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1: Schematic drawing of the phoswich detector con-
sisting of NE213 and NE115 scintillators.
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2: Measured spectra at 6§ = 0 deg of neutron from
70 MeV protons on a thick Cu target.
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3: Two-dimensional plot in the measurement of the
secondary particles. The mark (A) represents the pho-
ton events, (B)-(C) the neutron events, and (D)-(E)

the proton events.
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4: Neutron, photon, and proton energy spectra in
a neutron-proton mixed field produced from a thin Be
target irradiated by 70 MeV protons.
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5. Measured proton frequency distributions as
a funtion of lineal energy, y measured with the
A150-walled LPPC.
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BJ 6: Measured and calculated lineal energy distribu-
tion of 70 MeV protons.

HE NG TFHEESHOY — I BB AN F—
. EREI D LB 0%KELEoTVE, ZOE—
LB OMEZ, 2 RETF VT Cavity Sh~JekE L 727
EEZLNL, M 6FDELT (A) (BT 65 MeV D
£, y=3 ~ 15 (keVpm™1)) DI, Cavity 4445
ADVRAAR SHBOEBERLEZOND,

K, EREFEICL VRO N BETFOR/NEEAN
DIANE—FE5OFH NS, B TR LI3EEFY,
g ROT, BB L7z

HETHICBWT, HILED?SRO 2R KBL AV
F—id, EBRLEFEOFIYEL D b 50%B K
LTV, HIEEEETHEE» 20 BCERL

5.0

I
4.0
BN

3.0 F

2.0 L A 3 Bt

Lineal energy, y (keV um-1)
7

4
...L.
$2: 3
1
¥
J.
L

[ Frequency-mean
10 20 30 40 50 60 70
Proton energy incident to the cavity (MeV)

7: Frequency-mean lineal energies of protons ob-
tained from measured and calculated microdosimetric
distributions.
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[X] 8: Bubbles formed in the bubble dosimeter by pro-

ton irradiation.
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Measurement of Energy and Angular Distribution of
Secondary Electrons from Water Vapor with Heavy-Ion Impact
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Abstract

Some improvements have been made for the
apparatus for measuring the DDCS (doubly
differential cross section) of electron emission from
water vapor with the impact of fast heavy ions,
which are accelerated by NIRS 930 isochronous
cyclotron. A good S/N ratio has thus been obtained,
and the high—ehergy with low-yield electrons are
effectively measured.

1. Introduction

“What kind of DNA damage is related to the
lethality of a cell?” is a highly important question in
not only radiation biology, but also practical cancer
therapy. For this approach, the track structure is
firstly the key point from the viewpoint of physics.
Along this line, we have challenged to obtain the
DDCS of electron emission from water vapor by
heavy-ion impact [1]. Since 1999, much effort has
been made for the measurement using 6 MeV/n
He?" ions, which are accelerated by the NIRS 930
isochronous cyclotron having a K-value of 110.
Before 1998, the apparatus was installed in the
experimental cave of HIMAC injector linac. In this
case the beam was sharply pulsed and not
appropriate for the measurement with a high
counting rate.

2. Reduction of background level

Since 1998, much effort has been made to
reduce the background (BG) level in the
measurement. Recently we succeeded to stabilize
the background level down to 2-3 cps for the wide
electron-energy range of 5-12000 eV mainly by
following three improvements: 1) the first one is to
attain good vacuum (~ 10® Torr) along with the

high-density water vapor jet (102-10° Torr) by
using a cooled panel with liquid N,; 2) the second is
the appropriate shielding of the detector (MCP)
against X-rays, y-rays, neutrons, etc.; 3) the last is
to set the pre-acceleration voltage (before
analyzing) to zero, in order to exclude the unwanted
electrons coming except from the target region
(Fig.1). The high-energy and low-yield electrons
have thus been successfully measured with a good
S/N ratio that reaches about 10 at the low-energy
region.
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Fig.1 Sectional view of the electrostatic analyzer and the
detector (MCP).

3. Results and discussion

We recently obtained the DDCS data of electron
emission from water vapor using 6 MeV/n «
particles, in which the 5-12000 eV electrons were
precisely measured, at angles of 30-150 degrees.
The K-LL Auger peak (~ 500 eV) of oxygen at all
angles and binary peaks (several keV) mainly at the
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Fig.2 Doubly differential cross section (DDCS) of electron emission from water vapor with the impact of
6 MeV/n « particles. Observed angles were 30, 45, 60, 90, 120 and 150 degrees.

forward angles were clearly observed, as shown in
Fig.2. The well-known SDCS (singly differential
cross section) was also obtained by integrating the
DDCS, which agreed well with that of the Rudd
model [2] except at low-energy region, as can be
seen in Fig.3.

As the next step, it is necessary to again
measure the detection efficiency of MCP at the
high-energy (= 3 keV) region, which has not yet
been made. A new apparatus for this purpose has
been designed, which will be installed in the near
future.

In order to obtain reliable DDCS values, it is
necessary to precisely know the density of water
molecules in the interaction area. This measurement
for a water-jet was started again using a nude
lonization-gauge in the two perpendicular directions
(longitudinal and transverse). The absolute density
can be obtained using a flow-rate of H,O and the
measured (relative) distribution by a calculation.

An automatic counting system was also
designed and installed, by which the data-taking
process becomes faster than before. The next plan is
to measure the DDCS of electron emission from

water molecules with 11.25 and 15.0 MeV/n He?
ions from the cyclotron.
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Fig.3 Comparison of SDCS values between this work
and Rudd model.
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Production of radioisotopes in 1998~2000 at NIRS

Nuclides | Compounds GBg ni n2 n3
e |SCH23390 108.8 72 0 46
NMSP 85.3 36 5 16
Ro15-1788 41.5 32 0 0
NMPB 17.5 11 0 6
Ro15-4513 320.8f 108 21 13
Methionine 2021.4 572 0 452
MP4A 222.6 107 0 92y
(+)McN 145.9] 110 11 66
FLB457 142.2] 186 241 112
(—)McN 47.0 31 0 13
Raclopride 80.3 61 36 8
WAY 113.4 16 1 41
Others 1468.7 702 93 4
Total 4815.4| 2044] 191 869
3y |NHs 225.41 187 13 11
QOthers 55.8 72 0 0
Total 281.3] 259 13 11
159 |H,0 922.7| 145| 48| 44
Total 922.7 145 48 44
8 |FDG 463.3] 239 17 163
Others 61.5 99 0 0
Total 524.8] 338 17 163
38 |kt 113.9] 206 21 8
Total 113.9] 206 21 8
Total 6658.1] 2992| 290| 1095

n1:number of productions
n2:number of delivery for clinical applications

n3:number of animal experiments
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Abstract

The NIRS-Chiba isochronous cyclotron has been
working in routinely, and providing the stable beams for
bio-medical studies and various kind of related experiments
since 1975. The clinical trail of eye melanoma has been
under continued. Recently  two new beam lines were
constructed in order to carry out the bio-physical study , and
to produce the long-lived R.Ls for SPECT. Some
progressive improvements, such as updating the magnetic-
channel and development of a floating septum system, were
performed for stable operation of the cyclotron. A brief
review of the current status of the cyclotron and typical
application of latest experiments in the various fields are
described. '

1. INTRODUCTION

The NIRS cyclotron facility constitutes of a large
isochronous-cyclotron' (NIRS-930), a small cyclotron(HM-
18) and nine experimental beam lines. In Fig.1 the present
layout of the cyclotron facility is shown. The NIRS-930 has
been used mainly for clinical trials of proton therapy such as
eye melanoma, production of the short-lived radio-nuclides,
research of bio-physics, development of particle detectors
for space application and so on. The small HM-18,
constructed in 1994, has been operating routinely to product
short-lived radio-pharmaceuticals for PET in conjunction
with a heavy ion therapy in HIMACP! (Heavy Ion Medical
Accelerator in Chiba).

MIRS-930

c7 §

Fig.1 Floor plan of NIRS cyclotron facility in March,

2000.

Two new beam lines C10 and C4 were constructed during
the past two years. The line C10, which was installed in the
general-purpose experimental cave, is used for basic study of
bio-physics as described in section 3.3. The line C4 was
designed and constructed for development of long-lived
radio-nuclides for SPECT with high current proton beam of
65 MeV. It will be started in this summer. The high flux
neutron cave C3, which had been used for fast neutron
therapy, was modified in order to study bioclogical effects by
an accidental neutron exposure to humans.

Operation of those two cyclotrons is scheduled in the
daytime from Monday afternoon to Friday except the regular
maintenance time during two weeks of March and August
annually. Table 1 shows the statistics of beam time
distributions among the research fields in 2000.

The following, some progressive improvements in the
NIRS-930 and current status of the latest experiments in the
field of applications are presented. ;

Table 1. The distribution of beam time among research field.
1. Clinical trial of eye melanoma 888 h ( 68%)
2. Production and development of : 2158 h (16.6%)
short-lived radio-nuclides

3. Studies of particle detectors 4502 h  (346%)
and radiation dosimetry

4. Basic research of radiological : 75 h (06%)

experiments

5. Related Experiments 2073 h (159 %)

6.  Preparing beam 3319 h (255%)
Total 13015 h
C1, C2: Production and development of short-lived R.Ls,

C3: Biological studies with high flux neutron beam

C4: Production of R.Ls for SPECT,

C6: Development of particle detectors and beam monitors,
C7: Radiobiological experiments with heavy ions,

C8: Studies of radiation dosimetry,

C9 :  Proton therapy for eye melanoma,

C10 : Experiments of biophysics.

2. IMPROVEMENTS

The NIRS-930 cyclotron having K=110 consists of four
sectors and two Dees(86 deg.) connected to moving panel
type of rf-cavities. The frequency range of 10.7-21 MHz



covers 1st and 2nd harmonic in the acceleration modes. The
stable beams of proton with energy up to 70 MeV, and
deuteron, ’He, alpha and few kind of heavy ions are
sufficiently delivered with the extraction efficiencies of 50 ~
70 %. In the past three vyears, we performed few
improvements for the extraction system such as applying a
“floating-septum” to the electric-static deflector and
updating the magnetic-channel by a new one.

2.1 Floating Septum

It has been required high energy and high intensity beam
extraction from the NIRS-930 cyclotron. For examples,
proton beams of 40MeV x 15 1 A for 3K and 65MeV x

10 1 A for SPECT are needed in the field of R.I. production,
and the deuteron beam of 25MeV x 25 14 A is minimum

requirements to produce high flux neutron beam for
biomedical studies, respectively. In order to preserve the
pre-septum electrode by the thermal damage owing to the
irregular beam hitting in such the operation, we developed a
“floating septum system” for the deflector. The system is
composed of a new pre-septum electrode insulated from the
earth potential, a beam current read-out electronics and
interlock-circuit to control the ion source. The system works
under the condition that, when the eleciric beam power on
the pre-septum exceeds more than 600 W then the arc
voltage of the ion source should be turn-off in an instant.

2.2 Magnetic Channel

The magnetic-channel, which had been used almost
twenty-six years since the cyclotron construction, was
replaced by a new one due to troubles of the small air leak
and going down the flow rate of the cooling water. The new
magnetic-channel was designed and manufactured by
Sumitomo Heavy Industry in Japan. On the occasion of the
replacement we have checked up on the magnetic field
characteristics such as field strength and field polarity for the
both of the old and new one. Of course we verified the field
distribution with a computer simulation by MAXWELL-
2DP! as shown in Fig.2. In resulting, those three cases were
accepted as almost same stance. The temperature rise
between inlet and outlet of the cooling water for an one of

Fig. 2. Mid-plane symmetry of magnetic field distribution

of the magnetic-channel.

the longest coil (A1) as shown in Fig.2 become 65 degrees at
the excitation current of 1100A in the flow-rate of 2.8 /min.

3. APPLICATIONS

3.1 Proton therapy of the eye

The physical properties of heavy charged particles such as
proton and carbon ions are uniquely suited to precise
localization of radiation dose for many head and neck tumor
including the orbit and eye, because of the sharp fall off of
the dose at the distal end of the Bragg peak, sharp lateral
edges of the beam, and ability to tailor the depth of
penetration and spread of the modulated Bragg peak. The
use of charged particles permits delivery of equivalent tumor
dose much higher than can be delivered with standard X ray
therapy, and accordingly, higher local control and survival
rates are possible. The use of proton for irradiation of uveal
melanoma began in 1985 at NIRS.

We developed irradiation port for the eye treatment using a
vertical course of the 70MeV proton beam. Patient relax to
taking treatment on a flat treatment couch, patient
immobilization devises are simple and comfortable. From
1985 to 1996 eye irradiation was conducted without
compensator and fine pitched bar ridge filters, which gives
conformal dose distribution. We had treated 95 patients until
end of March 2000. From 1985 to 1997 we had treated 65
patients without compensator and fine pitch bar ridge filters.
The local control rate of the patients is 88% and enucleate
rate is 31%. From 1997 to 2000 patients were treated with
compensator and fine pitch bar ridge filters show that only
8% patients were enucleated for complications and 96%
local control rate.

3.2 Production of Short-lived Radiopharmaceuticals

In a recent few years, short-lived isotopes such as “C, 13N,
0, ®F and **K have been produced routinely by using two
cyclotrons, i.e., NIRS-930 and HMI18, and labeled to
biologically interesting compounds. They were mainly used
for the studies of brain function, cancer imaging, myocardial
blood flow measurement and so on, in conjunction with PET
(positron emission tomography) cameras (three for human
study and two for animal study). [''C]methionine and
['‘SFJFDG have been routinely produced to evaluate the
effectiveness of the cancer therapy by heavy ions from
HIMAC. Many ''C-labeled radiopharmaceuticals, [''CIMP4A,
[1CIFLB457, [MCIWAY100635, ["'Craclopride,
[MC)(+)McN5652-X, and  [''C]JRo15-4513 etc. have been
produced and used for the diagnosis of psychoneurosis, i.e.,
schizophrenia, depression, Alzheimer’s disease, etc.
[PN]NH; “land [**K]K* have been used for the evaluation of a
myocardial and renal blood flow, and ['*OJH,O for activation
studies of brain function.

A new apparatus was installed to irradiate solid targets and
to transfer the irradiated target remotely. It is coupled with a
He gas and a water cooling device, a robot for remote
handling of the irradiated target and a truck system to



transfer the target to a hot cell for chemical processing.
Metallic radionuclides (**™Mn, **Fe, %'Cu, %2Zn, etc.) and
radiohalogens ("*""Br, '2'*], etc.) are planed to be produced.

3.3 Bio-physics study

Since 1994, an apparatus has been fabricated for the
measurement of the doubly differential cross section (DDCS)
of electron emission from water vapor with fast heavy-ion
(6-25 MeV/n) impact®. Recently, we precisely measured the
DDCS (5-1000 eV and 30-150°) with the impact of 6.0
MeV/n « particles (~ 50 nA at the target). The vacuum in the
chamber was of the order of 10™® Torr, and the back ground
level was suppressed down to 2-3 cps under beam ON and
water vapor jet OFF. Binary collision peaks (several keV)
and the K-LL Auger peak of oxygen (~ 500 eV) were clearly
observed, as shown in Fig.3.

7
107 P T

O-KLL Auger
peak {~500eV)

10° 90° (x100)
Binary collision
10° §
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Fig.3. Electron emission from water vapor with the impact of
6 MeV/n a particles. Observed angles were 30, 45, 60, 90,
120 and 150 degrees.

3.4 Performance of a Phoswich Neutron Detector
for Space Application.

The measurement of neutron energy spectra is a difficult
problem in a large human spacecraft, because a flight
neutron spectrometer needs properly to discriminate neutrons
from charged particles. For this purpose, we have developed
the phoswich neutron spectrometer[(’l, which consists of a
NE213 organic liquid scintillator surrounded by a thin
NE115 plastic scintillator. This detector can measure neutron
spectra with discriminating neutron from charged particle
using different pulse shapes of signals. The performance of
the detector as a particle spectrometer was investigated in a
neutron-proton mixed field produced from a 2 mm-thick Be
metal target irradiated by 70 MeV protons. Fig.4 shows the
two-dimensional distribution of a particle identification. It
can be clearly seen from Fig.4 that the gamma-ray events of
(A), neutron events of (B) and (C), and proton events of (D)

and (E) can be separated from cach other. From each particle
pulse-height spectra obtained by selecting each region of
interest in the Fig.4, the photon, neutron, and proton energy
spectra were obtained.

By using this NE115-NE213 coupled phoswich detector,
the photon and neutron energy spectra can be measured in a
neutron and charged-particle mixed field which is usually
present in aircraft and spacecraft.
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Fig.4. Two-dimensional plot of the slow component versus
the total component.
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Abstract

A multi-moderator spectrometer using a pair of °Li and "Li glass scintillators has been developed. This new type of
neutron spectrometer can measure the neutron spectrum in a mixed field of neutrons, charged particles and gamma-rays.
The particle identification capability was investigated in neutron-gamma-ray and neutron-proton mixed fields and the
neutron response functions of the spectrometer were obtained by calculations and experiments up to 200 MeV. This
spectrometer has been applied to measure neutron spectrum in a neutron—proton mixed field, produced by bombarding

a Be target by 70 MeV protons from the cyclotron. © 2001 Elsevier Science B.V. All rights reserved.

PACS: 29.30.Hs; 29.40. — n; 29.40.Mc

Keywords: Mixed field; Neutron measurement; Lithium glass scintillator

1. Introduction

Space activities by satellites and airplanes have
been increased considerably in recent years. The
estimation of exposures of astronauts and airline
crews is an important area of investigation. They
are exposed in space to various radiations like
neutrons, protons, heavier charged particles, elec-
trons and photons, which we scarcely encounter in
the ground environment. Neutrons in the energy
range from thermal to a few tens of MeVs are

* Corresponding author. Tel: + 81-22-217-7805; fax: + 81-
22-217-7809. ‘
E-mail address: nakamura@cyric.tohoku.acjp (T. Nakamura).

produced through interactions of cosmic-ray par-
ticles with walls and other surrounding materials of
space and air crafts. Although neutrons contribute
a significant fraction of doses in space and air crafts,
there exist only a few neutron measurements due to
the difficulty in neutron detection by separating
them from the mixed field radiation in space.

For neutron spectrometry, the multi-moderator
spectrometer, the so-called Bonner sphere, has been
widely used, because this detector is capable of
measuring neutron énergy spectrum in the energy
range from thermal to a few tens of MeVs. Very
recently, the Bonner sphere including a *He pro-
portional counter was fabricated for use in space
and incorporated a Mir shuttle mission for neutron
spectrum measurement [1].

- 0168-9002/01/3 - see front matter © 2001 Elsevier Science B.V. All rights reserved.
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In order to measure neutrons in the mixed field,
we developed a spherical multi-moderator spec-
trometer which mounted a pair of °Li and "Li glass
scintillators. This spectrometer is aimed to dis-
criminate neutrons from other particles, especially
protons which are dominant.components of space
radiation, by subtracting the light outputs of "Li
glass scintillator from those of °Li glass scintillator.
Compared with the Bonner sphere mounted with
a *He gas counter, we expect that this detector will
have higher detection efficiency with smaller size.
More sophisticated spherical moderator spectrom-
eter with many pairs of °Li and "Li glass scintil-
lators has been developed for space application [2].
This detector has a great advantage of needing only
one moderator, but requires complicated circuit
and data taking system compared with the conven-
tional multi-moderator system.

Here in this study, we therefore have developed
a conventional multi-moderator detector system
and investigated the capability of neutron identi-
fication in neutron-photon and neutron-proton
mixed fields and calculated the response functions
of this detector to neutrons up to 200 MeV to get
the neutron energy spectrum.

2. Detector

A pair of 2.54cm diameter x2.54 cm long
NE912 and NE913 glass scintillators are used. The
NE912 is a glass scintillator in which 7.7 wt% of
95% SLi-enriched lithium is doped, and in the
NE913 8.3 wt% of 99.99% Li-enriched lithium is
doped. Although "Li has a low sensitivity to neu-
trons, °Li has a high sensitivity to low-energy neu-
trons through the °Li(n,«) reaction. The difference
of light outputs of NE912 and NE913 is then con-
sidered to be only due to neutrons. Each of these
two scintillators are coupled with a photo-multi-
plier of R1924 (Hamamatsu Photonics Co., Ltd.),
mounted outside the moderator through an acrylic
light-guide. The output pulses of NE912 and
NE913 are counted by a multi-channel pulse height
analyzer after amplification by the two preampli-
fiers (ORTEC 113) and linear amplifiers (ORTEC
572). The two output pulse heights are then nor-
malized with the peak channel of the Compton

polyethylene moderators

=

lithium glass
scintillators

Fig. 1. Schematic view of the multi-moderator spectrometer
with a pair of ®Li and "Li glass scintillators.

edge of °°Co photons. The spherical moderators
are made of polyethylene (density of 0.928 g/cm?)
and their thicknesses are 1.5,3.0,5.0 and 9.0 cm.
A schematic view of the spectrometer is shown in
Fig. 1.

3. Response functions

The response functions to neutrons were cal-
culated using the MCNPX Monte-Carlo code [3]
and ENDF/B-VI neutron cross section data library
[4]. The calculations were done with mono-ener-
getic parallel neutron beam of one hundred differ-
ent energies from 1077 to 200 MeV for each
moderator thickness. The parallel neutron beam is
injected onto the whole moderator surface in the
direction normal to the ®Li and "Li scintillator axis
as shown in Fig. 2. Fig. 3 shows the calculated
response functions for 0,1.5,3.0,5.0 and 9.0 cm
polyethylene thicknesses.

The response functions were also measured using
0.25,0.55,1.0,5.0,15.0 and 22.0 MeV neutrons in
the mono-energetic neutron fields at the Fast Neu-
tron Laboratory (FNL) and the Cyclotron and
Radioisotope Center (CYRIC) of Tohoku Univer-
sity, Japan [5,6]. The agreement between experi-
mental and calculated values was rather good,
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Fig. 2. Schematic view of calculational geometry.
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Fig. 3. Response functions of five moderator thicknesses from
thermal up to 200 MeV, calculated by the MCNPX code.

roughly within 50%, except for thin moderator of
1.5 cm thickness. These experiments were also done
to get the angular dependence of the neutron sensi-
tivity by injecting neutrons onto the moderator
along the scintillator axis, which corresponds to 90°
difference of the normal to the scintillator axis.
These two results gave about 10-30% difference in
the neutron counts, which means that this detector
has nearly isotropic neutron sensitivity.

4. Particle discrimination

4.1. Neutron-photon mixed field

Because of the gamma-ray sensitivities of the
lithium scintillators, the detector performance to
discriminate neutron events from gamma-ray
events was first tested by using point radioisotope
sources of **2Cf (3.7 x 10° MBq) and °°Co (3.7 x
10® MBq). These measurements were done with
a pair of lithium glass scintillators without a mod-
erator. The experiment was done by changing the
distance between the detector and the 2°2Cf source,
keeping the *°Co source at the same position. Neu-
tron and gamma-ray dose rates were monitored by
a neutron rem counter and a Nal(T1) scintillation
survey meter, respectively. It was confirmed from
this experiment that the neutron events were buried
in gamma-ray events when the gamma-ray flux was
ten times higher than the neutron flux under the
rough approximation of neutron quality factor of
10, and when the ratio of neutron flux to gamma-
ray flux was higher than 0.3, the neutron events
could be clearly separated from the gamma-ray
events.

4.2. Neutron—proton mixed field

The performance of the detector with moderator
in discriminating neutrons from charged particles
was then investigated in a neutron and proton
mixed field which was realized by bombarding 135
MeV proton beam with 10 mm-thick lithium target
at the ring cyclotron in the Institute of Physical and
Chemical Research (RIKEN), Japan. Fig. 4 shows
the experimental geometry at the E-4 experimental
room of RIKEN. By using a beam swinger system,
135 MeV proton beams were rotated by 30° to hit
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Fig. 4. Experimental geometry in the neutron-proton mixed
field at the Ring cyclotron of RIKEN.

the target. The protons and neutrons produced in
the direction of 30° from the target were extracted
through the iron collimator of 120 cm thickness. In
this geometry, the neutron and proton fluxes are
almost equal. Fig. 5 shows an example of pulse
height distribution measured with the NE912 and
NE913 with 5.0 cm thick polyethylene moderator.
The upper graph is with low amplifier gain and the
lower graph is with high gain. In the upper graph,
both spectra for NE912 and NE913 give a peak of
96 MeV protons elastically scattered at 30° to the
incident 135 MeV protons and the peak counts for
NE912 and NE913 are almost equal together. On
the other hand, in the lower graph a distinct peak
corresponding to thermal neutrons produced by
the °Li(n,«) reaction is clearly seen only in NE912.
From this figure it is clearly found that the subtrac-
tion of two pulse heights from the NE912 and
NE913 detectors makes it possible to discriminate
the neutron events and proton events.

5. Neutron spectrum measurement in the
neutron—proton mixed field

The neutron spectrum measurement was per-
formed in the proton and neutron mixed field using

40
35 3
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"""""""" NES13
0]
rs]
o
3
Q
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di s | | | i
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Counts

Q 500 1000 1500 2000
Pulse Height ([Channel]

Fig. 5. Measured pulse height distributions from NE912 and
NE913 at the RIKEN experiment; the upper graph is for low
amplifier gain and the lower graph is for high gain.

the AVF cyclotron of the National Institute of
Radiological Sciences (NIRS), Japan. The protons
which were accelerated up to 70 MeV irradiated
a 2 mm-thick beryllium target. The experimental
geometry is shown in Fig. 6. Protons that passed
through the Be target were stopped at a beam
dump of 21 mm thick aluminium placed 2.3 m be-
hind the target. This beam dump is set in a stain-
less-steel duct and is insulated so as to be used as
a beam monitor. The height of the beam line is 1.3
m from the floor. The detector was set at 45° with
respect to the beam direction and 2.8 m down-
stream from the target. In order to shield a large
amount of low-energy neutrons produced by the
beam dump and streamed down to detector posi-
tion, polyethylene blocks of 52 cm length x 73 cm



S. Taniguchi et al. | Nuclear Instruments and Methods in Physics Research A 460 (2001) 368-373

Q§§;§%§icret§ wall \\\ \CQ;QEFQ ‘
3

\
\

Al beam___
Gump =g diFector
3
\ O
N Polyethylene

y Be target
(2mm thick)
p-70MeV
‘?\ J
\{\\
N\

Fig. 6. Experimental geometry in the neutron-proton mixed
field at the AVF cyclotron of NIRS.

width and 61.5 cm height were placed between the
detector and the beam dump. As the experimental
room is small and the detector is only 1.3 m away
from the wall, many scattered neutrons were mea-
sured. The average beam current onto the target
was adjusted to be about 100 pA.

Fig. 7 shows the pulse height distributions of the
NE912 and NE913 detectors without polyethylene
moderator, as an example. In the graph, the proton
peaks at the high-energy end are also due to the 58
MeV protons elastically scattered at 45° from the
70 MeV incident protons, and a thermal neutron
peak only in NE912 is clearly identified from the
proton background spectra. The counts measured
by using five different moderators were unfolded
with the SAND-II code by using the response func-
tions in Fig. 3 to get the neutron spectrum in this
~field [7]. In this unfolding, the 1/E spectrum was
used as an initial guess spectrum. The unfolded
spectrum is shown in Fig. 8 with the spectrum
calculated by the MCNPX code for comparison.

10° ¢
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100 i 1 1
0 500 1000 1500 2000
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Fig. 7. Measured pulse height distributions from NE912 and
NE913 at the NIRS experiment.
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Fig. 8. Comparison of the unfolded neutron spectrum with the
SAND-II code and the spectrum calculated with the MCNPX
code.

The spectrum measured with the detector gives, in
general, a good agreement with the calculation
both in spectral shape and in absolute values.
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6. Conclusion

A new type multi-moderator neutron spectrom-
eter using a pair of ®Li and "Li glass scintillators
have been developed. Neutron discrimination per-
formance of this detector from gamma-rays and
protons was investigated and it was verified that
this spectrometer can be used to measure the neu-
tron spectrum in a mixed field of neutrons and
protons.
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Abstract

We have developed a new phoswich detector consisting of
an NE213 liquid scintillator surrounded by an NE115 plastic
scintillator to measure high energy neutron spectra accurately
in a charged-particle mixed field. Differences in the decay time
constants of light outputs from the two scintillators make it
possible to separate charged-particle-induced and neutron-
induced pulses. Experiments were carried out at the RIKEN
and at the NIRS cyclotrons. This detector was found to be able
to discriminate neutron and gamma-ray events from external-
proton events. This detector will be useful to measure high
energy neutron in space.

I. INTRODUCTION

Manned-space missions are exposed to corpuscular radiation
which is different from what we encounter on the ground. In
the space environment, many secondaries are produced through
interactions of cosmic ray primaries with spacecraft walls and
other materials. We need to measure the radiation environment
in and out of a spacecraft for any planned manned space
mission. With increasing long-term missions, it becomes
important to know the features of cosmic-ray exposure.
Among the radiation components in space, the contribution of
neutrons to the radiation exposure of astronauts must be
studied due to its poor information. It is also necessary to
measure the dose of neutrons to study damage to electronic
equipments and biological materials.

Though there are measurements of albedo neutrons from
balloons and unmanned satellites [1],[2], and of the neutron
flux in the MIR[3], a systematic series of measurements of
the neutron energy spectra and dose distribution in space has
not been conducted. Efforts to measure neutron dose equivalent
have been made using passive detector systems [4],[5],[6].
Considering uncertainties involved in current measurements
and estimations of high energy neutrons, and their increasing
importance for future manned missions, it is necessary to
measure neutron spectra in the spacecraft under realistic
conditions. We cannot estimate the neutron exposure to
astronauts in manned satellites without such measurements.

Neutron spectra have rarely been measured on board a
spacecraft, because the neutron measurement requires to
discriminate between neutron events due to charged particles
caused from neutron reactions and external charged-particle
events. In this viewpoint, we have developed a new real-time
neutron detector that can be used to measure the spectrum
between a few to tens of MeV. This detector can discriminate
between neutrons and charged particles using the differences in

the light-decay time constants. It is also smaller and lighter,
and has smaller directional dependence to secondary particles
than conventional detectors.

II. PHOSWICH DETECTORS

The neutron detector in space must pass the following
characteristics: ‘ ‘

- a capability to discriminate rieutron events from charged-
particle and gamma-ray events;

- a capability to measure neutron spectra in intense charged-
particle environments, such as the South Atlantic Anomaly
(SAA); :

- a capability to follow real-time variations of the neutron
spectrum when the spacecraft crosses the SAA or polar
regions, or during a solar flare;

- a small dependence on neutron-incident angle;

- a simple, small and light package for use in space;

- a large detection efficiency and good resolving power in
the range from a few to tens of MeV. A

We have developed new neutron detectors and conducted
experiments to measure neutrons in a charged-particle field.
First we designed and tested a phoswich detector consisting of
an NE213 liquid organic scintillator and a CaF(Eu) inorganic

- crystal scintillator [7]. This detector can discriminate neutron

events from charged-particle events, but has a long light-decay
time constant from the CaF,(Eu) scintillator, and is therefore
not suitable for neutron measurements on a spacecraft.
Therefore, we developed two other detectors. One is a
phoswich detector consisting of an NE213 liquid organic
scintillator and an NE115 slow plastic scintillator. The other
is a phoswich detector combining with NE213 and an NE913
lithium glass scintillator (6Li depleted, 99.99% 7Li). They
will be simply referred to below as the NE115 phoswich
detector and the NE913 phoswich detector, respectively.

In the NE115 phoswich detector, the two scintillators are
optically coupled to a single photomultiplier tube
(Hamamatsu H1949). A cross-sectional view is shown in
Fig.1. Surrounding the liquid scintillator is a thin slow plastic
scintillator (NE115, 5mm thickness) with a low sensivity to
neutral particles. The inner detector is a liquid organic
scintillator (NE213, 58.5mm diam.X 58mm length which
corresponds to the range of 70MeV proton) that has much
greater sensitivity to neutrons. The NE213 is contained in the
glass cell because both scintillators are chemically unstable.
Charged particles are detected by both scintillators. The light
in the NE115 from charged particles has a long characteristic
time constant of about 225ns, whereas the light in the NE213
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by recoil protons from energetic neutrons has a time constant
of about 30ns and that by Compton electrons from gamma
rays is about 3.7ns. These differences in the light-decay time
constant make it possible to separate pulses of the three
different particle species. Fig.2 schematically shows the
signals that are produced by interactions of a gamma ray,
neutron and proton in this detector.

76.2 > glass cell

light guide

photomultiplier

NE115 plastic scintillator
NE213 liquid scintillator
Figure 1: Diagram of the phoswich detector.

(A) gamma ray entered the detector
compton  Signal from detector

electron tir&e

gamma ray

NE115 NE21
slow gate
total gate
(B) neutron entered the detector
recoil proton .
tirge
neutron
[

NE115“NE213‘“\\° )
(C) proton entered the detector

proton

NE115 NE213

slow gate
Figure 2: Schematic models of signals produced by this
phoswich detector. (A), (B) and (C) are the cases where a
gamma ray, neutron and proton entered the detector,
respectively. |

In the NE913 phoswich detector, the NE213 is contained in
an Al cylinder where both end faces are glass windows: one

face is mounted on a single photomultiplier tube (Hamamatsu
H1949) and the other face is attached to the NE913, though
the glass cell is unnecessary because the NE913 glass
scintillator is chemically stable in contact with the liquid
scintillator. This detector system was used for test
experiments. The NE913 has a shorter time constant of about
60ns and has a lower efficiency for neutrons than that of
NE115. The basic operational principle is the same as in the
NE115 phoswich detector.

Protons, neutrons and gamma rays are detected separately by
the use of a pulse-shape discrimination technique based on
standard CAMAC charge integration ADCs. The charge
integration of the signal is carried out during the time period
specified by a gate pulse (total-gate, slow-gate) as shown in
Fig.2. The total and slow components can be obtained by a
total gate pulse adjusted at the peak of the signal and by a
wider delayed slow gate set at the long tail of the signal,
respectively. Tablel compares the properties of various
scintillators used for these phoswich detectors (NE213,
NE115, NE913, CaF;(Eu)). The light outputs of both NE115
and NE913 scintillators are smaller and their decay times are
longer than those of the NE213 scintillator.

Table 1.
Comparison of the decay time constant, light output and
density of the scintillators used for these phoswich

detectors.

o decay time  light output density

scindllator  ¢opgrant (anthracene=100) (g/cmd)
&) 3.2nsec 78 0.874

NE213 (n) 30nsec )
NE115 225nsec 35 1.032
NE913 55nsec 25 2.4
CaF(Eu) 900nsec 115 3.18

ITI. EXPERIMENTS

Experiments were carried out at two cyclotron facilities: the
ring cyclotron facility at Institute of Physical and Chemical
Research (RIKEN), Wako, Japan and the AVF cyclotron
facility at National Institute of Radiological Sciences (NIRS),
Chiba, Japan. We produced mixed fields of neutrons and
protons by bombarding 135MeV protons on a 10mm thick Li
target at RIKEN and by bombarding 70MeV protons on a
2mm thick Be target at NIRS. The detector was placed at
5~10m downstream from the target at 30°~45° to the proton
beam axis as shown in Fig.3. The average beam current onto
the target was adjusted to be a few nano ampere at RIKEN and
a few tenths of a nano ampere at NIRS. A thin plastic
scintillation detector (NE102A) was positioned in front of the
phoswich detector. This thin detector was used to discriminate
between neutrons and protons for confirming the particle
identification ability of the phoswich detector.

Protons elastically scattered by the Li target and neutrons



produced by the Li(p,n) reaction were detected with the
phoswich detector. The proton energy is about 58MeV at
NIRS, and the range of such a proton is shorter than the
length of NE213 scintillator. At RIKEN the proton enegy is
about 96MeV where the range is longer than the length of
NEZ213 scintillator. The monoenergetic peak neutron energy is
about 63MeV at NIRS, and is about 122MeV at RIKEN. The
protons enter the NE213 scintillator through either the NE115
or the NE913.

phoswich
detector

neutron
@
7

proton
thin plastic

proton scintillator
O

target
Figure 3: Schematic view of the experimental set up in a
proton-mixed field, at NIRS and RIKEN.

IV. RESULTS

A. Experiments at the NIRS

A two-dimensional spectrum of the light outputs of the
slow component versus the total component measured with
the NE115 phoswich detector at the NIRS is presented in
Fig.4. In this figure, there are seven distinct groups, labelled
“A” through “G.” The component “A” is the electrons
scattered by gamma rays. The four components “B” through
“E” having small fractions of slow components are due to
neutrons, where the components “B” and “C” correspond to
knock-on protons produced by interactions of neutrons with
hydrogen in the liquid scintillator. The component “D”
represents deuterons attributed to the 12C(n,d) reaction, and the
component “E” represents alpha particles produced in the
12C(n,0t) and 12C(n,n"3) reactions. Some of component “B”
is due to protons that lost some energy in the NE213 and then
escaped from the NE213. This fraction depends strongly on
the neutron energy and the size of detector, which is consistent
with the interpretation given in [8]. The component “C”
corresponds to protons that deposited all of their energy in the
NE213. The components “F” and “G” doubtless contain
external protons reaching the NE213 through the NE115
scintillator and the glass cell. The events where the external
protons stopped in the NE115 are not seen in this figure
because of the detection logic. This phoswich detector was
found to be able to clearly discriminate neutron and gamma-
ray events from external proton events at about 60MeV.

All events in the two-dimensional plot of Fig.4 were
projected onto the total coinponent axis to obtain individual
spectra of gamma-ray, neutron and proton events, as shown in
Fig.5. We can see in these spectra that the discrimination
between gamma rays, neutrons and protons is excellent, and

that the proton peaks are clearly identifiable. By experiments
with a thin plastic scintillation detector, we could clearly
discriminate between neutral-charge events and charged-particle
events clearly. Fig.6 shows a cross sectional view of the two-
dimensional spectra of Fig.4 at the channel 600 on the total
component axis seen along the slow component axis. Thin
and thick lines in this figure correspond to events due to
neutrons, and to protons identified with the thin plastic
detector. The symbols are the same as in Fig.4.

0
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total component

2000“I : :
0 250
slow component (relative value)

Figure 4: A two-dimensional spectrum of the slow component

versus the total component measured with the NE115 phoswich

detector at the NIRS. The component "A" shows gamma—ray

events, the components "B" through "E" show neutron events

and the components "F" and "G" show proton events.
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Figure 5: The light ‘output spectra projected on the total
component axis obtained by discriminating between gamma-
ray, neutron and proton events in Fig.4.
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Figure 6: The particle discrimination spectra for events from
Fig.4. The thin and thick lines correspond to the events due to
neutrons, and protons obtained with the thin plastic detector,
respectively.

B. Experiments at the RIKEN

A Two-dimensional plot of the slow versus the total
components measured with the NE115 phoswich detector at
the RIKEN is shown in Fig.7. Symbols in Fig.7 mean the
same as those in Fig.4. The component “H” shows a case
where the external protons passed through the NE115 and
NE213 scintillators and stopped in the glass cell. The
component “I” was caused by lowering the discrimination
level.

The spectra of gamma-ray, neutron and proton events of
Fig.7, projected on its total component axis, is shown in
Fig.8. The proton peaks are clearly identifiable, but the
discrimination of the incident particles at high energy is poor
due to the component “H.” The same is true at about the
channel 350 due to component “I.” The cross sectional view
of the two-dimensional spectra at the channel 520 on the total
component axis in Fig.7 projected along the slow component
axis is shown in Fig.9. The symbols are again the same. This
phoswich detector can discriminate neutron events from
external-proton events in general, but it cannot at higher total
component channels because of overlapping of deuteron events
due to neutrons “D” and external-proton events “G” that are
scattered in the NE213 scintillator. One reason for the poor
discrimination is the glass cell between the liquid scintillator
and the plastic scintillator. Another is that the detector size is
small for méasuring particles having on the order of 100MeV.

The NE913 phoswich detector was next tested for
discrimination between neutron and proton events in the same
manner as the NE115 phoswich detector. A two-dimensional
plot of the slow versus the total components measured with
the NE913 phoswich detector is shown in Fig.10. All labels
are as previously stated. The discrimination between neutron
and proton events is satisfactory for the most part, but the
discrimination of deuterons and alphas produced by neutrons

250

500—

total component (relative value)

750

slow component (relative value)
Figure 7: A two-dimensional spectrum of the slow versus the
total components measured with the NE115 phoswich detector
at the RIKEN. The component "H" shows a case where external
protons passed through the NE213 and NEI15, and the
component "I" was caused by lowering discrimination level.
Others are the same as in Fig.4.
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Figure 8: The light output spectra projected on the total
component axis obtained by discriminating between the
gamma-ray, neutron and proton events of Fig.7.

from external protons scattered in the scintillator is imperfect
in this 2-D plot. The projected total component specira of
each type of particles with this detector is shown in Fig.11.



The discrimination between gamma rays, neutrons and protons
is almost satisfactory. The proton peaks are clearly
identifiable.

The cross sectional view of the two-dimensional spectra at
the channel 600 on the total component axis projected along
the slow component axis is shown in Fig.12. The symbols
are the same as before. Though deuteron events due to
neutrons and external-proton events where protons are scattered
in the scintillator overlap, this problem will be solved in the
new detector that has no glass cell.
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Figure 9: The particle discrimination spectra for events from
Fig.7. The thin and thick lines correspond to the events due to
neutrons, and protons with the thin plastic detector,
respectively. '
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Figure 10: A two-dimensional spectrum of the slow versus the
total components measured with the NE913 phoswich detector at
the RIKEN. All symbols are the same as in Fig.4.
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Figure 11: The light output spectra projected on the total
component axis obtained by discriminating between the
gamma-ray, neutron and proton events of Fig.10.
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Figure 12: The particle discrimination spectra for events from
Fig.10. The thin and thick lines correspond to the events due
to neutrons, and protons with the thin plastic scintillator,
respectively.

V. CONCLUSIONS

An NE115 phoswich detector and an NES13 phoswich detector
were made, and their performance in discriminating neutron
and gamma-ray events from external-proton events was tested
in the proton and neutron mixed field. It was found that the
NE115 phoswich detector was able to discriminate events of
these particles clearly at energies below 60MeV where the
proton range is shorter than the length of NE213 scintillator.
For particles in the energy region of about 100MeV where the
range is longer than the length of NE213 scintillator, the
particle discrimination is poor because the deuteron events due
to neutron reactions and the external proton events overlap.
One of reasons for poor discrimination is the glass cell



between the liquid scintillator and the plastic scintillator.
Another reason is that the detector is too small for measuring
particles at 100MeV.

The performance was almost satisfactory for discriminating
neutron and gamma-ray events from charged-particle events
with the NES13 phoswich detector, but it was imperfect for
the deuterons. But this situation may improve if the
scintillator is made without the glass cell.

We plan to make a new detector that is capable of measuring
neutron spectra up to 100MeV in the presence of charged
particles. We are also planning to measure neutron spectra on
board an aircraft to verify the detector performance.

This neutron detector is suitable for use in restricted spaces,
such as in a space station, because it is smaller and lighter and
has less directional dependence than others. We can then
estimate the exposure of neutrons and gamma rays to
astronauts for fong-term manned space missions, moon and
mars missions.
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CHARACTERISTIC OF A PHOSWICH DETECTOR TO MEASURE NEUTRON
SPECTRUM IN A MIXED FIELD OF NEUTRONS AND CHARGED PARTICLES
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K. Fujitaka’

National Institute of Radiological Sciences, Chiba 263-8555, Japan
* Japan Synchrotron Radiation Research Institute, Hyogo 679-5198, Japan
" Quantum Science and Energy Engineering, Tohoku University, Sendai 980-8579, Japan
Y High Energy Accelerator Research Organization, Tsukuba 305-0801, Japan
" Institute of Physical and Chemical Research, Wako 351-0198, Japan

Neutron spectra have scarcely been measured on board a spacecrafi or an aircraft, because the
neutron measurement requires a discrimination between neutron and charged-particle events.
In this viewpoint, we have developed a new phoswich detector consisting of an NE213 liquid
scintillator (133 mm diam.x 133 mm long) surrounded by an NE115 plastic scintillator
(10 mm thickness). The light induced by charged particles in the NE115 scintillator has a long
characteristic decay time constant of 225 nsec, whereas the light by recoil protons from
neutrons in the NE213 has the time constant of 30 nsec. These differences in the light-decay
tjme constant make it possible to separate pulses of the different particle species. This detector
can measure the neutron spectrum up to about 130 MeV by discriminating between néutron
and charged-particle events in'a mixed field in space. '

A mixed field of neutrons and charged particles were produced by bombarding 70 MeV
protons on a 2 mm thick Be target at the NIRS (National Institute of Radiological Sciences)
cyclotron facility and by bombarding 100 MeV/n carbon ions on stopping length carbon or
aluminium target at the HIMAC (Heavy Ion Medical Accelerator in Chiba) in the NIRS. The
detector was placed at 3 ~ 5 m downstream from the target at 0 ~ 45 deg. to the beam axis. It
was found that this phoswich detector was able to discriminate neutron and gamma-ray events
from incident charged-particle events.

The response functions of the phoswich detector to neutrons were measured with neutrons
from the Be+C target bombarded by 135 MeV protons from the RIKEN (Institute of Physical
and Chemical Research) ring cyclotron. The measured response functions for neutrons were
compared with Monte Carlo calculations, SCINFUL code. From these experimental and
calculated response functions, the response matrices were completed for neutrons up to
130 MeV. By unfolding the experimental spectra with the FERDOU code, the gamma-ray and
neutron spectra in a mixed field of neutrons and charged particles at two accelerators were

obtained.
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ABSTRACT

The Mobile Radiation Exposure Control System’s (Liulin-4 type) main purpose is to monitor
simultaneously the doses and fluxes at 4 independent places. It can also be used for personnel dosimetry.
The system consists of 4 battery-operated 256-channel dosimeters-spectrometers. We describe results
obtained during the calibrations of the spectrometers at the Cyclotron facilities of the University of
Louvain, Belgium and of the National Institute of Radiological Sciences-STA, Chiba, Japan with protons
of energies up to 70 MeV. The angular sensitivities of the devices are studied and compared with Monte-
Carlo predictions. We also present the results obtained at the HIMAC accelerator with 500 MeV/u Fe ions
and at the CERN high energy radiation reference fields. Records made during airplane flights are shown
and compared with the predictions of the CARI-6 model.

LIULIN-4 SYSTEM DESCRIPTION

Introduction

The Mobile Radiation Exposure Control System’s (Liulin-4) main purpose is to monitor simultaneously
the doses and fluxes at four independent places. Liulin-4
precursor was the dosimeter-radiometer  Liulin
successfully used 1988-1994 on MIR space station

Dachev et al., (1989). The system consists of 4 Mobile
Dosimetry Units (MDU) and one Control and Interface

Unit (CIU) (see Figure 1). The MDU is a miniature
spectrometer-dosimeter containing: one semiconductor p
detector, one  charge-sensitive  preamplifier, 2 &
microcontrollers; a flash memory and Li-Ion cells. Pulse
analysis technique is used for the measurement of the P
deposited energy in the detector. The unit is managed by "'"“""g :

the microcontrollers through specially developed firmware. .

Plug-in links provide the transmission of the stored on the =~ Fig. 1. Picture of the Liulin-E094 Flight
flash memory data through the Control and interface unit ~model (Only 3 MDUs are inserted into the
toward the standard PC. 28 V DC current and DC/DC  CIU).




converter is used for recharging of the Li-Ion sells in the MDUs. CIU is a miniature interface between the
PC power supply and the MDUs. Power Supply (external from the system Liulin-4) must generate DC
current with voltage between 8.4 and 36 V and current not less than 0.2 A per MDU. PC provides to CIU
standard serial communication port of RS-232 type.

Description of the Mobile Dosimetry Unit (MDU)

The MDU is designed as a handy spectrometer-dosimeter for continuous monitoring of the radiation
environment in different radiation fields. After switching on, the MDU starts to measure in 256 channels
the spectrum used to calculate the dose and the flux of particles in the silicon detector. The exposition
time of one spectrum is variable in the interval 10 sec - 3539 sec with 10-sec step. After finishing the first
measurement cycle the spectra, accumulated dose and flux are stored in the flash memory. Each next
measurement results are stored in a different place of the memory, which later is used for recalculating of
the time of the measurement. After connection of the MDU with the CIU, the MDU transmits to CIU and
further to PC all data accumulated.

The MDU contains: one semiconductor detector; one low noise, hybrid, charge-sensitive preamplifier
A225 type of AMPTEK inc.; a fast 12 channel ADC; 2 microcontrollers and an flash memory (0.5
Mbytes). Pulse high analysis technique is used for measurement of the energy losses in the detector. The
unit is managed by 2 microcontrollers through specially developed software. In the MDU a Lithium-Ion
battery pack of SONY QN-011BP 7.2 V, 1350 mAh type is used. The battery pack consists of 2
cylindrical cells SONY 18650 in 1S-1P configuration. A block schema of portable spectrometer-
dosimeter in the MDU is presented on Figure 2.

The main measurement unit in the MDU is the amplitude of the pulses after the preamplifier, which are
proportional by a factor of 240 mV/MeV to the energy loss in the detector and respectively to the
absorbed dose. By the 12 bit ADC and by the master processor of the system these amplitudes are
digitized and organized in a 256-channel spectrum using only the oldest 8 bits of the ADC. The spectrum
together with information for the real time is saved in the flash memory of the instrument. The capacity of
the memory is 0.5 MB.

The following method for calculations of the dose is used: The dose D (Gy) by definition is one Joule
deposited in 1kg or:

D = K.Sum(Ai*i)/MD,

where MD is the mass of the detector in (kg). Energy loss in channel i is proportional to the number of
events A; in it multiplied by i. Energy loss in the whole detector is a sum of the energy losses in each
channel. K is a coefficient.

The MDU operate in 3 modes - Working mode, Mode of Data transfer from the flash memory to Control

. Lithium-ion Battery Pack 7.2 V;
Silicon Detector 1350 mAh Clock-Calendar

t

Charge sensitive Discriminator l§— g:i::_ f\ Master
preamplifierA225 - N \—/ Microcontroler

1’C
controller

' A &
12 bit Analog y
P to digital : —

converter SRAM ml;l;s:ry ml:;s;y
512b 512 kB 1kB

Fig. 2. Block-scheme of the Mobile Dosimetry Unit (MDU).

S —58—



and interface unit and mode of battery recharging:

- In the Working mode the instrument is operating under the software in the microcontrollers. The
operational time of the instrument depends on the lifetime of the accumulators and on the rate of the
memory fills up. In a case of continuous operation the lifetime is about 120 hours with the standard 1350
mAh Li-Ion accumulators. The working mode is switched OFF automatically when either the memory is
totally filled up or the supply voltage is falling below 6.0 V DC. When the supply voltage of the battery
falls down then 6.0 V the process of measurements stops and the MDU's status indicator start to flash
each second, signalizing the necessity for charging of the battery.

- In the mode of data transfer the instrument is switched on by special command when it is connected to
one of the 4 sockets of the Control and interface unit after the end of the experiments. The mode allows
the transfer of the accumulated in the flash memory data through the CIU to the PC. In this mode the
connection of the data with real time and the calculation of the physical values is performed through a
special program in the PC.

- The mode of battery recharging is performed when the batteries in MDUs are discharged. The batteries
are charged inside of the MDUs with the 4 chargers in the CIU. Charging process is controlled by 4
LT1512 SEPIC Constant Current/Constant voltage battery chargers and is indicated by the red light
(Shown with the sign "Bat." on the CIU.). When the red light on CIU is off the battery in the correspond
MDU is fully charged. The charging process continues about 15 hours.

Description of the Control and Interface Unit

The Control and Interface Unit (CIU) is a miniature interface between the external power supply, PC and
MDUs. Power supply passes to the CIU DC current with the voltage in the interval +8.4 to 36 V DC (see
Figure 3). CIU is connected to PC by standard interface RS-232 type. CIU contains microcontroller,
clock-calendar, DC/DC converter (20 IMX 15-12-12-7 type) from +28 V to 2x12 V 2x0.65 A, 4 chargers
(LT1512 type), one serial communication port of RS-232 type, 4 red LEDs indicating the charging
process and 4 yellow LEDs indicating the transfer data process.

MDU-1 MDU-2 MDU-3 MDU-4
K T3 7 A 3
L+5V+8.2V L+5V+82V L+5V+8.2V L+5V+8.2V
| < b { | |1
Control and Interface Unit

o 4

) +84t036V

k> 4

Personal computer Power Supply

Fig. 3. Place and functions of the Control and Interface Unit.

The initialization of the Control and Interface Unit is performed automatically when it is connected to the
power supply. The success of the internal test is indicated by subsequent turn off of the yellow lamps on
CIU. Further CIU continue to work independently till the first connection to the PC. When CIU is
connected to PC it takes from the PC system information block the real calendar and clock time. These
values are permanently with 10-sec step compared and updated if necessary with the new real data.
Clock-calendar data are transmitted from CIU to each MDUs and used further to evaluate the
measurements and to perform them in equal time interval at all 4 MDUs. Simply by default all MDUs
produces 2 spectra per minute while the first spectrum is starting at 00 seconds and the second one at 30



seconds of each minute. Time accuracy of the intervals in the different MDUs is about 10~ s. Data
accumulated in the flash memories of MDUs are transmitted through CIU to the PC by the serial interface
connection using a specially developed protocol. The Liulin software product (Liulin-4X.exe) is
developed in "WIN95/NT" environment. At the PC it creates automatically the subdirectory "Liulin-XX
Data" in the directory in which "Liulin-4X.exe" is located. In the subdirectory "Liulin-4X Data" two types
of files are automatically created. The binary file for each MDU is named automatically and contains in
the name YYMMDDHHmm.LIx, where "YYMMDDHHmm" is the date and time of the first
measurements with the MDU and "x" is the number of MDU. This file contains the rough binary data and
are for permanent storage of data from the instrument, A

because of the minimal volume of the file. Two 1E+7 oL oL L
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Figure 4. presents 7 different experimental specters, 1E+1 3 E
which are obtained with one MDU at different ] C
sources and conditions. The lowest in intensity 1E+0
1 i . 0.10 1.00 10.00
specter is obtained at natural background gamma Deposited energy (MeV)

radiation. Here we emphasize the fact that all MDUs

do have enough sensitivity to register through Fig. 4. Comparison of MDU specters obtained by

conversion in electrons the natural background different sources and under different conditions.
gamma radiation and when the value of the measured

dose is in the range 0.07-0.14 pGy/hour this is used like a referent point for the appropriate working of
the whole instrument. Another very low depositing energy specter is the X rays one. The specter obtained
from "*'Cs source as it is expected is very short because its gamma emission line is with energy of 661.7
keV. The next relatively short spectra is the *’Sr one because the maximum energy of electrons emitted
by itis 2.2 MeV. The last point in it is at 1.18 MeV, while the last point in the specter obtained during an
airplane flight at aboutl2 km altitude is at 6.14 MeV. In s L 1
other cases at this altitude we observe energy depositions
even above the range of the spectrometer, which is 20.7
MeV. The maximums of all described till now specters,
except of *°Sr, are situated at 122 keV, which is the
expected energy loss by relativistic charged particles in 1E+3
300 microns of silicon. The specter maximum by protons
with 60 MeV energy is at 691 keV, while the GEANT
code predictions is 710 keV. The most right shifted
specter maximum is obtained by alpha particles and its
maximum energy is 4.35 MeV. The energy reduction 1B+ = 3
from the expected 5.485 M&V (**'Am alphas) can be -
explained by the energy degradation in air. ' 1E+0

137 Cs source on 200 cm ;
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Fig. 5. Specters obtained by standard °'Cs

Two different MDUs were used to detect the gamma gamma ray source,



radiation from the source at 2 m distance. Behind the MDUs there was about 9 meters free space to avoid
contamination of the measurements by reflection. One example of the observed mean specters is
presented at Figure 5. Two different curves from two different MDUs are seen there, which overlap
strongly because the very similar conditions and instrument setup. The absolute predicted at the point of
the detectors of the MDUs dose is 3124 pGy/hour in air while the obtained in MDU 3 and MDU 4 doses
are 3449.4 and 3459.6 uGy/hour in Silicon respectively, which gives about 10% overestimation by Liulin.

Calibrations at the cyclotron in Universite Catholique de Louvain, Louvain-la-Neuve, Belgium

Our setup uses the W2 area of the Louvain-la-Neuve cyclotron. The 65 MeV pencil beam delivered by
the accelerator passes first through a 0.25 mm lead foil to spread it more or less uniformly across the
entrance window of the Liulin sensor. This lead foil is located about 4 m upstream the MDU module. A
30-mm thick brass collimator defines an effective beam spot of about 30 mm diameter at the sensor
position. It is immediately followed downstream the beam line by a thin (1 mm) scintillation detector
NE102 used to check continuously the beam intensity. The MDU is fixed in an aluminum frame mounted
on a goniometer. Since the energy losses in the MDU silicon sensor in a case of normal coincidence range
between 0.06 (electronic threshold) and 5.7 MeV, one chooses incident proton energies so as to sample
uniformly the energy deposits between these values. But instead of varying the cyclotron beam energy,
we put absorbers of known thicknesses in the 65 MeV proton beam delivered by the accelerator. This is
much more efficient to change the proton energy at the position of the Liulin MDU. The table 1 lists the
various absorber thicknesses chosen for the experiments, the corresponding proton energies at the
position of the aluminum front plate and the energy deposits in the Liulin detector. The energy without
absorber (first row) is 60 MeV because the incident particles loose about 5 MeV when crossing the

Expected Expected Expected

energy on the | energylossin | energy loss in
Absorber Thickness Liulin Al front sensor sensor

(cm) plate (MeV) (unshielded) shielded

(MeV) (MeV)
No 0.00 60.0 0.7 0.71
Graphite 1.00 41.6 0.87 0.89
Graphite 1.40 31.9 1.02 1.05
Graphite 1.45 29.7 1.08 1.12
Aluminum 0.4 50.5 0.79 0.81
Aluminum 1.45 7.8 3.3 34

Table 1. Energies expected in front of the Liulin MDU and in the sensor behind different
material and thicknesses absorbers.

different materials (lead, Mylar, air) along the beam line.

At any given energy and angle of incidence of the protons, a single measurement lasts about 10 seconds.
We accumulate several spectra (6 or 12) to increase the statistics. By rotating the MDU around a vertical

axis passing in the plane of its entrance face, we vary the angle of incidence 6 of the proton beam
between 0° and 90°.

Analysis of the peak position and calibration curve

The relation between the channel number and the energy deposition in the Liulin-4 detector is assumed to
be linear E=aC + b where E is the deposited energy in the Silicon sensor and C is the channel number.
The theoretically predicted curve depends mainly by the resolution and accuracy of the ADCs in the



MDUs and it formula is as follows:
E=0.0813765C;. In this case when the channel
number is 0 the deposited energy is also 0. In
the channel number 1 the deposited energy is
between 0 and 81.13765 keV. The calibrations
with 60 keV photons of the **' Am source show
us that the first channel has to be divided on 2
parts. Then the modified theoretical formula
becomes E;=0.0813765C-0.406882 and is
shown by the heavy line on Figure 6.

The points shown in Figures 6, 7 and 8 was
obtained experimentally during the calibration
and by computing of the energy losses using
GEANT 3.21 code, Gregoire's programs based
on Ziegler, Williamson and Hubert tables and
plotting them as a function of experimental
centroid position (in channels). Standard peak
fitting software and algorithms give the peak
positions. The results shown on Figure 5
correspond to the beam test in September-
October 1999. The intensity of the protons
beam was less than 1000 protons per second
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Fig. 6. Analysis of specter’s peak positions versus
energy  losses  obtained  theoretically — and
experimentally.

across the collimator. Some points of the first experiment were done again to check the reproducibility.
At first the measurements were performed without the 0.3mm aluminum cover plate shielding the sensor
to avoid any effect of this plate. Points are shown with A. Later we put the aluminum cover plate back to
verify if this actual layout agrees with our previous outcomes and these points are shown with #. The

linear fit straight line in Figure 6 is obtained
when all experimental points was used and is
given by:

E~=0.0764671C, + 0.0688406, where E is the
energy deposit in MeV and C is the channel
number.

Then we evaluate the energy losses using the
nominal silicon thickness and tables or software
appropriate to low particle energies. The results
for the 14.5 mm aluminum absorbers are
displayed in Figure 7., which show the nice
agreements between theoretical and
experimental specters at the various incidence
angles. The relatively thick aluminum absorber
produce large amount of secondary particles
including neutrons and the beam at the detector
is not mono-energetic. These effects were not
considered during the calibration procedure.

Next we compare the predicted energy losses
with the experimental energy deposits at 0
degree incidence angle only.

1000 —— : : e
———  GEANT 0°
i Liulin 0° i
800 — GEANT 30° [~
g Livfin30° |
GEANT 50°
“ 600 — Liulin50° |
% . GEANT70° |-
© 400 Liulin 70°
200
0 —

0 2 4 6 8 10 12
Energy lost (MeV)

Fig. 7. Theoretical and experimental energy
specters recorded by the unshielded MDU for 14.5
mm  aluminum absorber. (7.8 MeV) at different
incidence angles.



On Figure 8 the "Bethe-Bloch" behavior of Liulin
experimental data at normal incidence (pluses) versus
energy is shown. The squares refer to Ziegler and
Williamson estimations while the continuous line is the
prediction of GEANT 3.21.

Calibrations at the cyclotron in National Institute of
Radiological Sciences, Chiba, Japan

Very similar calibrations to the described in the previous
paragraph were performed by another set of Liulin MDUs
with same mechanical and electronic design at the
cyclotron in National Institute of Radiological Sciences,
Chiba, Japan. The experimental setup there is simpler
than in Louvain-la-Neuve, Belgium. Only 10 cm air
shielding was measured between the cyclotron beam pipe

Energy lost (MeV)
(4]
|

0

GEANT
Tables

Liulin

0 10

T
40

T

T
50 60

Incident energy (MeV)

and the Liulin entrance. The obtained results with 40
MeV proton beam is shown on Figure 9 for 4 different

Fig. 8. "Bethe-Bloch" behavior of Liulin
experimental data at normal incidence.

incidence angles toward the detector surface 0°, 45°, 60° and 75°. In the lower panel of the figure the
experimental Liulin-4 data are plotted, while the GEANT 4.0 predictions are shown in the upper panel.

1E+5_lllll!)l1\Ill\ll!l\\‘l}l!‘

The dashed vertical lines shows the positions of the
predicted by GEANT maximums. It is well seen that the

1E+4 CRANT40 positions of the predicted and measured spectra maximum
. 75 coincide with accuracy les than 0.2 MeV.
O 1Es2 = Calibrations at the CERN high energy radiation

1E+ reference field

\. ) . .

:::g ) Quite recently, we have also tested the behavior of Liulin

e Liulin4 dosimeter in the high energy radiation reference fields

y available at CERN and described by Hofert, and Stevenson.
2 s \ / As far as the CERN high energy radiation reference fields
8 s ;\j‘ are concerned, we have observed quite good linearity of the

. response for the beam intensity varying between about 70

2o and 470 pSv per hour, when expressed in the ambient dose

(I)’ o 1E+1 :HII|1Il[H!D]iH)IHH]IHi!Illl!H(!lr!ll!]illllIH!HH!HH{H)]
Energy lost (MeV) g .
N ———  ~470 uSv/hour

Fig. 9. Liulin and GEANT 4.0 1E+0 b 220 uSvihour

comparisons for 40 MeV proton beam.

equivalent H*(10). The response was about
100 pGy (Si) per 1 count of PIC monitor, close
to the value corresponding to the low LET
radiation contribution. The influence of beam
intensity on the spectral distribution observed
as also only limited as can be seen in the
Figure 10.

Calibrations at the NIRS-HIMAC heavy
ioms accelerator

The experimental setup of the HIMAC was as

———  ~100 uSv/hour

=y
m
-

-
m
' 0
»
Lol ol

R

Daose (uGy/hour per channel)

1E-3

AR B R e AT =T »‘xuml T
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0 5 10 15 20 25 30 35 40 45 50 55 60 65 70
LET in 8i (keV/u)

Fig. 10. LET dose distribution in CERN high
energy radiation reference field as measured
with Liulin dosemeter.



follow: The 500 MeV/u Fe ions beam delivered by

the HIMAC exit passes first through the target of [l - R B B A A B R
different thicknesses and materials located at 1 cm Li7 1.42 1 P«S l,’,’,ﬁ?{,'izﬁ,r,geiw“h .
distance from the exit. Next the beam passes of 100 1E+3 1 Beo 253 -
cm air before the entrance of the MDU sensor. The o MDUat2.6deg 1
MDU is fixed on a computer X-Y and rotating table. | Ba13.96 from the beam
A removable ZnS plate before the real experiments 1E#2 -
tests the uniformity of the beam. Plastic scintillation £ F cz5m E
counter was used to measure the count rate of the § L N-147.79 ]
beam. 1E+1 0-16 10.18 _:
E F-1912.9 E
When MDU 1 spectrometer was irradiated with iron - Ne'z‘)ﬁffm 5 .
500 MeV/u ions at 0° offset from the beam for 30 1E+0 - o
seconds the major amount of counts are delivered to E E
first 3 channels and in the last channel of the spectra. - W\l “ 1 H A l }I ]
The deposited energy in the last channel is greater X | N L l LA o A, \4 .
than 20.83 MeV and can be attributed to the primary 0 2 4 6 B8 10 12 14 16 18 20 22

. . . . . Deposited Energy (MeV'
iron ions. Mainly secondary light ions and protons P oy (Me)

populate the amount of channels between 255 and 4, Fig. 11. Example of the fragmentation behind of 2
while mainly protons and electrons fill the first 3 . mm polyacryl target
channels. '

On Figure 11 are presented the results obtained by the irradiation of same spectrometer placed at 2.6°
from the main beam for 30 seconds. The spectrum presented at Figure 11 is populated by secondary
particles, produced by the interaction of the primary 500 MeV/u iron ions with the polyacryl target with 2
mm thickness. Lithium, Beryllium Boron, Carbon, Nitrogen, Oxygen, Fluorine, Neon and Sodium ions
was recognized in the spectrum using the Kanai calculations. '

The experiments performed with Liulin-4J instrument on HIMAC facility in our opinion are successful.
They show the ability of the instrument to be used for investigation of the fragmentation of the beam after
different targets. Calibrations of the instrument with light ions as Neon and Carbon is necessary to be
planed in future.

Tests with neutron sources 1E+0 L I N N B B
As far as the neutron exposure is concerned during space @

experiments we have try to evaluate the Liulin-4 type ‘g 1E-1 —@— AmBe source
spectrometers sensitivity toward two different neutron 2 4.0 —=— AmF source
sources. It can be seen from the spectra presented in &

Figure 12 that the energy deposition event are going to € 1E-3

much higher energies than in the case of photons (For $ 164

comparison please see Figure 4.). Of course, the dose .2

absorbed from neutrons in Si calculated from the event % 1E-5 ]
spectra is much lower than the kerma in tissue. @

Relatively it increases from 0.26 MeV for AmF source (= e I L I B A
with average neutron energy about 1.5 MeV to about 012 3 4 56 7 8
0.60 for AmBe source with average energy 4.4 MeV. Deposited energy (MeV)

What should be stressed is rather large difference in the

event spectra characteristic for neutrons as compared to  Fig. 12. Experimental spectra obtained by
photons. It could permit to distinguish photon and  jrradiation of Liulin-4C MDU with two
neutron induced events also in other, more complex jifferent neutron sources.

radiation fields.
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Sofia-Frankfurt
07.07.1999

On Figure 13 are presented the measured dose and flux
profiles from MDU 2, MDU 3 and MDU 4 of the Liulin
instrument for the experiment E094 ("Dosimetric mapping")
on the American Laboratory module of ISS. Excluding the
X-rays security check maximum we see that the measured
doses and fluxes in the time before the take off are relatively
stable around 0.2 uGy/hour. The most remarkable feature on
Figure 11 is the dose and flux decrease seen after the take off
of the plane and before the landing. The decrease of the 1E2
doses and fluxes is because of the air shielding between the

ground surface and the airplane. This shielding prevents the 1E+1
penetration in the MDUs the natural background gamma
radiation from the earth. When the airplane reaches about
2000 m the space component of the radiation start to
dominate and further with the raising up of the altitude this
component increase rapidly. The flight profile with the
Russian build Tupolev-154 aircraft has 3 steps in altitude,
which are well seen on the dose and flux measurements.

Ll L iiitl
T 1 T TTT

Point 1
1E+0

Point 3

LI | llll"'

1E-1 o

Flux (cm*-2 s?-1)

I—l l'l”lll

1 Illll]ll
1 T Illlli‘

1E+0

Dose (uGy/hour)
1 E I ) II‘
I T 1T 107 Ul

—
T
-

Parameter MDU 2 | MDU 3 | MDU 4

o llil'

Number of cells 7 7 8 . 123 ; 5
Average (uGy/h) 3.58 3.49 3.49 Time (Hours)

(=]

Stand. Deviation (uGy/h) | 0.476 0.212 0.268

Standard Deviation (%) | 13.3 | 6.1 7.7 Fig. 13. Flight dose and flux profiles

Minimum (uGy/h) 315 333 315 obtained between Sofia and Frankfurt.

Maximum (pGy/h) 4.58 3.89 4.33

"Point 1" mentioned on Ll L

1E+0 I I T |

the figure correspond to the X-ray security check at the
Sofia airport. "Point 1" mentioned on the figure correspond
to the X-ray security check at the Sofia airport. The
spectrum obtained at this point is seen on Figure 4 and is
marked with "x". The spectrum in "Point 2" is shown on
Figure 4 and marked with "+". The spectrum in "Point 3" is
marked with "o". For the purposes of statistical analysis the
Table above is prepared for the points along the path at
which the measured doses exceeds 3 pGy/hour (7-8 points
close to the mentioned "Point-3" on the figure). It is well
seen from the table that the standard deviations in the
measured values of one MDU do not exceeds 14%, which is
good result keeping in mind the high probability in the dose
measurements. The intercomparison of the MDU 1 with
MDU 2 for example show that the dose differences in 1E-1
average dose is 2.61% and the same calculation of MDU 2 L L S S B B B
and MDU 4 show 2.63%. 0 10 20 30 40 50 60 70

Measurements with 10 min. resolution

§ S U N O I O |
1T T rrTT

Flux (cm”™-2 s”-1)
1
T
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 —fl— Osaka-Zurich 20.05.00
Tokyo-Frankfurt 29.02.0(
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CARI-6 model developed by Friedberg et al. predictions for  p; o 14. Latitudinal dependence by
a point with geographic coordinates {8 North 15° East an'd graduate  increase in  the Liulin
12000 m (39390 foots) for July 1999 is 5.96 uSv/hour. This  ;,nscontinental doses and fluxes s
point is close to "Point-3" mentioned on figure 13. The ratio ¢, 41 left side of the flight profiles.



between CARI-6 prediction and our data is 1.89 for - T T

MDU 2 and MDU 4 and 1.79 for MDU 3. ®— High Latitude i

Fit High Latitude |
Low Latitude

The latitudinal dependence in the dose and flux
distribution is well seen at Figure 14. Two
independent sets of measurements were selected
from the available number of transcontinental
flights between Europe and Japan on 29.02.00 and
on 20.05.00. Both flights are on very similar routes
from Tokyo and Osaka to Frankfurt and Zurich
respectively. On the left hand side part of the PP
profiles on Figure 14 a gradually increase of doses - & K
and fluxes is seen, which in our understanding are :
generated by the gradual increase of the
geomagnetic latitude. The "steps" in the right hand 2 Lt

side of the profiles are connected with increase of (" ] '; L ”";'0 Y ””1[‘[)0
the aircraft altitude at the end of flight. Linear Energy Transfer in Silicon (keV/u)

Fit Low Latitude

Dose rate (‘uGthour)

Y = pow(X,-1.47) * 1.07
Y = pow(X,-1.54) * 0.94

On Figure 15 is shown two specters obtained on
low and high latitudes. Both specters are for 16
minutes of flight and are presented in a coordinate ,
system Dose Rate (uGy/hour) versus Linear energy transfer in Silicon. The first remarkable feature of the
picture is that the increase of the latitude increases totally the whole spectra. Falling part of the specters is
under a power low organization and the power low formulas for the both specters are shown in the bottom
of the figure. The major part (94%) of the doses is delivered by particles with LET below 10 keV/u. In the
maximum the deposited doses reaches 2 uGy/hour. The part of specters above 10 keV/u is produced by
single events and the rising doses in it are attributed to the rising number of the channel, from which the
dose values depends.

Fig. 15. Comparison of Liulin specters obtained
on different geomagnetic latitudes

CONCLUSDIONS

The results of our studies have shown, we believe, that the Liulin-4 type dosimeter with MDU units
represent a very useful, versatile and flexible facility to monitor the absorbed dose from many types of
ionizing radiation and the charged particle fluence rates.

During the absolute dosimetric calibrations at the ’Cs facility was found that Liulin dosimeters
overestimated the predicted values by 10%. This result can be easy understand having in mind the fact
that movement of the specter by 1 step in left or right direction bring +40% differences in the dose.

As far as the absorbed dose rate is concerned it was shown that the dosimeter could reasonably correctly
estimate the low LET radiation doses within the range of dose rates from the natural background (~ 100
nGy/h) up to, at least, few mSv/h. The minimum observed doses in a high-shielded environment by MDU
is 44 nGy/hour. Some additional studies seem to be useful to verify the instrument’s calibration using
more large scale of particle types and theirs energies.

As far as the charged particle fluence rate is concerned, the instrument permits to register particles with
fluence rates between 0.01 and 1000 cm™s. Spectrometry quality of the instrument permit to determine
also the quality of radiation, i.e. the particle type and its energy in a case of simple radiation field. In more
complicated radiation field the recognition of the primary radiation sources.

The calibrations in the Louvain-la-Neuve cyclotron facility shows that the predicted proton energy losses
computed by Ziegler and Williamson's tables agree fairly well with the measurements. The small
differences between experimental and predicted data may come from inaccuracy on the experimental
incidence angles read on the goniometer. GEANT correctly predicts the energy losses above 8 MeV. In
this range, the observed angular dependence of the energy losses is in good agreement with GEANT



predictions. At lower than 8§ MeV incident energies, the GEANT 3.21 code is inappropriate to predict the
energy losses.

The experiments performed with Liulin-4J instrument on HIMAC facility show the ability of the
instrument to be used for investigation of the fragmentation of the beam after different targets.
Calibrations of the instrument with light ions as Neon and Carbon is necessary to be planed in future.

The obtained aircraft results are in good agreement with the CARI-6 model predictions and demonstrate
the ability of the instrument to be used for dose and flux measurements in aircraft and spacecraft
measurements and specially on the International Space Station. Further use of Liulin-4 dosimeters in
aircraft and balloons experiments may give additional data for intercomparison of real and predicted by
Cary-6 model latitudinal profiles.
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=exp [—A/0.16L (1—exp{—(L/L,)?}) D]
(3)
I TARMIBEE I 31 5 sensitive I T f&
(km?] TH Y, Gpraean 2F Lo EEL(3) R,
Ru b At DRI O R % i ELAH
Jo gL THONRAETOWREDT X% &
CRBAT &, (fittingtz & D) VTIDEAL, =152+
10keV/umTA=49% 3 ym*»H LN 5B, 2L T,
RBED ¥ — 2 3LET~170keV/um®DHEFIZ 1% 6 #1
2, V7925t L TH 6 72 AE (49um?) 1, Hellf ¥k
4 8 172 microbeam F R (2 & A E(49+ 7 xm?)
Eb L (=L Tw539, ZDFE»L, TLET* )
B ERFHC L B EYRRPAET 5 KR
Thby, HoMo» ! jEF 23, LyL, Ty
PPIRCETEICS LD ? j o T
WLy,

(3)5X i, HLETH#HH %) 5 RBEfE A
(1 —exp{—L/L))/Lizkfilt a2 EbELT
Wb, £ TL<L, TIRBEW~AL/L, (<L),
L>L,TIRBEW~A/L(xc 1/LYE 725 TH&A
P ERCIE2)DFEE T 5, 22T,
AL L3I (DNA) OFEFSPIRIE T E 54
gt (ER)THY, BIZELEFRL T3, —
F, LEAA OB EEETHRE 2B LE
TH b, L1213, single track TEIERIR # 5] 54
STEE GO EYEBLER DS, ZDLD
2, BLETHSORBER A L B OMEMETHR
35,95 A2 OMK{RBE={(LL,,A)} L LT
KT s 5,

IANKE—{T5DKES D KEFRECL S
Ewvd 2 a6, SRR I LET & 8 BT m i
(o) LB ETHALELE LB, & - TLET?
(62) £ v ) ERBITEREC £ 52sub-lethal dam-
age 2> TV A I LETHEIEE, 20D
L t, “2 ¢y MEEER” L S damagelZHB L L T
DDSB (double-strand-break) &£ >3 & 5 ¥ %
HF@HTHES, LL, TNLOEEVPEIELE
LTV BEUIHPEMIARENLERIIR
IPRan T e, TDSBO#IS G Tk IaE3E
Lo BEEPHUAT SR CLLVCIRELD

BLETRRERBE

57,

3.2 MEMHRCEEDR

DNAZ A=V RFERTAERE LTI, LT
WAL TEL D AR 4 (RO kEF)
LAEHEBHGR) DM, AAC Ty 2B
STERIND I I HNVBDNARENT 2 5F
(RF)DEEAZY S L v d 2 H =X 4 (MG
bHBI LT 05, ZOERA, {KLET
BTN TH Y, SLETHETI NS v L
s Twb, 2% Y, BLETHEETIE, 44
PRUZKEFOEBEELC L 2 DNADREEH
BEEFERET DTV B LHELTR Y,

3.3 RBE:#BEZH:r DME

BT b ey’ ELETHEDsurvivalld
MBSO TEEYF->THY, I hkiEH
DMRETH B LHERINT V2, ZOBE, i
BEBC SO TRAMNREIEE Y i 2 2 L2 E
HRLTHY, RAPELNERBEYHRESR LdLC
EEAEELTHBRG, - OMANS, FIEH(FEY
LET~80keV/ym) T b HFTR LN B, I DIE
DFELCHIRERISHS EIIE AT, S B%OM#E
PROMREE E B L TEIELE bBRKL THELR
wWTFr—=ThH5h,

3.4 S TOMENEIB(ELETHESE)

HFER R ECERIE, T4 4 Y ROEZKEFD
EHEBEERIZL > TDNALZELURIEEI N
RoKksLEEE THY, WHENCIILETHE
AT 26D L E2 2, EOREDOK S CIEED
BN L DO»Ea»->THE LT, BELASHZLIK
BRI ROBEZE LHETH 5,

4 FEH

4.1 —DNRER

EHPLET R HMT 227 vD—2 L LTK
D& WA ) B EEL T 5, Eff
i} Bevidence®H 5 b T (, 4DEETIE
BT EL v, 3, 44 PDNAZKY) 518
DEBAEHTDNAG FEMEAL T 5 EFHY
TREBEFELTHEBEN, - TDNAKC
(4> F v 27iliy-> T)sub-lethal damage?®



ERand, ZOBE, BHBE ES»IPoY
DNADA A VYV AFE L - T, 207D
DNADYINI: b KE LEERELPT &I T7
el bh b, cips, —EEDOLET (o) R TH
%, Ki:ZRKEFHsub-lethal damageDE Y -
Fizdamage® £ T 5, “EIHDLET (o) Zh#
Thsd, “RETOFHTANF— (F10eVLLT)
»L#E LT, ZEBLUBEOEHOMERIZIEE /D
SCOTERT 5, 2 DEPEDsub-lethal dam-
age® #AMFE (LET?) #’ DSBS i ®base dam-
ageP HEANHETIEEBEL R vk s LIEEGE
FERNE) DBl B4 L e ATREEY I E L LN
%, Hl 21, LET=100keV/um®DKLF 1 @ HNE
PiEBT 554, DNATA X(EE~ 2nm) DT
7 A— ZFETI2100eV/nmD = A v X — 45T
bhy, PHTLEROEBRU ZRKEFRILYD
2bUT, ZOFREEERBRLCETH 59,

FREA A=A 2 BIETFHROBA I b EHATERET
HrH, KDL HI) 2 DRMFERIEF IS v,
218 2 keV/um® (~28MeV)FE T DAL 2
eV/nmbiz b, F 7 A—XREHI T T FEF
TETI)ERE S B (~10eVERLELT )b
(P E LTI S L URRDOPAS AT —fF
ETH 5, — 2D 2 OB FH100ERE Y
RABAEDZANE 5L LTI, 200keV/
umOKF 1 ROEFEALRIC L 507, JOBHE
F ) A—ZEE» O RAUL L gm?HB7c Y 1{ED T
HhfluxTh s, 203, ELETEBFETKE
BRI 31 B2 BEEO B O TTREM IR D T
AESC(LET2ZEBB LT 20T, {ELETHEMIC
BUAZDMENNI I LRMRELELS),
EoT, BECHFET 3B TFHUSLETHER) O4&
MR RSB T s o0, 2ME-IEZE R
EYDBRFP—oDF 7 A— ZFE R {ER
TAFERL >, MOER W ATHEDR ¥F 1
BRENHTRE, BFUBEVERELELNTY
A,

4.2 EPHEFORE
CTEAMEFOEKER I B 5 VAR R
URBELZ D THETMNATIH &2V, B¥ELL,
e F O{ER I (BT ) recoil (5T D B8 HS
FETHLINLTH b, ZOBAO (1 EFREIC &

B) KT, DT ANF =S5 A T 7
vy bE)THE I EPHOLNTLE, Lo T,
BEox—ry b(EFR)PT, FHEFOREREY
BB DAL I B F = A v X — 5 A 13K B 55
PELL2, LETHAE LT, Bfoivy—
#30.01~ 1 MeV#ER D ELETH 4 (20~100keV/
um) DEISHIEFEIEZ I Ll b, 23 b, 5
FLELE b 2RI HET O)RBER &
LETfEE D 2 B b D L I 3, #dpdETiId
THEEPCREymA — &0 “BLETH T %%
RIJAERT A2 EPHEOEECRATE L,

— 0, —H e PEFAREREHC 3 o T B 7278
1z w)straggling b ZEBELOTWMEIIEE C
K& {,Bragg peakiZ i3 far 2z A X — ¥
PR L - T TPeakDIEIRIA e - T B,
P20, BBFHR180Me VAR (R P IRFE ~20cm) D
Bragg peak ™ D b TFAETERD & b Tenergy
H2dMeVRBELZDOTH 5, 02 VELETH ST
B 5 MeV L) b 0 & i 46 4 (LET #720ke V/em L)
F)DIEFNFEE TH 5729, BTHRORBER (5
B0942) Bragg peakfEE T b MELETH D) 1 &2
FECFMELEL->TLE S, 1 MeVUTOBT (&
LET) #% v THIlEfBET 217 21X, & RBED
BETs 59,

4.3 EEECIEETS

SITEBELZUNE R CEF—D2D B,
WS A—2E LT, DAERUEHE) B3
IANF—fFE R DAZFHLTLE S &,
IANF—n Z PO T REFZANVT —ICEHR
SNBEELTLICID, “EWMHE i T 5
BT REF UL A BEELAI00T L 0,4
SHEP LB THEI(IRIZ)EL v
IRTHa, ¥, REFRHDOE (&Y
DEEE B8 (damage) ¥ RELINTLE S
POTHE, D V/EELECIWYE N IT A—-2L
(BERLETY), WilREEDdamage® T ¥ 5-°
FGA=RELTHEYT v, A X0k 588,
TRETFICIAEE, ZSRETCLAERE -
HOCEBIREFCL 28R, Lvd L5 EEA
BPWAESFETH 3,

doT, EFHRBCET I ANVF—ARZ b
v b ST (CHEBS W) ST A E(EHR)



DS, EMIEIEA I 2 W () BFED TR D
B A—RELTRPELZCI LD HIE
Ua LBy, Lyl, BETZERT—422FE
LTwale®, ZRKEFOIANT— L HESMm
PHMLESVERECEICT, MIy 2RHEH
PRy T HNRETIT D WIS R R TR i
Thh T b, EOIMEDOPIZE, 414104
LERAOEEEY L L AXERNTHEY9EDY I 2
v—yaridb,

4.4 #¥bYIC

ks, LETLEC S BR (DL EO)FHETH
Y, F /7 A—RDKSIDDNA»LRAUL I 7 m
g A ov F — 4 52 I RER M (poissonian) 5+ A5 T
Pd BT VXNEETAAPIEHIY TIHL,
DEMPLETEVSEIE, T XOFHTH
b, BUPEEI BT AIEFCKRE L AN —1{F
BOFEHPERTS kv, X062 %, BEEP I
S AVEN DS, TOIELEEELT, 44
YTy oY DERES D 6 LET? )R & 3
T, ZnPHEWERE SHMT S 5 WFREED
AIEEBLEEF 2 5, @LETHEROVER I B
Tk, BRI CENES) NS © I DB
AN EEYTA FOWFERE (AT T
FEiHBobUT, EWHHROBE»—BEE 5
EDATRT & B,

A% OWFROFEE LT, DNADTE DB
DIED L S RIEEROEEIPBIEN L Db ? (B
CIMEEREEL DD ?) E v 5 & 5 e DNAGIRE
EELCET 205, BEFIEHREBERMEA, L)
F ORMRCET A W92, microbeam® w72 ilE
BhoECs L TOr ARy 2T 505

BLETRRERBE

LETHAFE T 2 TR CHEREBREL D
BMRDEY A FTEETHA I, XWHFA N
T, A4 VY RUZKREF L 5DNADBEED A
G AR LET 2k 2 € 7 v O W%
wEINS, DL, ERY GBI LW
FELE LT TARCE 3R PEMLL
D, AEMA FA~T o OF Wi ic e niFse
bH5b,
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—REFAH (L)

X EOKR

I, (208

RIERDO R ETH Y, 44 /HE X
2 RGTH0 6 O ZURTE T R kU ARBEN Ie
MEZEL 2L, BEFREOSTOAL 6T
TRETRE IS 70 & I REHFE OS> 6 b 3F
HUUBEETH D, 2 2RENTHIMACT L, TA 4

AN S AEHIVABRYITONR TV 5%,
2T TRAE D I ER 5 T 280 i A v F—1{
LHLET)»HMKT 2, W b@s7 I v/ 0—2F
P b TP B i TR T-BROFE O BRIL - 10T
Mt 51, - OEFEIIMEHC & 2 #imiE
BT 5 L0 ) T, ek E TOXBP iR
Mgzt 2 #2008 W IEF IR OFLEL
bDTH5b, 775 v/ C— 27O A X —1{8
JAIMEOEHE, HEC L2 8DV ETHY, %
- TERO KRBTV SNE, 2D
DRERLTAROAEMHRL I NG DR T KET
BOEMBFZ A=A BT CBEERL T
5,

AFEOBINET 7 v 27— 2B FEO T G v ¥
— (BEMeV/n) #ro&EA + BN L Y kg T
26 S REFRO T AN — RU A
SR WE L, BRFOIER-9 L ik L 5 52 5
¢ Z E s i (doubly differential cross sec-
tion: DDCS) ¥R s Lizh s, 1F6 LI
UL T REFHEPAFPTEDL IR v o %
WO RRGERITT 2000, H 5 CILHEER
Am,]}ﬁ%@nfﬁ@%ﬁ%ﬂﬁT ZELBT 9)0 ﬁé% 4
THEZ e AGHERE, 27w 2T IOHED

* Ohsawa, Daisuke.” FHBAFRUH LR BB AL —

FEER L SN T 87255, EMev/nikDEA A L1
ML BKRPODTRETRBIOCTIE, GE
T TEIEFELRREREZ—7 v + #1525 2 LdF
IHCHLCI L DY, EHTS » 5HEER

=X EITREISNT Vv,

W3 5 AR b ) METTER T D EFE R,
WX ER 2D E LT/ARERS = v b3AE - 4l
HEEBELPIUCDETHMERDOMIE, WRIEFC
FEERIEE OHIMACT A4 (S v 2 —2) 2 6
47ty (CWE—0)DE—L4La—2~DH
HEFIT-TETHY, MFLL->TEL IR
SIRRTDH B ERT - 2B OAM LT E L, &
FCRTmNA A VB L 2 BEED A H = 2 4
DT L, BAZE L 7o ERREE ORE X
L7ci%k, He* 4 A U BEH G THRAER O o
EREER P IME T 5,

2, 4T AEICS SEBHD A =KL

2.1 2 ¥ I LRHER

A4 EEC L 2 BEERR - bW 5 ERELRIE
D—2TdHY, &AM A ILHELER & 7
CTHM SN A, BELEROE L BN AR
NFEERN R R 2 6 MR (o) MR 3
MHEREERD B LD B, Wi LI T DR

BLERBC S TR TRIEVHET 2B D 2 FE

DMFEVHEZ AFEE P EWRL, F2 s 8B L-
TEZEWmEC BRI HES O S £ 8 OWrimiE
NEFING, BHZRKETFHOZ A NVEF—RT
AESMOEE T, FesEFE0TS
DALERA Q) R = F v ¥ — 5t AW/ W) T
i B Hm@~e+de) L = A4 v ¥ — (W
~WHdW) D kBT RRIBT 20T, B
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10 3C 25MeV/iy Mo*%® on He
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100 10° 102 103 10¢
A Electron Energy (eV]
MBI A A FHECL A TFPOLDOMBZABFHROZANVFE — X2 p (25

A1

MeV/n MO**#HeX R B L IR AS T — 2 L TS EHETHMS b

Do)o TANF—FHBIZ LD ZDMMBRRYHL 5, SC: 2 6 b U 1l 92 (soft
collision), TCEE : ZHu{oili-F ik (two-center electron emission), ECC : i -f-lij
(electron capture to the continuum), BE : Z{#4{#%2 (binary encounter) ,

KETROBELAH M E = ANV F =R fgE S N
72 B B E s WrE AR (d2o/dQdW) D 1F e b7 15
Eihd,

FPVMBMA X HRE L BREF GRS A
PLORBZKEFROZANVE =S v
(CEMIHEHEYE 1RO, 2 25
MeV/n Mo*t%# He b A ZBBEF L I2BR I AT Y
— 2 LTS ERETHRMEAR b DTH 5,

B A X —4E (1 » 620eV) D KREFIL
ERRBDTHERIIK S (, o TAFAA D6
HELEF~OEFHERTHIHIOEELIL L - T4
L3, D& LHEELZE G > 012 (soft colli-
sion: SC) LN 2 b OTHEHE R EFHOE
B RHOBRRTH 5, WICEREED NS,
WEREITH KRS CEHELIEBE 2 (hard  colli-
sion: HC) L MR 3, 20eVLUI T OREE F D
FeZ oA RERFORKESEBECITE( L
AIoIEENE L TOMEPERICLD, e
W kiFE LTI/ S EDTET, 2OHES
O G I PRy ELECREINLE
FhEr OGRS LR L 2 5,

F 1255keVHED &= A F— iz H 52 L
1o ¥ — 213 {428 (binary encounter: BE) ¥ —
ZEWEINBbDTH B, TNEAFA 4 L
HETFEPTEYY) Y—FOLRLEPRO29 2 &
AR UBMERIGEL L 0P AEC B,

THERE — 27D LK A F—{li2DH 5 /)
&L ¥ — 27 3 E-FIHE (electron capture to the
continuum: ECC) ¥ —2TH 5, ZLdBEEEL
BV AHAA D Z7—u oL DRTN
CASA A EEETT 2O NBICDIZEL S
C—2ThbY, B4 AHFEZC TECRH
TEHM WIShaCHECHLS,

Fe b0 E THRER Y~ 2 L OB OB
T OE B (two-center electron emission:
TCEE) t FHEN A BELARRC L W 4EC 5, 2ol
B EREHELICEFVIRBL TR =7
v MEEASA A VOB D 7 —n oL b
HamE iy o TH T BB TH Y, AG4 A
UHEEP ORI TRET 5 3 EIRCHEIZ b
S>THMaNs LIk s,



\EROETFHH

— L BT

=BT R
—@ >

E2 HEPLoFLHILYOHLLIRKEFHOK
dB R, gl T AU (zero-center  electron
emission) A4 A4 > LHUEET L O {RHIME L
LTHREEMOAL S, 22 Y BEBETE -7y b
B, ABHA A 8O EL6 L S MTLEM e il
T 5, — LB T i i (single - center  electron
emission) TREHETRIAHEDOI L ESL LD
W Z A, Mk EHAEERT 500 08T
i (two-certer electron emission) TH 5,

2.2 BEFALDEAH

L EFRRS, BEFWHIEC—2OHMT b4
2B LS IBHOBROAFA A L OME(ERO
B 6T E2OHBDE—7"y M, AFA X UL
DFNLERLLTE, ERELR UG O S
BTs e, £ TIREFOREREY BEEE
FLE—=5 v M, AR A UL OHEERD
KEJUFEHLTHELTALY, EHLICET
NER—7y ML OABAA VL S G ICHEEIER
TASA, Wikt bETILESTEENICEEY
Ksiew, HRPLEZZNEDFII—ET B L
Ei6{1h, FIVoRERTIOFH L HIIEHR
L OEEPRACIAEEALT I ELT S 59,
B2 oEEG LSRR E AT, HAEERORE
BLUTO320HAKMNE NG, 1D EER
OWBEFORMPE—7" M, AGA A U
FLoho b HELPZUTILEET A HATER
LB FH (zero-center electron emission) & W
Wis bDTH 5, BEERFIZAGH 4 U 2¥FHRT
LDEERT 2D, ZREBECANRLE, 51

SBEHMETFLEX -7y MO B ASA 4
Bt OMAERERT S LCEAT, 0018
13 —du i F O (single-center electron emis-
sion) LIPIEN 5, TOHERI—F v MEH B L
BAGHA & U EPERPOLEPHERT 5, RfZEX
—ry MEEABA A CEOMAL L OMHA(ERY
R LWL RCHAT, ZHOEF R
(two-center electron emission) L MFEL 5, b

ZHER

B3 BT ABTHEOTA
NWE— 2Rz b vtz
Hobilsa oDk
R gL o%
LHERCTERT 5,
AR (BE), 6 »
RSO ENE
gL, —HLET
B aEI NS,

EohVERE

ZHhOEF R

bLAAMBEEAOKE SREED G EEK T 2 BIC
AGHA A D 6FV BT ISR DT
Hh, AFA A DA A AbEkeHEE, 0@
BB bR EKET B,
FAZERLUICARZ b vIZENL (DD
TREFHRBEEY ZOEERLOEFE LT HC
THHELTAL S (E3), &b Bl THRERE
FlizowTH 25, ZHNIIEEBEEVIEE /IS
{, BF~OEFEFITVIEFIIREVEELTH
3, BEHEORO ASTA A > L OMEAERE I HEBL
DE—=7 v ML ABAAVBELEOERIZ{ 6
TR AS {, o THREOBEY®ERET
ENTELRY, EBPLOETFRBICGEHINS,
TAEEETFRREE RN I AL A L
BEETFEP LI ECY Y—FNOERED SO
DAELILTHELBRLDTHY, OEELAE
WHMEBPHCTRS RO A LD TE S, §iL
HETPEHLE»ODHRTH 5 LRET L Z DEL
FLARE Gop T QMR b L 0EE R R U= 4
WE—REIE G

1 [LE.
CcoSsr= D) 7729Ep ( 1 )

TEALGNLE, 22T Mepy, Eeptd TNLFNLET
(A4 A V) OEBRVETF = FvE—2ET,
INEFHREFHCTESENL




ve= 2 VpCOSvﬁBP , (2)

I L ve wpld # LE NELELTE O B -1 M HE B O Rk
FLATD ASHA A VBT H 5, KEZ BPREE S
RFMENBRETEAY 2EFL T30, 20D
SR R I ES T AT B, BRI
MREL LY BHOBOEINERITI NS -
T B LM E =7y M EDH B CIEAGA A
VL OMEERYIERTE (b, D& b—
FLODEFRB~NERBITL T 2 it 5, XIC
W E =y MR E LI OEFR
OFlFR LI, BaEDWIRTI, T2 EHEA 4
YEAGREL LSRR HFERE -2 DY
— ZRREDNEALT B L OWMEDDH Y, AHA A4
BEagrgepLt LIe—HOLEFREIHEZ o T
A2OTWREDREVEINTC S, T hid Tz
BRCIVBHLLCETREETHL LD
6F, A4 A > L QBRI DFTOMA
{ER®RJTL >t EBbilad, 36ICEA
F ARSI T, ASA A VB L OMHAIER
QIR T s () ZHhOEFRINE 2 5, T
LDEFRBRBES A VAFCIC TR ~FT A4
WX SR Do TERLRD L pEELIK
HWBRRTH 2, BFHEY—2 b Zq0E-F G
D—=2tFELLNTV 5, 3 LIEHERTH/N
BB Y BBIKREFOL AT =DEALT B L,
Z—ry MELOHAER»ETEIRE(CEY
DV LB BEBLRE O ASS A4 A v L DR &
BOBLTLES., 20L& LEELBBEYRIZE
WAL P CERICHEE T 5, X2H0 T
2e=0t TN Opr=90E L LB L2650
L5, REEFOKHAESMIZOEERA L

TAVERICRDKDF LSO REFHE

BTN, EBEZOB®DE—7 v b LD
MEERC LY 2 OBREY R, (ZEEHN L5
MBRT & O 5, 4, 0 ET—HLET
ML AP LEFL R TV ARZ P VO
AL AL TR O E ORES S L To
A EMEPD L LT AUV EAITbNATY
Bo B ZSMEEAGA A > st L TIMEZ A v F
— D FE L KB TH 2L 0 e EHREC T
PLOEFREOEIZD O, FEfAF A
oo T T LEF RO & b (K4
EE— 2 PEBEMC 7 P LTV2 EDHREL
LaANT 5, (0o¢)
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3. EBREE

A A EHEBCL AP ZRBETRO A VX —
o OF F4 FE 53 A O B 7E 1 0m F ORELFEER & RIAR L,
MESH» OB —T I NF—DA F V-2 F
BREEMIUCEREL TV AT AR~y MBI 2
Jtidbithbha, X—=7 v P AR TEDA
g4 A R U T 2L Lo x—ry b o F L
ELRCEIFFFELRLOTLRUNE L 6w,
MGt d s ZKEFD S b ' — s AGtEhD
COMAIHFMIRAT 2D L s~ Tai
BEHCTIAVT =R LEET 5, WrmiEE
P REELEENDO X —7" y N OEBEE ST, A&t
C— b DR =7y b P OEBIEREE o 1ERS
SA—ROEM I 2D, F—F v bfEEEH
FECHET A EPUELL S, ZOIOEIZ2
DDR—7y MEEEVHLNTER, 121
PhaIp eIz X =7y N AREHLAD L HE
(F AL NME)T, LNV AEA 4 BB RUK

TREFEEHHORONZEUONRTV 3, b
512 F—7 v P AZEHEY G — 2k
MHT AHEG Ay ME)TINZHCIH
FERC—LREE LRI E, B LI x—F
v A RARAS =2 EHEER L, MmO
DOHMECEY FFONICEER UL VEL
elansdicHF o w*‘.fwo)ﬁﬁﬁ‘i&:@i%ﬁ%%
v, BIHERELVNTH—EFELEZ—7y 95
LN AR, tAREOOT VAR L K&
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