


=3 SNl el

HE R EFR AT B REE. COBMSENRWARTOREE T, His
EBREETHVEE A, FFFEEME L OB T84 (LT, BF 2 R 5 ) 12
BEDLAHNZEOHEOHEMNERZERTL AR —h L TEEDT-WMLETT,

FIMFRE BN ETIL., ZOAFIBREBTLHIIC. FEOEBREZHIFTTXZD
BT, BB AEER AW RE. ARG REINERE, EREYH
FEPRRO 2 #R 1 E OIS, DFIERE, HUNR, BN R E HBEME%E, £<
DOREFED NZENTEB L CWVET, HFFREE IO B & OTEE X, i - 32 O#E
FF- BT TR XS 26 ND IO EMEEL , FIFRELED
HEVHOHBRTIESHIN, KEBEREBEZZLRLTWET, IEROEBREZTIT. 2N
COIRENZEBALEB LR TAZLE., BRI TEERHATLE, 22 THING
DR EEEDORMRAELUEZ DL Q)5 STHEFEFIZH AR E %2
AT 2L, QB HICEEL TR A BAF M EELTAZLELAITIOBELE
L7z,

2006 £ 4 AbigE-S7-%F 2 HloP HEIE T, I.BERICHLTRET Y —E
AZEDMDOEZBDOE DR LI TOIEEELEMRTHDICIRONEHFEELL T, [3]
AR OZE GERIIE) . ML.EBE R O RICHET 2B EEERTH-DIC
EANERHESLT, 8B OB - BEPRESITWET, o, [F RF IS
WIEN T, T OB ERDE W OMERF - BRI -BARICEHTHILEELDE
BT A EBEMHLBELELL, L2L, INOLDOERSCE RN EEAR
X 2L Bl, TERIEMNERIELDH T, HIzIE, THEE LT OEWEZRRF
LTHELNIGEAENELRZIONDEINC, HFEEBEMICH T2 &N AL
TR E@EBEHREL TELEB SN TODET s WA HYET,

FIT R BIE RO LD EIEIOVIL D THLEHIR L, W0 K
O AU B3 D E il (W FE B H ) 1ot T2 OM BHIB R AL TH BRI L. 5%
T EMICEIEEDNAREELRY BT, HiFREELLCERELELE, RY)
DWREOEHSLHY, MFREBEINOES 2 TEMBETIZLIITEERATLED,
ARMEZN, BEERQ, EELRFEMNERELTEBINTWZET, I O
RN OEWREEICE IS BLENLTWEETOT, HEROTEEE LB
CFEREEBREVLET,

TRL194E8 A 20H
EEE e 72—

W ge R BT E =
S % i



NIRS Technology (B #REFHEIIZCET  HIFRES) Vol.1 October 2007

Contents

1 N. Yasuda, M. Kurano, D. Shu, H. Kawashima, S. Kodaira, K. Ochiai and L. Sihver

Performance test of CR-39 plastic nuclear track detectors for therapeutic carbon beam dosimetry

8 X. Wang, T. Konishi, T. Hamano, N. Yasuda, H. Imaseki, T. Ishikawa, H. Iso, N. Suya and M. Yukawa

Development of single particle microbeam irradiation system for radiation biology

14 FRIEFM, AHF, BB, N EERE, EFR, BRER, SHES, KR, TR, 5%
= U AREHEERE R R T

20 FEERTERE, AMFE, #IEFAH
- FR & FINGRER A o T o AR

24 JNVENERE, IREAETF, KEEEN, BEZ, GUREL, Z2H hs:, e KER, 4 B4
SPICE <A 7 12— A BREHEERE & F 2 AW EBR O 7= 0 Ol EHERE

32 BBz, NTENERE, m)IREIEBL, SR, A4 RE%, BITERL
HEIHPIXE i@ ~DOHPLC #EA

37 wJUEIBL, BEiE 2, /NTEMERE, dbAt ), R, AR
PIXE SHECHITAEEBEDOHES (1) ~E—ABRY) TAEA LRIEY AT LORFE~

43 =HREE AJIEGL, G2, BEREE, SE%
X B3 BEEOX BRAEEBPANTAK HF-320 HBIX #HEAHICHE ) BNEFORE - HERERE

48 RTH®E, ®Ewz, BEHE, a/UREL, R TRT, FBTHK, BRE=S 4%

e

N



ﬁﬂl%‘fﬁ@/%ﬁﬁéﬁ)f%ﬁﬁ /NTIIQS NIRS Technology

WWW.NIirs.go.jp

NIRS Technology, vol.1 (2007) 1 - 7.

Performance test of CR-39 plastic nuclear track detectors for therapeutic
carbon beam dosimetry

N. Yasuda ', M. Kurano ', D. Shu ', H. Kawashima ', S. Kodaira *, K. Ochiai °,
L. Sihver **

1) Fundamental Technology Center, National Institute of Radiological Sciences,
Anagawa 4-9-1, Inage, Chiba 263-8555, Japan.
2) Advanced Research Institute for Science and Engineering, Waseda University,
3-4-1, Okubo, Shinjuku-ku, Tokyo, 169-8555, Japan
3) Department of Physics, Toho University, Mivama 2-2-1, Narashino, Chiba 274-8510, Japan.
4) Chalmers University of Technology, SE 412 96 Gothenburg, Sweden
5) Roanoke College, 221 College Lane, Salem, VA 24153, USA

Received 1 March 2007

Abstract

In order to perform Linear Energy Transfer (LET) measurements for 290 MeV/u carbon beam, used for
radiotherapy at the National Institute of Radiological Sciences, we used passive CR-39 Plastic Nuclear
Track Detectors. The response curves for two kinds of CR-39s (TD-1 and TNF-1 detectors) were
obtained using several species of ions and energies. Detection efficiency and LET resolution of TD-1
for therapeutic carbon ion were measured to be 100% and ~ 1 keV/um (FWHM), respectively.

Sensitivity degradation in water was confirmed for TD-1 detector.

Keywords: solid state track detector; CR-39; bulk etch rate.
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1. Introduction

CR-39 plastic, which is a polymer of allyl diglycol
carbonate, is one of th_e most frequently used and
versatile passive plastic nuclear track detectors
(PNTD) in use today. Its applications have been
expanded from heavy ion nuclear physics, cosmic ray
astrophysics, geology, and space radiation dosimetry
[1]. Since CR-39 can detect heavy ions with high
sensitivity, it has been used for dosimetry for carbon
ion cancer therapy [2, 3]. One important topic in this
field is to determine the relative biological
effectiveness (RBE) for the region of interest in the
body during radiotherapy. For this purpose, it is
important to measure the linear energy transfer (LET)
distribution in a simulated human body, e.g. in water,
biological cells, and tissue and bone equivalent

phantoms as basic study.

CR-39 detector can be used in small geometries and -

has no in situ electronic requirements. There has
therefore been an increased interest in using CR-39
detectors for in vivo dosimetry [4-6] with the advent of
routine clinical usage of heavy ions, protons and/or
neutrons as radiation therapy modalities. For
radiobiology using heavy ion and/or alpha particles,
there are some applications which use CR-39 detectors
as a cell dish with a medium (liquid) to confirm hit
positions in biological cells [7]. However, until now,
one disadvantage with CR-39 has been the time
_consumed by data collecting, even using an automated

microscope.

Recently, we have developed the HSP-1000 [8], a new
microscope for capturing large images (> 1 cmz) in
relatively short periods of time (< 1 min). To achieve
such a high rate of image acquisition, the HSP-1000
microscope system makes use of a line sensor in place
of the traditionally used the CCD camera, and the
microscope - stage is constantly in motion. This

microscope system and accompanying automated
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Fig.1 Uniformity of 290 MeV/u carbon beams.
Upper figure shows the schematic drawing of
irradiation coordinate. The relative density (dots)
along the X and Y lines are shown in lower
figures.
track detection software has the potential to
revolutionize CR-39 analysis. We have evaluated
CR-39 detectio(;l efficiency, LET resolution, detection
limit for lighter nuclei in fragmentation reaction for
therapeutic carbon ions, and the track formation
sensitivity change in water, using our  new
microscope and automated software.
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Fig.2 Experimental Setup of BIO room.

2. Beam conditions

Experiments were carried out using the HIMAC at
NIRS. A carbon beam with a nominal energy of 290
MeV/u was spread out to a uniform field 10 cm in
diameter, using a pair of wobbler magnets and a

scatterer which have been installed in the “BIO” room.



Yasuda et. al., NIRS Technology, vol.1 (2007) I - 7.

The uniformity of the field was verified by density
measurement using X-ray film (Kodak X-OmatTL).
Horizontal (X) and vertical (Y) density profiles (1 mm
pitch) of the beam. are shown in Figure 1. The
variation of uniformity of the irradiation field (10 cm
in diameter) was + 2.5%. Details of the irradiation
described

Experimental setup and location of the beam monitors

system have been elsewhere [9].
and detectors are shown in Figure 2. Figure 3 shows
the relative depth-ionization (dose) curve for the
mono-energetic carbon beam used in this experiment.
The curve was obtained by using an ionization
chamber and by adjusting the penetration distance
(depth) using the binary filters, which consisted of
(PMMA)

plates. The end of the ion's range was measured to be

multi-layered  poly-methyl-methacrylate

150 + 1 mm. The beam energy at the 'sample position'
as shown in Figure 2 was calculated to be 275 + 1
MeV/u using the range-energy calculation code, SRIM
[10].
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Fig.3 Depth-ionization (dose) curve for mono
energetic and modulated therapeutic 290 MeV/u
carbon beams.

3. Experimental procedures and the results
3.1 Detection efficiency
Detection efficiency of the CR-39 detector was

measured using nuclear emulsion (ET-7D; Fuji Photo

Film). The emulsion sheet had an area of 5 x 5 cm® '
and was made of a 300 pun polystyrene sheet coated
with 70 pum emulsion on both sides. The CR-39
detectors (HARZLAS TD-1; Fukuvi Chemical
Industry Co. Ltd., Japan) were prepared by cutting a
sheet of CR-39 (0.9 mm thick) into the same size as
the emulsion sheet. These were stacked in the acrylic
holder. The stack was placed perpendicular to the

beam and irradiated by the carbon 275 MeV/u beam

(10° jons/cm?) at the penetration depth of 0 mm.

After the irradiation, the emulsion sheet was
developed at 10 °C for 90 minutes. This condition
provides 20 * 2 grains/70 um along the tracks of the
minimum ionized particle. For 275 MeV/u carbon ions,
there it is impossible to miss the carbon tracks in the
emulsion, since the carbon beam makes enough grains
to observe in the nuclear emulsion., For instance 2 xx
10* grains/70pm would be recorded along each track.
TD-1 detector was etched in 7N NaOH solution at 70
°C using water bath incubator for 5 hours, then washed

and dried in the desiccater for 24 hours.

On optional three points inside the centered area of 3
cm in diameter in the radiation field, the tracks (etch
pits) of emulsion and TD-1 detector were counted over
the area of 0.15 cm® per each point under the optical
microscope. Average values for each of the three
points are (1.3486 + 0.0056) x 10°/cm? (emulsion) and
(13409 + 0.0055) x 10°/cm®> (TD-1), respectively.
Compared to the nuclear emulsion, the efficiency of
TD-1 detector was 99.42 + 041 (stat) + 2.0
(uniformity)%. Here, the density variation due to the
uniformity of the beam was 2.0 % in the irradiation
field of 3 cm in diameter. Since the variation is larger
than the statistical error, the etch pit of TD-1 detector
should be measured to correspond to the emulsion
track. In order to remove this ambiguity due to the
uniformity of the beam, we carried out the
measurements where each track on the emulsion sheet

and each etch pit on the TD-1 detector had a one to
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one correspondence using track (pattern) matching
method. Tracks on the emulsion sheets and etch pits
on the TD-1 detector are in agreement. Thus we
conclude that the detection efficiency of TD-1 detector
was 100% for therapeutic carbon beam. In addition to
this, the track registration threshold of the TD-1
detector was measured to be 5 keV/um by Ogura et al.
[11], which strongly suggests that in fact, the detection
efficiency of TD-1 detector is 100% for carbon 275
MeV/u (LET ~ 13 keV/pum).
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Fig.4 Response curve for CR-39s. White and
black points denote the results of TD-1 and
TNF-1 detector, respectively.

3.2 LET resolution

The track registration sensitivity (S) of CR-39
detectors is defined as the etch rate ratio (S=Vr/ Vp
-1), where Vr and Vp denotes the track etch rate and
the bulk etch rate, respectively. From the geometrical
relation of etching mechanism [12], the S is

represented by

16D°B*
S= ——+1-1
(4 B2 _ d2)
, where B denotes the amount of bulk etch, D and d
means major and minor axis of etch pit, respectively.
In general, these quantities (B, D and d) are used to

characterize CR-39 detectors, and it is well known that

S is related to a restricted energy loss (REL;g0ev) [12].
Using this sensitivity, the methodology for LET
measurement has been established for space dosimetry
[13, 14]. According this method, TD-1 and TNF-1

detectors were previously calibrated using He, C, Ne,
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Fig.5 Conversion factors from the restricted energy
loss (REL200eV) to linear energy transfer (LET in
water) as a function of incident ion’s energy.

Si and Ar ion beams from the HIMAC. Figure 4 shows
the calibration curve, that is, the variation of the

sensitivity as a function of REL;geey calculated by
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Fig.6 LET distribution for therapeutic carbon
ion (290 MeV/u) measured by CR-39 (TD-1)
detector.

Benton's formula [15]. Finally, we have obtained LET

in water using the conversion factor I which is the
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relation with REL;g0ey (MeV/g cmz) and LET i1 water
(keV/pm). LET i water is independently calculated by
SRIM code. The conversion factor I is slightly
dependent on the particle velocity as shown in Figure
5, as is well known in this field. We have employed
the appropriate value to estimate the particle LET

using this Energy — F relation.

TD-1 detector was irradiated by carbon ions at 0 mm
depth (275 MeV/u) and etched in 7N NaOH solution
at 70 °C using a water bath incubator for 20 hours.
Etch pit images were captured using the new system at
a total magnification of 20x. Sensitivities of etch pits

were individually calculated and were corresponded to

He - 20mm i e 1

R,
A

B0memn T

Number of etch pit (Arbitrary unit)

40
Minor axis of etch pit {um)

Fig.7 LET resolutions of CR-39 (TD-1)
detectors.

RELjpeev value using the calibration curve, then

converted into LET values. Figure 6 shows the LET

Table.1 Irradiation conditions for LET resolution.

Sample# B.F Thickness Energy LET invater
(1) (MeWVia)  (keV/um
1 0mim 0.00,9.99 275,263 133,136
20mm 0.00, 19.82 275,253 133,140
30mm (.00, 25.92 275,241 133,144
40mm 0.00,40.03 275,239 13.3,1438
50mm 0.00, 50.10 275,216 133,153
60mm 0.00, 59.96 275,203 133,159
70mm 0.00,70.10 275,189 133,187
80mm 0.00, 80.40 275,175 133,178
Q0mm (.00, 89.82 275,160 133,186

distribution calculated by these procedures. The LET
resolution of TD-1 detector for carbon beam (275
MeV/u) was estimated to be 1.1 keV/um (FWHM). It
is known that the resolution becomes higher in the

steep region of the response curve in the Figure 4,

~ since the resolution is only dependent on the gradient

of the sensitivity curve.

In order to examine the LET resolution, a second
approach was carried out independently. Nine sheets
(5 x 5 cm?) of TD-1 detector were exposed directly (at
0 mm depth) to different energies using binary filters
as the energy degraders. Exposed densities were 10°
jons/cm®. Irradiation conditions, the calculated
energies and the ion's LET are listed in Table 1. TD-1
detectors were etched under the same conditions as in
the above experiment, and the features of the etch pits
were also measured using the same system. For these
detectors, the difference between the LET of two kinds
of beams is observed as a difference between the
minor axis size of the etch pit, as shown in  Figure 7.
Two peaks in the diameter distribution are first
resolved when the second beam passes through 30 mm
of the energy degrader. In order to separate the two
peaks in the diameter distribution, when 16 is required,
it was shown that the energy degrader of 30 mm gave
the limit to the separation. The value of LET at 0 mm
depth and 30 mm is corresponds with 13.3 keV/pm
and 14.4 keV/um, respectively. This difference, 1.1
keV/um gives the CR-39 LET resolution for the 275
MeV/u carbon beam. This value is consistent to the
result obtained by the above method. This result
shows that the energy difference of 35 MeV/u is

needed for the separation of the size of etch pits.

The energy straggling of the incident ion to the
irradiation position was estimated to be about 0.4
MeV/u, so that the end of the ion's range was
determined with 1 mm accuracy as described before.
The energy wvariation of incident ion by energy
straggling is negligible for the resolution of TD-1

detector. The dispersion value of individual peaks as
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determined by the Gaussian fitting is about 0.5 pum.
This value is almost nearly the same size of the image
pixel which is determined by the magnification and
optics of the microscope. The LET resolution is
therefore limited both by the measurement system and

etching conditions.

3.3 Sensitivity degradation in water

It is well known that there is a close relationship for
dissolved oxygen on the track registration as “vacuum
desensitization” or “vacuum effect” [16-18]. When the
CR-39 detector swells in the water, there is a
possibility of the track registration sensitivity
deteriorating, because of decreasing dissolved oxygen.
We examined the desensitization effect using TD-1

detector as follows.

ian sengithity

+
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Fig.8 Sensitivity degradation in water for track
registration sensitivity of CR-39.

Up to 48 hours before irradiation, TD-1 sheets were
left in the water at room temperature (23 °C). These
samples were irradiated by 275 MeV/u carbon ions in
water column and dried in the desiccator for 24 hours.
Then, they were etched in 7N NaOH solution at 70 °C
for 20 hours. In the Figure 8, the variation of the
sensitivity is shown as a function of time left in water.
The sensitivity degradation was observed to be 5% for

up to 10 hours, and more than 10% for 24 hours.

Although usually the experiment will be done within
one hour of water exposure, some degradation will
still occur. This fact needs to be controlled for in

nuclear physics and radiobiology experiments.

Conclusions

The response curves for two kinds of CR-39 detectors
(TD-1 and TNF-1 detectors) were obtained. Detection
efficiency and LET resolution of TD-1 for therapeutic
carbon ion were measured to be 100% and ~1 keV/pm
(FWHM), respectively. Sensitivity degradation in
water was confirmed for TD-1 detector. These precise
results for the CR-39 performance are useful when
investigating on the determination of fragmentation
cross section in tissue-like materials and water for
the dosimetry of heavy ion therapy. , Additionally, the
higher LET resolution of TD-1 detectors could be
utilized for the investigation of the LET dependence of

biological effects.
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Abstract
The Single Particle Irradiation to Cells (SPICE) facility has been constructed for biological cell
irradiation, with the ability to deliver precisely defined numbers of ions to a small region within the
area of an individual living cell. SPICE is able to provide 3.4 MeV proton and 5.1 MeV alpha particle
microbeams using a mono-bloc triplet quadrupole lens (Q lens), located just prior to beam exit. We are
currently adopting a scintillation counter that detects ions after passing through a biological cell, and a
pair of electrostatic beam deflecting plates to realize single-ion irradiation, and a high speed (100 pm /
20 msec) stage as target mover. The output signal of the counter is fed to a computer-based scaler, and
then a high voltage is applied for the deflecting plates to deflect the beam, once a defined number of
protons has detected. The dosage precision of the single particle irradiation system has been tested for
3.4 MeV protons using a thin CR-39 detector. The statistics of the etched pits number on the CR-39
has demonstrated that the single-ion irradiation system is capable of quantitative irradiation with the
efficiency (the probability of which the number of traversal ion is equal to the preset value) measured
to be 95.1 f;:? % at high speed irradiation (50 positioning / sec).

Keywords: micro beam; radiation biology; single particle irradiation; CR-39
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Introduction

Evidence in the past ten years has demonstrated that a
single particle microbeam is a powerful tool for
radiation research. With the ability to deliver defined
numbers of ions into a highly localized area within
individual living cells, research concerning low dose
and localized radiation effects can be directly
addressed [1-5]. Microbeam irradiation systems have
been established in many facilities. The earliest ones
from the Gray laboratory and Columbia University;
provides collimated proton and alpha-particle beams.
Collimated microbeams have been subsequently
adopted by other facilities not only with these light
ions [6,7] but also with heavy ions [8]. Focused ion
microbeam systems [9-11] allow a sharper energy
spectrum compared to collimation beams. With the
general consideration mentioned above and special
interests in radiation protection related to radon
exposure in the environment and cosmic-radiation
exposure in space at the ISS (International Space
Station), the Single Particle Irradiation to CElls
(SPICE) at National Institute of Radiological
Sciences (NIRS) was launched in 2003 [12,13].
SPICE is characterized by the following two points:
we have adopted a vertical beamline so biological
samples are maintained in culture solution (medium)
during irradiation, and adopted a Q lens (OM170;
Oxford microbeams, 1td.) to focus the beam instead
of a collimator in order to avoid contamination due to
particle scattering at the edge of the collimator. We
also adopted a newly developed motorized stage
based on voice-coil motor allowing high speed
processing of cell irradiation. Typical positioning
speed is about 100 um / 20 msec (this speed is
corresponding to processing speed of more than
180,000 cells/hour) for both the X and Y movement.
An overview of the whole system is described
elsewhere [12-14]. In this paper, we focused on the
single particle irradiation system within SPICE,
including the system setup, performance optimization

and testing results of the dosage precision.
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Fig.1  Configurations of arrangement for
scintillation counter, cell dish and beam exit under
the microscope system.

Overview of the microscope system and the single
particle irradiation system

A dedicated controller is used to coordinate the various
subsystems of the microscope (illumination, stage
movement and single particle irradiation) and to
interface these subsystems with a personal computer.
The microscope has both halogen and xenon light
sources with incident light illumination. Image capture
is achieved through the use of a CCD camera at the top
of the microscope. Objective lenses, a scintillation
counter and a surface barrier silicon detector (SSD) are
mounted in a linear motorized slider (X movement),
instead of a revolver. The slider also has Z movement
(supersonic-wave motor) to adjust the focal plane for
imaging and to change the distance from the beam exit
to the counter or the detector surface. A motorized stage
(X and Y movement) is mounted on a stone board
located above the beam exit pipe to change the
observation position and to change the irradiation
position. The stage was newly developed based on a

commercialized voice coil motor stage, has stroke of 10
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Fig.2 Schematic drawing of the single particle

irradiation system in SPICE.
mm X 10 mm with linear scales (40 nm resolution) as
feedback encoders. The positioning accuracy and speed
were optimized to be 1 pm and 100 pm/20 msec for
both the X and Y movement. A cell dish is installed to
this XY stage with a special tool to fix it, and then the
distance from a Kapton foil of beam exit to the bottom
surface of cell dish is set to be 0.5 £ 0.1 mm. Details of
cell dish are described in a separate paper [14]. Briefly,
the cell dish is prepared by a 7.5 mm x 7.5 mm and 200
pum thick Si;Nyplate with 2.5 mm % 2.5 mm area of an
extremely thin portion of 1 pm thick at the center. This
plate is attached to a stainless-steel support with
Vaseline. The configurations of the arrangement for the
scintillation counter, the cell dish and the beam exit

under the microscope system are shown in Figure 1.

Figure 2 shows a schematic drawing of the single
particle irradiation system in SPICE. The scintillation
counter and the SSD are prepared in a Brass socket,
nearly equal in size to the objective lens. During
irradiation, the scintillation counter moves on the cell
dish instead of the objective lens and detects ions after
passage through a cell. This detection signal is fed to a

counter board installed in a computer, and then the

10

computer generates a high-speed trigger pulse through
the board to the beam deflector (parallel electrode) to
apply a voltage. As a consequence, the beam trajectory
is changed for keeping the “beam stop” condition. The
sample stage synchronizes to this to change the position.
After moving and stopping the stage, the computer
generates pulse again to obtain the beam by cutting the
applied voltage to the deflector. Thus, we realize single
particle irradiation; in addition, irradiation for an
arbitrary number of ions is also realized when a preset
value (the number of protons to be irradiated) is
inputted to the computer.

Thus, we are currently adopting post-target detection
to count the number of ions, meaning that the
scintillation counter is installed above the cell dish. This
counter consists of a photomultiplier (R7400U-03;
Hamamatsu) coupled with 1mm thick scintillator plates
(NE102A plastic). Such post-target detection has both
advantages and disadvantages. It maintains the quality
of the energy deposition in the target cell when the
counter is set behind the cell dish. However, after ions
pass through the cell, an increase in the spatial and
energy scattering of the beam can occur due to the
medium around the cell and an additional air gap behind
it. As a consequence, it becomes more difficult for

signal discrimination by the detection circuits.

1000

100

Counts

0.1
2 3 4 5
Proton Energy (MeV)

Fig.3 A typical example for the energy spectrum
of the proton microbeam at the beam exit.

Verifications of extracted proton beam
1) Energy spectrum
We verified the energy spectrum for incident 3.4 MeV

protons at the beam exit position using the SSD. The
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current beam exit was made from 3 mm diameter
stainless steel covered with 7.5 wm Kapton foil to keep
the vacuum. The surface window of the SSD was
located above 3 mm (air gap) from the foil. After
adjusting the Q lens parameters, we can currently
extract a 10 um size microbeam routinely, as described
in a separate paper [14]. A typical example of the
energy spectrum is shown in Figure 3. It can be seen
that a clear proton peak (3.25 MeV with FWHM=145
keV) is observed in contrast to the spectrum for the

collimator method, as seen in several papers.

2) Single particle detection and its performance

The dosage precision of the single particle irradiation
system has been tested for 3.4 MeV protons. As shown
in Figure 4(a), protons pass though the Si;Ny cell dish, a
cell with medium and then a thin polypropylene (PP)
film. Instead of the cell dish, a CR-39 detector
(HARTZLAS TD-1, Fukuvi chemical industry) with a

a) b)
Counter Counter
2pm PP
100pm water b — RS —— 90um CR-39
SN ) . -

Fig4 Side views for experimental setup of cell
irradiation (a), and setup for the counting
performance verification of the single particle
irradiation system (b).

thickness of 90 pm was installed between the beam exit
and the post-target scintillation counter results of the
CR-39 detector were compared to the scintillation
counter, as shown in Figure 4(b). This type of CR-39
detector has sufficiently good sensitivity to detect 3.4
MeV protons. According to Ogura et. al., [15,16], it was
confirmed that the TD-1 can record proton tracks up to
~20 MeV. The detection efficiency of TD-1 for 3 MeV
protons is considered to be 100 %, since the track
registration property of this detector depends only on
the (restricted) energy loss. Furthermore, there is no
dead time inherent to other electric detectors. The
detector thickness was selected using SRIM software

[17] to have a similar (equivalent) energy deposition
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and spatial scattering effects with the cell dish and the

medium for proton beam traversal. Thus, we can

- Fig.5: An example of microscope image of proton
beam spot (100 um intervals) and individual etch
pits on CR-39.

directly compare the counting results from scintillation
counter and CR-39 detector under the same irradiation
conditions. This makes it easier to maintain other
parameters (beam intensity, stage speed and so on)
which relate to detection efficiency. After irradiation,
the CR-39 detector was etched and observed by a
microscope to count the actual number of protons that
passed through the detector and reached the scintillation
detector. As shown in Figure 5, the number of protons
was observed in the beam spot on the CR-39 detector
under a microscope. We tried 25 spots for each CR-39
detector with intervals of 100 pm. Initial beam intensity
was adjusted to ~7,000 protons/sec; consequently, most
of irradiation time for one detector was spent for
moving and fixing the stage position. Each exposure
was completed within 1 second for 25 spots. More than
400 spots were irradiated by selecting arbitrary numbers
(N) from N=1 to 15 as the preset. After scoring the
number of etch pits, we compared the number with the
preset value (N) at each spot. Figures 6 shows the
counting accuracy for the cases of N=1 (left) and N>1
(right). For instance, when we took N=10 as the preset,
we could observe ten etch pits on the CR-39 detector in
many spots, but in a small fraction of spots a slight
variation in the numbers of etch pits was observed. We
defined the counting efficiency of the scintillation

counter as the probability (fraction) for the number of
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Fig.6 Counting accuracy of the single particle irradiation system measured by CR-39 detector at the cases
of preset value (number of protons to be irradiated) N=1 and arbitrary number N (N>1).

traversal ion measured by the CR-39 detector to be
equal to the preset value. When we took N=1 as the
preset, the efficiencies were measured to be 95.1 f:;:? %,
and for the case of N>1, they were to be 90.1 + 5.1 %.
The increase in error with higher N results from
of These

demonstrate that the miss irradiation has a probability of

statistical =~ propagation erTor. results
5% for N=1. And the efficiency might be worse when
we take a condition of N>1. To improve the overall
performance of the system, more efforts are needed to
increasing this efficiency by accounting for possible
factors such as beam intensity, stage speed, reduction of
electronic noise, optimization of counter configuration,

and so on.

Conclusions

We have developed a single particle irradiation system
in the SPICE facility for delivering defined numbers of
protons (3.4 MeV) or alpha particles (5.1 MeV) to
target living cells cultured in a special cell dish. SPICE
is characterized by the use of a vertical beamline and
use of a Q lens to focus the beam. In addition, its
microscope is equipped with a voice-coil motor stage
that provides high-speed positioning (100 pm / 20 msec)
with high accuracy. The single particle irradiation
system was achieved using a scintillation counter and a
pair of electrostatic beam deflecting plates. We verified

its performance and the energy spectrum of extracted
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proton beam in air. The efficiency of the single particle
irradiation system, as measured by direct comparison of
counting results from a scintillation counter and thin
CR-39 detectors, indicates that an accuracy greater than
95% 1is achievable under very high-speed system

irradiation setting (50 positioning / sec).
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performance liquid chromatography , HPLC) 3EEZEA Uiz, slENCIAIRE L TS EEaYEzn
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L7 3EE % VT, IO @ VT3 ELEaIfE
BEIAT2 5,
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M5 &T, TREHWTET Tl AEFEORE
HHAIMCBE LN LI LY AT LD
FIETLIS

2. Tk - At
2-0.HPLC AR droplet-PIXE ¥ A5 HhOFE
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F =TT AP —, EmESICHIE LImR
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DIEHIEEE 9.001 min THBZ &Wbhd,
DEZORMOT 2 VF TS50 a7
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3-3. HPLC & droplet-PIXE
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1.1 T HIC

fArEE R FIIEE X #R597#iZi (Particle Induced
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—eREREAZCEICKD, ARHICESE
TELEDRFELERZITHITEMNTE S,

e UTHRHCZTTRD N TE, &
BETHETE %, PEDORKETEHHEMNA]
BET. HICIEETHETZ 578, D
BFAMNAEETH %,

AR, I#ER 2R DR R 7R 5T - BUERERY
TV, BRERROMNTZEHNE
LTCH¥., FAIHENS X SICE > TE

PIXE 77#7i&. IIEWF Tl AEY ., BRER
20H., BEELHRERLAEITTHEHAEIN
TW5, [1-3]HEITEFETIE, PASTA ZHW
KA S BEACITDNTED ., ST
DOWETCEDOIH, BEDH. WY T 7
A VR UTe RKUERYIE D777 [4]. 7K
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