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core core

O000Db0o0ob00obO0ob0o kO000bOoO0oOoOn 1290

e(Us + 1)

k = 4T Ronsager(D4 +D_) = ,

(5.22)

Ronsager 100 000000000000 OOO0O0OO0OCOOOOOOOCOOOOOOCODO
gooboboooooo

0s520000000000DO0000D0OO0O0ODOOU0OODbDOOOODbODOOD
o00ob0oO0ooobOOobOOoooOOobOoUooOobOooboOobDOobooObOOobOoobo 100D O
goo0oooooobooooboosoboobobuoobobooobooboobDooDbo
oo bDbobbobobobbbDbDbDbobo
00000000O0DO0obO0bO0obO0oOo0oU0oO00ooO0oOooODoDO0obDOobOobOooOoboOon
goooObooooobbo0oo0ooooDobOb0 ivooooobboooooobooo
gddooooooobobooobobobobobobbobbobobobbobobbobobbbbobobobon
uogooboogooood

O0o00o0o00ob0o0oobobo0o0oobOb0oooobooobD s300pDbDbOooooo
0000000000000 7A000000000000000000000000
000000000000000000000000000000 10A0000000
oo bobobobobobbbbbbboboo
goobobuoooboboboooobbboooobbbuooobobobg

o00obO0boObOOobOOoDbOo s400S5s50000b00bOoobooboDobooboOooDOoD
000000000000 1000000000000000000 10AD0000000
oo obbbobbobbbbbobobbobobbbobbbbobbobo
oo oboooooobobobobobobobobobooboboboobobbbboboon
ggoo



OS50 00000000000000000000

10 F E
differential 3
integrated ]

10" E ; =

2
£ 107 |
g
2 \
s 3
T; 107 E \ E
\
10" £ £
\

10 5 1 1 1 \

10" 10° 10' 10° 10°
time [ps]

052 0O00OO00O0OO00OO0OO0OOOO0OOO0OOO0OODOODOOO0OOODOOOOOODOOO
0% 0 100000000000000D0O0OOO0

1.0 ! y ! . : ;
/ \ : ‘ differential
‘ ‘ ‘ integrated 1
0.8 - e _
> ; ; ; :
° ; ; ; ;
B
= 04 _/ / N ]
e : : : :
0.0 1 1 1 1
0 10 20 30 40 50

radius [10\]

053 0O00O000O00o00OoUOoOoO00oOo0OoooDODoOoooooooooooo
000000000000000000000000 10A000000000000
gpoboogoooo



52 00000000000000000

10

differential
integrated

10" E 5 i

107 E N\ |

relative intensity

1 0'5 1 1 1

10 10 10' 10 10

time [ps]

054 00D0O0O0OOO00O0DOOOOOOODOCOOOOOODOOOOO %% 0O 10
oooooobobooobobooobo

1.0 T T T T !
/ \ | differential | |
‘ ‘ ‘ integrated
R e e

2 : 3 3 :

R e e e I S S S

R= : : : :

o / 1 1 1

2 ‘ ‘ ‘ :

B 04 o fob N
0.2_" \—
0.0 L i ! ;

0 10 20 30 40 50

radius [z&]

055 000O00O0O00OoO0oOOoO0oO0ooUoDOoOooO0ooUooDoUoooUDooo
00000000000000000000 10A0000000000000000
ooooo



88

OS50 00000000000000000000

shock wave model
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W(r)>U (5.23)
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RN

(1
Vd

L Ld

a

059 000bLO0O0OO0OOO0OOOO0ObDOOO0O0ODbDOoObOOoOUObObOODOboOOO
ooobooobobobooooobob v, bobooooobooboboooooboobo
oooboooooooboobooooboobooobDoo wwhooooobooooooo
goooooobgo

ggoboobooooooo,0bgogobob,0oduobbbbouoooonboon g,y
odobbood 0000000000

L, |2m
ty = > v (5.38)
Ld 2m
tg=— 5.39
4= v (5.39)
Iy =1,+1q (5.40)

goooyv,0o00b0goobooboooboonD 2L,L,00000000,0000000D00
ggogdoooobobooobooboobooboboboooo, 0o, oo boboobooboboo
ooobOOo0obO0obOOooboOobOoo s200b0o0o0obOoboOoobOobDOobobOoDOon
ooo0o0oo0oooouonL,,V, 00000000000 boo MCPpOOOO,MCPO
ugdobobooooooooooooo



96

OS50 00000000000000000000

052 0000000O00DOOOOOCOO0OOOoooOooog Vv, 0000000
goooooooy,v,oobooooooboooobooboooo

00 000 Q0OO0O0O0ooo oOoogoo
L, S mm Va 1,000 V 1,000 V
L; 545 mm Va 5,000 V 3,000 V
Ly 5 mm

O000Dooooooo

0000d0000o0d0o0fdoodoOU0ooU0oU0o0oo0oo0oooooooooooooDooo
Oo000oOoO00obOOO00OoooOooooOoOooDoboO0oobDbOooooo

O000000O00DO00DOO0DOOODbDODODbDODOOOn (Chopping Deflector) O O
O000000O000O00Oo0doodoo0oo0oo0oooooooDo 200000
OO0000l1g0oo0oo0o0ooOoDo0 1goooo0oooooooooOooooDo
OoOoooOO1w0usdd S0onsO0O0S00VOOD OVOODOODOODOOOOODDOO
ovoOoDoooooooloousO SOnsO0O00000OO0OODODOOOODOOODODO
OO000O00OO0O0O0OO0DO0o0OoO0OO0DOOo0oOo0OobOODOoUoOUOOoboOobDboOoDo
Oooooooog

O00DO0O000DO0o0OO0O0oOooog (H. V. Power Supply ; FLUKE, 415B), 0 0O O
OO0 00 (Pulse Generator ; Hewlett Packard, 8110A), 0 00O 00O 0O0ODO (BEHLKE,
HTS31-GSM) O OO ooOd

oooo

05100 TOFOOOODOOOOooODOOoOooooMCcpoobonDoOoooooDOOO
0000000 (PreAmplifier : ORTEC,9306) D OO ODOO0ODOOOOODOD Timing-
Filter-Amplifier (ORTEC, 474), Constant Fraction Discriminator (ORTEC 473A) 00000
O000,0000000000000000 FastMultichannel Scaler(F-MCS : Laboratory
Equipment, LN-6500) 0 000 M 00000000000 O0ODODOQO OO [Pulse Generator
(Hewlett Packard, 8110A) 00000000 20000000000000000000O
O000O00D0O0000DODODOO0OQDO Pulse Generator [0 0 O Timing-Filter-Amplifier
(ORTEC, 474), Constant Fraction Discriminator (ORTEC 473A) 000000000, 00O



55 0000000000

97

Chopping Deflector
(Self-made)

[

Microchannel Plates HV Power Supply H. V. Switching Circuit
Assembly SWEL UL —>| (BEHLKE, HTS31-
(FLUKE, 415B) e
(Hamamatsu Photonics) GSM)
Pre Amplifier Pulse Generator
(ORTEC, 142) (Hewlett Packard, 8110A)
Timing Filter Amplifier Timing Filter Amplifier
(ORTEC, 572) (ORTEC, 572)
Constant Fraction Constant Fraction
Discriminator Discriminator
(ORTEC, 550A) (ORTEC, 550A)
Fast Multi Channel Scaler —1
(Laboratory Equipments, § “_‘j
LN-6500R) ‘ s
Network MCA
(Laboratory Equipments, f———> “
LN-6400)

0510 JO00O0OQCO0OO0OOCOO00ODOOOO00OOoCOOUOOoDooOoUooDoLoO 20
goboobooooboobooboobooobobooboooboobooboooboo
goobooboobooboobooboboobooboobDoobooobooobo
gooooboooboobooboobobooobooboobooboooboobooooo
gooogoo

000000000 PulseGenerator 100 F-MCSOOOOOO0OOD0OO0OOOODOOO
ooooorMCSOODOOOOODOODOOOODOODOOODOODOODOOODOODOOO
ggobobooooboboooon

5.5 ODOODOODOODOO

dodooooooooooboooboboobobobobbbobobbbbbbbbboon
0000000000000 0000000D00D00DO0DO0D0ODOO0 collision-free 0 O
goooooooboboboboobobobobobobobobbobobobobbobobobobobboboboobooon
gogoboobog,oboboooobboooobbbooobboooobobooonoon
oo bDbobobbbbbbbbobobo
oo ooobbobobbobobbobobbbobobbobobooboon



98

OS50 00000000000000000000

liquid jet ON | 3
liquid jet OFF |

-
=

_—
-

-‘s
A
-

107

Sl ot
-~

relative intensity

-
-~

0 20 40 60 80 100

0511 0DO0O0O0ODOO0OOO0O(@UDOOUODOUODOOO)ODDOUODOODOOOOO
000000000 (@O0000020MeVHet,0OOOODOODODOO)DOO0OOoOO
gbooboobboboobbooobuoobooboobbooboobooboo

gog

dddddooooooooboooooboboboboboboboboboboboboboboboboooaad

odddooooooooooboboobobbbbbbbbobooooooooogogag

gooboooobbooooboboooobooo
gobobobooooboboooooobboooobbbooooooboooobobooog

gogooooooobobobn

551 O000O0OD0ODOOOOOOODOO

Os5l11ob0o00obooooo(@uoboobobogoooobo)booboobooooboo
000000000000000000 20MeVHe",0OOOOOOOODOODOOOO
goboboooobobboooobobboooobbooobobboooobbboooono
dddddoooooooobooooobobobobobobobobobobobobobobbobboooadad
oddoooooooooooooobobobobobobobobobboooooooogoog
dddoooooooobooboboboboobobobbbbobobbooooooooouoaa



55 0000000000 99

eXx. M—>A*+B +e

o> e

Liquid jet target

b)

0512 000000000DO0O0ODO0DO000O0DO000O000000 00000
oopooooooooo,pyboooooooboooboooooo

\4

SMM2,
N

00000000000000000000000000
000000000000000000000000000000000000000
0000000000000000000000000000000000000000
0000000000000000000000000000 200000000000
0000000000 O0000
(HOOODOOO0OO0000 2Wpean =100 um 00000000
()000000000000000000000000000000 lmmOOO0O
Ooooood
000@QO000000000000000000000000000000000000
0oooooO

00000000000 r=+/2+y000000000000 ng O

Ngas(1) = f0T jer (5.41)

r

0000000000001 000000000000000000000000000
000000000000 0000000000 AE, 000000000000000
000000000000000 Ep@O D000 WO0)O0000 AEg/Eie, 0000000
051200000002 0000000000000000,00b) 000000000
0000000000000000000000000000000000 2| < rje2 0
0D000000000000000000000000 AE,, 0000000000



100 OS50 00000000000000000000

Xmax novt jet
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Xmax
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osnorje | log > z#0000
Xmin + (xmin ) + 1
L Z Z

Xmin = \[ Fer =7 (5.44)

AEg,s = Oy dx (5.42)
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(5.43)
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Abstract

We have measured energy and angular distributions of fast protons passing through an ethanol liquid jet target. By applying the
Moliére’s theory of multiple scattering, we reproduced successfully our experimental results of energy and angular distributions and
found that the Moliére’s theory is useful for the prediction of energetic proton and heavy ion deflection in liquid materials. Moreover,
we compared stopping powers obtained from our experiment with SRIM2003 and found an about 10% discrepancy between them. The
present method can become a powerful tool for the measurement of particle stopping in liquids and the other collision interactions.

© 2007 Published by Elsevier B.V.

PACS: 34.50.Bw

1. Introduction

Collision phenomena between fast ions and liquid mate-
rials have a wide range of interests such as astronomy,
atmospheric science, life science, biology, and charged par-
ticle cancer therapy [1-5]. In particular, the charged parti-
cle cancer therapy has been recognized as a powerful tool
due to the Bragg peak effect, which serves a sharp dose dis-
tribution in a human body [6]. In addition, as the major
component of the human body is liquid water, study of col-
lision interaction of fast ions with liquid materials is funda-
mentally important to predict biological reactions in the
radiation cancer therapy.

To date, a number of collision experiments for various
targets have been done on the stopping and range, second-
ary ion emission, secondary electron emission, and various
inelastic cross sections [7-11]. Among various quantities
concerning collision interactions, energy loss of a projectile
is one of the most important quantities for the estimation

* Corresponding author.
E-mail address: m-k@nucleng.kyoto-u.ac.jp (M. Kaneda).

0168-583X/$ - see front matter © 2007 Published by Elsevier B.V.
doi:10.1016/j.nimb.2006.11.131

of the magnitude of radiation damage. This is because
the energy loss means a total energy transfer during contin-
uous collision interactions [12]. Furthermore, it is well-
known that the physical nature of medium appears clearly
in stopping cross sections [8,12]. Hence, investigation of the
stopping cross section in liquid targets is helpful for
detailed understanding of phase effects. However, in most
of these experiments, vapor and solid targets have been
mainly studied and liquid targets have scarcely been inves-
tigated so far. Upon the background mentioned above, we
developed and operated a new experimental approach to
measure the energy loss and other collision interactions
such as secondary from emission in liquid targets [13]. In
this paper, we report preliminary experimental and theoret-
ical results for a few MeV proton stopping in a liquid eth-
anol target.

2. Experimental
The experiment was carried out at QSEC heavy ion

accelerator facility of Kyoto University. Fig. 1 shows a
schematic drawing of our collision chamber consisting of
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with water and NaCl solutions
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ARTICLE INFO ABSTRACT

A new experimental technique has been developed for the investigation of secondary particle emission

Available online 7 February 2009

from liquid targets resulting from collision interactions with fast charged particles. Secondary ion mass
spectra are presented for the first time for liquid water and 0.1 M, 1 M and 5 M NaCl aqueous solutions

PACS: bombarded by 2.0 MeV He" ions. The mass spectra exhibit a series of negative cluster ions of the form of

82.80.Rt

XmYnR™, where X and Y stand for neutral molecules such as H,0, NaCl and NaOH and R~ stands for a neg-

ative charged ion such as O~, OH™ and Cl ™. Intensities of negative ions are found to change significantly as

Keywords:

Sputtering

Liquid water

Clusters

Secondary ion mass spectrometry

a function of the concentration. The results imply evidently that the cluster structure in liquid targets
changes drastically depending on the abundance of NaCl in solutions.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Interaction of ionizing radiations with water is a subject receiv-
ing an increasing attention in various fields such as astronomy,
atmospheric science, life science, biology and charged particle can-
cer therapy [1-5]. Particularly, the charged particle cancer therapy
is recognized as a powerful tool owing to the so-called Bragg peak
effect, resulting in a sharp dose distribution in a particular depth of
tumors. In fact, a growing number of particle therapy facilities are
available worldwide.

As liquid water is the major component of a human body, inves-
tigation of collision interactions of fast charged particles with li-
quid water and aqueous solutions is of great importance to
achieve accurate understanding of physical, radiochemical and bio-
logical reactions. To date, however, experimental researches using
liquid water are limited to studies of stopping range and water
radiolysis and measurements, like this work, of secondary particles
have not yet been done. This is mainly due to the experimental dif-
ficulty of achieving a sufficiently good vacuum condition. Although
it is obvious that secondary particles such as electrons and ions are
supposed to play important roles in various biological reactions,
e.g. single- and double-strand breaks, almost no investigations
have been made so far. In order to achieve a breakthrough in this

* Corresponding author. Tel./fax: +81 75 753 5821.
E-mail address: m-k@nucleng.kyoto-u.ac.jp (M. Kaneda).

0168-583X/$ - see front matter © 2009 Elsevier B.V. All rights reserved.
doi:10.1016/j.nimb.2009.02.005

research field, we developed a new experimental method to mea-
sure secondary particles emitted from various liquid targets. In this
work, we report for the first time experimental results of mass dis-
tributions of secondary ions emitted from liquid water and NacCl
aqueous solution targets bombarded by 2.0 MeV He" ions.

2. Experimental

The experiment was carried out at QSEC (Quantum Science and
Engineering Center) heavy ion accelerator facility of Kyoto Univer-
sity. Fig. 1 shows a schematic drawing of our collision chamber,
which consists of a liquid jet target source, a liquid-nitrogen cold
trap and a time-of-flight (TOF) secondary ion mass spectrometry
system.

Liquid jet targets were produced by essentially the same meth-
od as described in [6-9]. The liquid jet target was prepared by
injection of liquid water and 0.1 M, 1.0 M and 5.0 M NaCl aqueous
solutions through a 20 pum super-fine nozzle (MUSASHI Engineer-
ing, Inc.) into the center of a collision chamber. Taking account of
the liquid jet stability and vacuum condition in the collision cham-
ber, the flow rate was kept 0.5 ml/min. The collision chamber was
evacuated by a 1200 /s diffusion pump. In addition, the liquid jet
was trapped by a liquid nitrogen cold trap at a position of about
6.0 cm downstream from the injection nozzle to keep a good vac-
uum condition. An ambient pressure during injection of liquid jets
was kept below 1.0 x 10~ Torr.
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Secondary ion mass spectra have been measured for the first time for a liquid ethanol target
bombarded by 2.0 MeV He* ions. Positive and negative ion spectra exhibit evidently a series of
cluster ions of the forms [(EtOH),H]* and [(EtOH),—H]", respectively, in addition to light fragment
ions from intact parent molecules. It was found that these cluster ions are produced only from liquid
phase ethanol. Both positive and negative secondary ion spectra show similar cluster size
distributions with almost the same decay slope. We also present for the first time the cluster ion
distribution emitted from the liquid at different liquid temperatures. © 2010 American Institute of

Physics. [doi:10.1063/1.3367767]

I. INTRODUCTION

The study of collision interactions of fast charged par-
ticles with solid and liquid materials is important to achieve
precise understanding of radiation effects induced in
matter.'® In a fast ion impact, electronic excitation of target
atoms is the predominant energy transfer process, and it may
cause significant ionization in the target, leading to the emis-
sion of secondary particles from a target surface known as
the sputtering. The sputtering phenomena have been exten-
sively investigated to date by means of time-of-flight second-
ary ion mass spectrometry (TOF-SIMS).” Nevertheless, it
should be pointed out that most TOF-SIMS experiments
have been limited to solid targets, and little is known about
collision interactions involving liquid targets such as water,
aqueous solutions, and alcohols. Investigation using actual
liquid materials is undoubtedly essential to obtain direct in-
formation about surface and inner structures of liquids, as
demonstrated in laser-liquid experiments.gf11

For the purpose of full understanding of collision inter-
actions in liquid, we developed recently a new experimental
apparatus of accessing volatile liquid targets in vacuum using
a technique of liquid molecular beam.'”'* New experimental
data relevant to stopping power and TOF-SIMS have been
obtained for the first time for water, ethanol, and NaCl
solutions."” For instance, in TOF-SIMS measurements for
NaCl solutions, we found that the mass spectra are domi-
nated by a series of cluster ions with intensities varying
strongly depending on the concentration of NaCl in the so-
lutions.

In this work we extend TOF-SIMS investigation to lig-
uid ethanol C,HsOH, abbreviated to EtOH hereafter, bom-
barded by 2.0 MeV He" ions. This is because the liquid
ethanol, as one of the most popular polar solvents, has been
considerably investigated in radiochemistry by means of ra-
diolysis or high pressure mass spectrometry, and various ion-
molecule reactions are well understood.'®* In addition, as

“Electronic mail: itoh@nucleng.kyoto-u.ac.jp.

0021-9606/2010/132(14)/144502/6/$30.00

132, 144502-1

the freezing point of ethanol is relatively low (158.65 K), the
liquid molecular beam technique allows one, in principle, to
investigate the temperature dependence of radiation effects
in a broad range of the liquid temperature. Discussion is
given on the formation and emission mechanisms of positive
and negative secondary ions. Present results are compared
with those obtained by UV lasers' and with solid ethanol
data obtained by keV ion impacts.zs’26

Il. EXPERIMENT

The experiment was performed at the Quantum Science
and Engineering Center heavy ion accelerator facility of
Kyoto University. Figure 1 shows a schematic drawing of
our collision chamber consisting of a liquid beam target
source, a liquid nitrogen cold trap, and a TOF-SIMS system.
A liquid beam target of ethanol (High-performance liquid
chromatography grade, 99.5 vol. %) was produced by essen-
tially the same method as described in previous papers.gf15
The liquid beam from an infusion pump designed for a liquid
chromatography was injected vertically through a superfine
nozzle (MUSASHI Engineering, Inc.) of 20 wm in diameter
into the center of the collision chamber. The liquid injection

Repeller Electrode
Flight Tube

\ /ﬂf Micro-Channel

Plate
Pulsed Ion Beam ”
[ ]
[ J Turbo Molecular
Pum
Liquid N, Trap e
Liquid beam Target
Diffusion Pump

FIG. 1. A schematic of experimental setup consisting of a liquid jet target
source, a liquid N, cold trap, and a TOF mass spectrometry system. The
flight tube entrance has an aperture of 1.0 mm in diameter.

© 2010 American Institute of Physics
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