fig. 6), #
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30 513 EEiv 2,6-2-0- X 7 )L-B-CD (DM-B-CD) % H
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Figure 7. Plots of [DPPH*/3-CD] vs. [}3-CD]
(open circles) and [DPPH*/DM--CD] vs. [DM-
B-CD] (closed circles) 2 h after the reaction of
DPPH* (3.1 x 10~ M) in 5 mL water at room
temperature”. Copyright (2016) Wiley-VCH
Verlag GmbH & Co. KGaA, Weinheim.

BNz AL - TKIE(L S 4172 DPPH® DIEIEDBEA L,
D3C—EMEICE L 7. DPPH® D /KiAE{L¥ X DM-B-CD
ZHW2 2L TR-CD DA LD DFFICKEL 72,
RIZ, V) v EAEER (0.05M, pH 7.4) Hh, DPPH*/DM-
B-CD & AscH, ¥ 7213 Trolox & DJIGZITV>, k fifi % R
E L. ZOFER, Table2 1278 F X 9 12, DPPH*/DM-
B-CD Z H\W7-H5H D k%, FUFEMETHREL 7%
DPPH*/B-CD @ k fHDFI 23D 1 &>z, iU,
DM-B-CD 43 T H D X FIOVEES SR RESE & 722 5 T, KA
MR EmE L DG ZHFEL 7D EHEZ 6N,
DL EDfERD 6, KBTI E OEEZ EL 5
fili$ % 7z ® 21k, DPPH*/DM-B-CD X h & DPPH*/p-
CDDHELTWHWAB I EDHELE ST,

Table 2. k values for the reactions between
water-soluble antioxidants and DPPH®/B-CD or
DPPH*/DM-3-CD in phosphate buffer (0.05 M,
pH 7.4) at 298 K.

CD k (AscHy) M~' s™! &k (Trolox)/M~! 7!
DM-3-CD 3.7x 103 1.0 x 10*
B-CD 7.9 x 10° 2.0x 10*
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A new fluorescent nuclear track detector (FNTD) based on
single crystalline diamond was developed for precise visu-
alization of individual tracks of heavy ion particles. Since
numerous atomic vacancies are formed in trajectories of
charged particles, nitrogen-vacancy (NV) center, pair of
nitrogen and atomic vacancy in diamond substrate, is cre-
ated in the region along the ion tracks. Since the NV center
emits bright red fluorescence under green laser excitation
at room temperature, it is possible to realize FNTD using
single crystalline diamond. In this report, we show sev-
eral examples of observations of nitrogen and osmium ion
tracks visualized by NV centers using home built confocal

fluorescent microscope.

Keywords: diamond, NV centers, FNTD, heavy ion track
detection
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MR T, MEM RO L2179 2 &3]
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—Ji, ¥4 Y& v PO % F - 224884 K (nitrogen-
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— 3 FLEOERE T L 2L E DBED
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HOEAE L CRARTRE R R 2 9210, 2o
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3. Creation of NV centers by thermal

N 4. Confocal Microscope Observation
Annealing procedure

Figure 1. Schematic illustration of fluores-

cent nuclear track detection based on diamond.
Atomic scale defects are created along heavy
ion trajectory. These defects are diffused during
post annealing process and coupled with nitro-
gen impurities. lon tracks are visualized by the
distribution of NV centers observed by confocal
fluorescent microscope.
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Kz WSk & LT L, Ev7Aarmikick
244 VIR DOFIE a— F SRIM'™ (2 X 2 #i5E Tl
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#i (confocal fluorescent laser scanning microscopy, CFM)
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%' 4 4 — F (avalanche photo diode, APD) %5 % Fi >
HAMEEZFMNT22ET, H-DONV LYY —%
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Single Mode Flber / a
Short pass filter Laser (532 nm, 300mW)

‘ == IJND filter v
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bject lens+stage

C——a—=

Beam Sampler
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Figure 2. Schematic illustration of home-built confocal microscope. Several pictures of key compo-

nents are also shown in figure.
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Figure 3. Observation example of a single NV
center in a standard specimen using self-made
confocal microscope.
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Figure 4. Examples of cross sectional photon intensity distribution of single NV centers obtained in

XY scan and XZ scan. The value of full width at half maximum was used for the evaluation of the

spatial resolution of confocal microscope.
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Figure 5.  An example of confocal fluorescent
microscope image of 490 MeV Os ion tracks in
diamond. Os ions are irradiated vertically to the
diamond wafer. XZ scan was demonstrated per-
pendicular to the wafer of diamond where ion
trajectories are visualized as horizontal line.
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Fluoropolymers have several desirable properties, such
as high chemical resistance and biological inertness, but
they are susceptible to degradation by radiation. To make
microstructures on fluoropolymers, we focused on ion
beam irradiation. In this study, we present 3 types of
microfabrication technique by using ion implantation
and/or proton beam writing. By using ion implantation,
PTFE surface was covered with dense micro-protrusions
without any templates. A cone structure was produced by
proton beam writing. The cone was formed by swelling
from the internal PTFE sample with the gas generated by
decomposition reactions of PTFE molecules along the ion
trajectories. When proton beam writing was performed
before ion implantation, patterns with flat surface among
dense micro-protrusions were formed.

Keywords: ion beam irradiation, fluoropolymer, micro-
fabrication
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2 AAVENKICLZ 7 v RREDFHROHM
mT

AT, FrEOBRDIC D Kb N8, Wb
25 7L—bEHWREIERL, A F VIHEAEDOAR
TERRDBUN R ALY U 7R 2 (F 5 2 £
Mz WTHRR B,

A4 X VEAEE, BEH keV DA A v E—0 %Kk
VF A= APS I I AF v VIS 5 T
b5, BEALEZERTD 100 keV A 4 v iEA#Z H,
80 keV O Ni £ 4 > £ — A% PTFE IS L 2R
W I AR 5 RIETZIRZ L % Fig. 1 ISR 39,
A ISR 2 BT 2720, P4V %
IR L 72, Figure 1 © EB I I N b EERE T H
% %% (scanning electron microscope, SEM) f#T&H b,
TEBIZEHERROMHIZIROBEAKTH 2. WATED
1 x 1015 jons/cm? DRf, KA IXER 1 um FEEE O
LB E 5 (Fig. 1(b)). Zd, b &b L PTFE
B D 2R ICBE L T B REE iR hs, A4 4 v
E—AllE>o Ty Fr73nsg I LTHEINID
DTH O, ZNDBERYDIGIRENTH 5. ffLH
BRI b5 Ehi MR 2179 &, MRS
MELCEI AR EBITIEARL, I SITRL EH LWL
LIRS 5 (Fig. 1(c)). Z DMIFLDIEK & %1
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Figure 1. SEM images and cross-sectional images of the unirradiated and irradiated PTFE surfaces.

Reprinted with permission from Ref. 3) and Ref. 5). Copyright Elsevier and Radiation Application

Development Association.

DEINC L > T, BED &) MfLFA LSRR L LA LT
WE, BINTONRELE o TRET S 2 TR
SHE &R ZARD L 9 ki & 2% (Fig. 1(d)).
Figure 2 1%, Fig. 1(d) 1278 L 72 E&MEE 2 fted 20 & B
ZLSEMGTH 29, IS HiC &, i
FZNZNAHA A VDR OEM D 7 DI I I
L, WHLAEEPEVWIIKET LI ETZEREN
DB R T 23, £ s o RS
BWT, 77—V 2R (Fourier transform infrared
spectrometer, FT-IR) 43615 D 2 SCHHIE I (attenuated
total reflection, ATR) MIE % 17> 7= 5% % Fig. 3 I1ZR
$. Figure 3(a) & Fig. 3(H) # T2 &, WEHD AR
7 PVICIFEFICR R 2 EREOE -7 B S5 Nk
W, L7Zddo T, SERERE NS AR B 2RI & (ML
DIEEIRETH 29, B, WTNOHHE D ERTH
fiLTw2bon, WEREIZA 4y E—2RBGDRH
i 7 T2V ¥ — 51 X ) @RI > Tw b L
Ez ot s, RHREIZTIRZICBE b 2 R 05
A= THEN, 44V E—LDI VX —(573%2
MWICAE—Th 3 2 LTz, akRHERH D3I 4 4 %
LT 2L, BOMREZ —RICkd
52 LIEAAHETH 5.

PTFE DI DORER 7 7 v FRET RN L T,
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[FIRIC 80keV D NI A A > %, Bl 1x10'® ions/cm?
H %13 1 x 10" jons/em® THIH L 72 DKl SEM
% Fig. 4 37, 7 v EFRETTMEOHT
b, PTFE &t~ ¥ 7 LA n7utL votEad
(fluorinated-ethylene-propylene, FEP) 12 Ak o 22
BENERIN TV I Ebhr s, L7 v4tn
TN ay X7y RKEHE (ethylene-tetrafluoroethylene
copolymer, PFA), V) Z7un btV 7ltnxFL v
(polychlorotri-fluoroethylen, CTFE) & X ' R Y 7 v
ft ¥ =Y 7~ (polyvinylidene fluoride, PVDF) I
VTR, SR 1 x 107 jons/em? DB TH £ 72
R EBITIEE > T\, Figure 1 125K L 72
PTFE D ZEEAHEIC R 5 PR LR &, WS &)
1 x 107 jons/em? & 1) B\ ET H AL REAHTEL S 11
5 EHEHITE S, Lo LSRR DS Bt & B R
b %4 % 2 Lo 5, PFA % CTFE, PVDF O %ifi
ICREMEZFT 2 2 L IIBIENTIE RV, L
23oC, NI % /5§ 5 7201213 PTFE % FEP
DEFLVREITH S 2 tovbh 5, Tk, PTFE
® FEP D3R RE T & 7 v BT DA THRINTE
O, BURNERICE T 2 0 FRNT Ot S, PTFE (&
<D, FEP b HIHI/NS W oD, —EASA
F UKo THEADUM SN THFEMEN L2 D

]8R b
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Figure 3. FT-IR spectra of PTFE surfaces NJ
irradiated with: (a) none, (b) 1 x 10'® jons/cm?,
(c) 5 x 10 jons/cm?, (d) 1 x 10 jons/cm?, (e)
5 x 10' ions/cm?, and (f) 1 x 10'7 jons/cm?.
Reprinted with permission from Ref. 9). Copy-
right the Material Research Society of Japan.

Figure 2. A SEM image of a tilted view of
the irradiated PTFE surface with a fluence of
1 x 10'7 ions/cm? shown in Fig. 1(d). Reprinted
with permission from Ref. 6). Copyright Else-

vier.

if:, M L 7 PTFE & 13527 1), FEP I3o6@EE DIk

EOBEBHAEMETH B, 2 NDADILEN - X

&, EHOFETEFHEAT LI ERSBRICANy Y E’\J'%‘%WE’\J&%I& FPTFE &2 LA EENRND, EX

PLYFUITINDETDEVZ S, 100 um @ FEP (23 L, & FHARA 7L 7 MR ik

ARG DSE K S 7z FEP X, PTFE & [EARICHK B ICHIFE O A A4 v BEHFZERE (TIARA) 123

REF L7 v RFEFOATHRIN TS 770y EHINA00kV A A v EALEZ G, 80keV-380keV

(7T 2R ALDORE) THS, MeE260°C THY, TSN A4 v %, FSHE S x 10 jons/em?
PTFE DRl (327°C) & h & THRWIREE CIERELS 2 D,

Fluoro- PTEE CTFE PVDF

polymer

e i
Molecular o, c—C
structure [ |
F Flu F CF3 n Rf n F Cln
- — 7I T y L ..- 2 J ARy

SEM
images of
irradiated

surfaces

Fluence 1)(1017 1)(1016 1% 1017 1X 1017 1X 1017

[ions/cm?]

Figure 4. Molecular structures of PTFE, FEP, PFA, CTFE and PVDF and SEM images of these sur-
faces irradiated with 80 keV nitrogen ions (Ref. 7)).
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Figure 5. SEM images and density of protru-
sions on the FEP surfaces irradiated with nitro-
gen ion beams of various energies. Reprinted
with permission from Ref. 8). Copyright Else-

vier.

Figure 6.

(a) A photograph of a droplet on an
irradiated FEP surface with a fluence of 5 X
10" ions/cm?. (b) A SEM image of the irra-
diated FEP surface shown in Fig. 6(a).

THS L 728D, RKAEBRELON; A oL
¥ — LRI EEOBIRZ Fig. 5 ICZNEIURTY,
NI A AV DIZAE D300 keV 22 5 &L
JIE LSRRI b U, 2RI Z AR O ZE RIS T 1k
%<, SHROEEY DS HAEL TV BIBIRE > T 5,
WU b o RS HIALIZTEIR S 37, IR AR R 234
Iy FUTENLKERTH D, FAET BEHIRD%
WL, SEAIBICHE L T AFihs, NI A 4 v
ko Tz F Y 7INTIREL, ZORDMBEA
EAxyFr7E3NTvuok Z L THMNIZE 2o
TR OBEY TH Y. kI ic, Kk
S EZy F Y TENTLEIRMEDO N, A A E— 4
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Tl¥, PTFE 2% FEP 2 b S Em I fFR & &
W, A K VAR O CERESED 2 ERT 5720
2%, TIRZ Lo E BB & LT TR, %2 208
L, ZNDEL =L EERL 20N0E% S
B, BEROPBRPEE, BREEIZX, {4+ vE—24
DIV FX —LEN, BHNE, AoEs Thlfficz
37,

7%, FEP OZEEMEER I, AKOEMA AT 160° DL 1
&R KMEE R, Figure 6 12789 & 9 12, i ki
T L KIEBRIR & 2 - TlEAs Yy, klZAhici2
I TORBMITKIBAT S Z Eldk\n,

3 7OMYE—-LBEZEICELS T YvERREDFITE
DHHBIN T

7a bk rv=eA 70 —2A41% MeV oA F v E—
LR ECHEAE T um ICERIN T BT TR,
ZOHEHRE—LZ2a s Ea—F - 70l I70I1koT
TRICEATEIRELH S, 2D MeV HDRA 4
veAr7ur—2az e Mn Ly, e kv
v — A4l (proton beam writing, PBW) % & ':i X4
210 FHalx, MeV fRDIEA & v H3FFD MR
ML, PBW OHHAE —LAEBNAHETH S V)
flsic&H L, PTFE OWNECAE L 2 it % FIH
L 2N L e %2 157 7. AEHiTIE PBW IZ X -
TREMELRZ LT S BN TEICOWTBERS,

AWFFEIC BT 2 PBW 1, TIARA fitig N DEA +
veA 7 aE— AREREEZ V3 MeV O 70 b
¥ (HY) A4 7nE—u%fflL T3, SRIM a—
PO ZHOEFEZRICLS E, 3MeV O HY E—
2% PTFE Wi of) 88 um 12 ¥ TIRAT 5. F4 i,
NI A—=% L LTPIFEARIDIES, ¥ —LDERKE
#, EREBIOHEHERZERL, 79X —F%%2%
L& & 7K D PTFE DR ATHIRZEA N %2 A s & Kk
ONSEM Z o THEF L 72, 205 OfERD & 57 ik
LHHEDO B M TIED, 2 TlBRBES %D
MUNMEEROERTH L, COFEEZHOTEHTE
% Mt % Fig. 7 (<~ $ 1213 Figure 7(a) 1278 L 72§
1%, 500 um JEE @D PTFE sdfHIX L, 3MeV @ HY =
A 70 E—L%H5HEOMEEIRICINNS X 9HICH
W (ERE 50 um) ICEET 2T TE#ETcE s, 20
M8, Fig. 7(b) ISR T X ) ICHLEMEETH .
SICHEENER I N T, 2FH H w4 7vnt—
LDM2 AL 7z PTFE il EHA TR & % fLEREIE IS 2 > T
% (Fig.7(c)). 06 DBEED S, MIEEDEMEE
1%, PTFE WiIZiZ A L7z HY A & ¥ 3% DR AT
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Figure 7. SEM images of PTFE surfaces after
spiral scanning from the center with a 3 MeV

proton microbeam. (a) Cone structure on the
surface. (b) An enlarged image of the surface
of the cone in Fig. 4(a). (c) The cross section of
its under part, which was the cross-section of the
PTFE surface. Reprinted with permission from
Ref. 12) and Ref. 13). Copyright the Material
Research Society of Japan and Elsevier.

PTFE % 73 L TAH A ZFE 38, Nl 6 R~ &
2> 9 1A PTFE 28 % FLUEIR & 7 > TIRRERZER © £
DIHWT 252 LT, TbETEME LALIERO M
PR ENIEFEZ512Y, 20708 TE 2E
%, E—LEEORENTE ERD, BRI IZIR
BeRICIR S, fle LT —2aZzl (i) 226155
B L 72 X 95 B hERIC Rl U 72 855601%, PUMSEDE
BTE Y, ZOXIICAFEIE, K< “PTFE N
W oW L7 VSR 2 FTE 570, v v
7u b u VEERERA v e — L& i <R
ZHID L FIEY 245 % PTFE O# L Wi
TEATTH .

4 TORYE-LBEREAAVENEEBBED
BT v RFREDTHROMMEMNT

WIMTRLELIIT, 3MeVOH w4 70t —
LI PTFE 273/ L, BALHEBRO 7 FRZET I
5., DI LML, PBW Z{To 7B X ViEAE
ZIFH T ET, H 94 70— ADWE I Ny %
NI A A VK> TR ARy ¥ TEBLTH S D

%104 5 (2017)

Figure 8.

A SEM image of a FEP surface pat-
terned by a 3 MeV proton beam with a fluence
of 1.3x10'? ions/cm? and subsequent a 300 keV
nitrogen ion beam irradiation with a fluence of

2 x 10" ions/cm?. Reprinted with permission
from Ref. 14). Copyright the Material Research
Society of Japan.

L) ERESL, F3HoE LAk, REoE
I, E— s AR, EiEE X O EZHE L,
136 Nk RO TR 2 iSO — > % Fig. 8 1T/
T, ZofdElx, EZ 100 um O FEP 12X LT, 4
DIZ3MeV D HY w4 7 rE— 2T 2VEIRE
i< X9 ITPBW %2179, 2D PBW %4117 FEP ik
BHZX L, 420fi% 250 keV @ Ny A & > % T
2 x 105 ions/cm? TA A ViEAZITI L5615,
WG R HRHS PBW 24T 0 Thh, HY =4 71
E— L X o TR T LT3, ZD%O N
AFVIEACESTH—IZARY Y INE I LT
I %, ZR DA OEEMEOHIEIX, PBW 217>
TOLARLIEETH Y, FH2HiThRIA A IEADA
THL 2 REMEDRE B 2 ORI e b
DTH5.

5 &HOHIC

AFvIEAER e b rE—affiliEkic k- T,
PTFE % FEP & \» o 72 7 v ZRE 0 FMEHT N %
G EEMEY 2P TE 5. Z0kIH I
PTFE ® FEP IC A 4 v ¥ — AW WE I 2 &, Mk
T, 271, B, BRICERL BRI, 2
OMABICHELAIERLE L TERPEL T» L,
ZDld, A A VE—LDBMEHNCEZ 5232 LX—D
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U 7= B5cm TEeT 13, Bric, B - LR b hs it
IHE ARG > THBIRIET S 2 L5, Y32l —va
VIZX BB THEHEL, 20206, £ 4V
E— A2 X B FEBRIEAMTE T ) B % R EH»71F
EME—DITETH Y, 44 v E— L QERE LR R
O THAT 5.
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E{ARIME R CR-39 Z# AW L —F—INEA A > D
ITRIF—ZARYT NLROZEES DO EEEST

MEXFRFE BENFHR

£l B8, /NHEZ, IUA #t
%?ﬂ%&mﬁnﬁ%%%%ﬁﬁﬂ%ﬁn%
f=H =

The precise measurements of energy spectra and spatial
distributions for the MeV/n-class laser-accelerated ions
from CO; clusters embedded in H, background gas target
have been carried out. The obtained energy spectra and
spatial distributions with uncertainty 0.1 MeV/n and a few
um, respectively, enable us to discuss the acceleration

mechanism of laser-accelerated ions.

Keywords: laser-driven ion acceleration, CR-39, cluster

1 U

FERE L — Y — L WHEOMAEERZ R L 2L —
F—BRE A A 2 NE SRS M o R L — o —
il B W TiITbitTwd, L= —ICk>TNHEX
h%%ﬁ/i,%ﬁ@mH&ML%ume,ﬁﬁw
APOBEII v IV ATHDZEDREELTHITS
nNaLY, Fi, LY —DENREPERTLELED
12, TEEINAA A DIV F—LWMLTED,
WEAECTIXEE OIE 7L — 72393 MeV O 7’1 k

BRI LT 39,

L ——EXE A A T, ¥ =4y b OSRP,
L—HF—=Darv 7 A MNOBEEFIZLST, L&
IANVF—DOEMERA A v E—LDFEZHIEL
T TN TW5ED, I a2m EIE 5701

The precise measurements of energy spectra and spatial dis-
tributions of laser-accelerated MeV/n-class ions using CR-39
track detector

Masato Kanasakr*, Keiji Opa and Tomoya Yamauch (Graduate
School of Maritime Sciences, Kobe University), Yuji Fukupa
(Kansai Photon Science Institute (KPSI), National Institutes for
Quantum and Radiological Science and Technology (QST)),
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X, MEX A =X L DBENEETH S, NEX A=
R b DFREIHIZ X, particle-in-cell (PIC) ¥ I 2L —3 2
VELHKT 2 BT BEOEKE D 2L
¥ —AR7 MV % mfE BRI B & S
5. oL, L=y —B#EhA 4 v TlE, L—H—
DRI BRI Z, BT RV ¥ —E e X s
A F v EFREFRA T 5 720, HHERIRRBE S o h
T, A4 VORERHliZ T o R T iUIR o v v
D o 7,

AW TIE, L — =8R8 A & SR B v
T, VA —=%—="y b oFEET S B ELT &
WX —DAF iz LT, FRREM#RHE CR-39 (B
TR X ISR T A A > D & % BRI G MTEE
ZHOEZ 2L X = A7 bLE X 220546 O &G
FERHI 2 FERE L 72, 2 DOFER, A v olidix h =X
LML CTwa E b2 HERE 2SS 2 LT
7.

2 k&
2.1 —BXE 1 A > IESEER

R T 25 B A BT PG R AIFZE AT O i
L —4— J-KAREN (1J,40fs) ¥ %, KEZEHEY
AL T WBURET 7 AF =12 1x10"° W/em? D
HMETHENLL, £ 4V EFEEREZ21T- 7,

Figure 1(a) IZ T %)L X — 2 X7 b L DFHIASR % R
T, I N4 FviE, HB2mmORY) vy FEBLO
AKAGANT X D155 2 ik, BEI 6um D7)V I =
I LT AN —IEbI: D CR-39 ICAHT B,
AT IR D24 A v IR b EREE X
OBEHEA & > TH 5%, Fig. 1(b) IR T X9 1ic, b
FNZH B (1) D CR-39 121, REE LOBEA 4~
DA, sEmE FMICH B (i) D CR-39 IZiE7a kv D
ADBAH T 2 & 512 CR-39 DFEILIIB L7 4 1
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Stopped __ oy retin

Protons

P

CR-39

Schematic top view of the energy spectra measurement system of laser-accelerated ions from

CO, cluster embedded in hydrogen background gas (a), and the trajectories of C®* ions and protons (b).

Y —DEARZREMLL 72, UKD, (1) D CR-39 T
0.7 MeV/n L EDRFZEE X OWEEA A v 23, (i) D
CR-39 Tl&, 0.55MeV-2.5MeV O 71 k v % GHl$
22 EDHHETH S, L—F—% 1000 > 2 v FFEE
#%, CR-39 Ofilt %11 72,

RIZ, A A v D% ﬁ(ﬁ]mﬁ—@ﬁ’ﬁ: Fig. 2 IZ/R T,
LR ZID AT X 9 i —ET A, BXUY,
v—%—ﬁ#%4ﬂ§k%ﬁ®u% CR-39 7% gt
L, BE6um D7 IVI=T LT 4 NT—=ThHNN=1L
7o, L—=¥—% 3> av FEERK, CR-39 D%
T,

CO,(cluster) + Hz(gas)
target

J-KAREN
laser
(14, 40 fs)

Figure 2. Schematic top view of the spa-
tial distributions measurement system of laser-
accelerated ions.
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2.2 CR-39 Of#MT A A

A A VB %D CR-39 Ixf L, 70 °C
6 mol/L DKL A V) 7 AKIFRZ Ty F v 7
WP AL 72, TRV F— A7 FILVOBRITICE W T
X, REB LOBBEA A BAG L 72 CR-39 12K L
T, Ty F v/ L EREBEZRDIRL T, EHITK
LTy FEY MEDREZETZHG 23 2 LB
Iy F v 7ESD 2R, T oIl 5 F
Ty Fr 7zl MHEGICHL Ty FEY
FEr DT E 7Oy b LR, MR E I
ZTHETCIE, 2 OMHE dr?/dG DERRE 2 5. THR
DEEZN () IRATEIET, 2hFhoxy F
By 2B L 724 4 > D CR-39 T BT 3 IRFL R,
PEHTEZENTRETH B,

ICPRFE L 72

R=G 1 (dr? r )
0= +Z(E)_(%) (1)
aG

AW TIE, L ——BRE A A4 VR FERRIC B W T
BoNRKEELVOBEA A YD Y FEY b 2TV
FUGENH L, BTy Fr itk THonk
WHIEICH L CERO % 7a v b L 2REo ET
DEEZA () ITRAL, REZHEBTZZLEICLD
Fig. 3 \OR TREMER 257, Z oKIEffRZ H W T,
FTRTHDIZyFEY MWL, =R LV¥—%2HHET 2
LT, A A UM DE NI X B TORIAES W
DEVEERETIC, TRV —AXRT PLERD S
CEDHEEE o, 2L, ZOBITICBEWT, R
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4 E=0.0065r34 -

Energy (MeV/n)

Etch pit radius (um)

Figure 3. Calibration curve for the carbon ions

which obtained by the multi-step etching tech-
nique.

FAAVEBEAAVEXBTELEIFTER Y, —
73T, 7a b B AE L7 CR-39 12w Tid, R
Bz Z WLy F Uy 7RICBLWTZ ALY —2 K
HMTEZ X912, 50, MEHREARAE
® HIMAC 1= 3 )L ¥ — & — AW E12T 0.5 MeV,
1 MeV, 3MeV, 4MeV, 5MeV D70 kv ZIHEL,
Fig. 4 |28 $REE MR % #5472, Figure 4 Tl Fig. 3 & 7
RAMHEADBHNT L LD, RKEBIOBHEA A I2D
WU, RERGZEZ 2 rE Ty Fv 7 2o
T3 70, HIERETIE 22 AFRO = 2L ¥ —»
Iy FEY PRIKMINTWEA, 7a bk ricon
Tk, HIEOEHEPEN T WS, T 2L F =08
7B v DOHPNS Iy FEY MEEZRL TV
5. DRk, ZvFEY FEEDPLIRLT—%
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A Thomson parabola spectrometer for on-line ion de-
tection was constructed to apply to laser driven ion
We have
demonstrated the energy analysis of ions accelerated by

acceleration experiments using cluster targets.

the Coulomb explosion of the CO, clusters using the
present apparatus at the J-KAREN laser facility of the
National Institutes for Quantum and Radiological Science
and Technology. The maximum energy of the detected
ions was 2.5 MeV/q, which was corresponding to about
This

result is consistent with the results obtained using CR-39.

0.9 MeV/u in converting to energy per nucleon.

It was shown that the present apparatus is very useful for
searching optimal experimental parameters and measuring
ion energy owing to the characteristic of on-line ion

detection.

Keywords: laser driven ion acceleration, Thomson

parabola spectrometer
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Figure 1. Schematic view of real-time Thom-

son parabola spectrometer.
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