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HO005 is aimed at conducting experimental studies

to  further 1improve ongoing carbon-ion
radiotherapy (CIRT) and develop multi-ion
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we have studied the following research topics:
development of SiC/Diamond detector with
measurement of linear energy deposition
distribution in MIRT, micro-surgery experiment
for extremely small irradiation field in scanning
beams, investigation of response characteristics of
the radio-photoluminescence dosimeter for heavy-
ion beams, development of a method for

measuring the effects of heavy ion beam
irradiations using three-dimensional cultured
cancer cells, radiation quality measurement using
SOI detector for QA of MIRT and beam source data

measurements using mesh ripple filter and so on.
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Abstract

The OpenPET geometry is our original idea to
visualize a physically opened space. The major
target is in-beam PET, which is a method for in-
vivo beam monitoring in particle therapy. Here,
irradiation produced S*-emitting nuclides are
metabolized (biologically washed out) mainly
by blood flows depending on the tumor vascular
status. We hypothesized that the biological
washout rate of the produced p*-emitting
nuclides themselves would be a biomarker for
the tumor vascular status. The aim of this study
was to detect the biological washout rate
distribution within the tumor and verify its
correlation with the intratumoral vascular status.
A'’C ion beam was irradiated to a tumor rat
model, then high sensitivity PET imaging was
performed applying our custom made total-body
small animal PET system. Then, a hypoxia PET
("8F-FAZA administration) was carried out for
the same rat model. Difference of the biological
washout rate depending on vascular status inside
of the tumor, which agreed with the '®F-FAZA
PET result, was observed. This study supported
the concept of the biological washout-based
tumor vascular diagnosis evaluation.
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Fig 3. Experimental setup Hypoxia PET imaging with Mirai-
PET in Positron building animal experimental room.
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depend on the different intensity areas (c).
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Abstract

The purpose of this study is to clarify the effects other
than ionization interaction in heavy ion beam irradiation
of water and to make practical the visualization of the
heavy ion track by these effects. 500 MeV/n Fe ion
irradiation experiments at HIMAC showed that
"microbubbles" near the Bragg peak were recorded as
ultrasonic echoes near the Bragg peak were recorded as
ultrasonic waves. The mechanism of "microbubble"
generation is unknown, but it is certain to be an effect
other than ionization interaction. The visualization of
these tracks is of great importance for particle therapy.
Elucidation of this effect will lead to a better
understanding of the mechanism of DNA cluster damage
induction. In this paper, we discuss the results of previous
experiments by calculating the probability of Fe ions
stopping in the negative pressure part of the ultrasound
echo pulse.
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Detection of lipid free radicals induced by carbon-ion beam irradiation to oil/lipid
(22H426)

— b g D b .
FEHEEC HETRE . PG PEARK . AR
M. Ueno,2 Y. Shoiji,b H. Ito,? . Nakanishi b and K. Matsumoto 2

Abstract

Lipid free radicals (L) induced by irradiating
X-ray or carbon-ion beam in corn oil were
quantitatively measured using an electron
paramagnetic resonance (EPR) spin-trapping
method, and the local concentration of the <L
was estimated. In this study, LET dependence of
local concentration of *L was estimated.

A series of corn oil solutions containing
several different concentrations (0.79-338 mM)
of PBN, which is a lipophilic spin-trapping
agent, was prepared. The corn oil samples were
irradiated with 128 Gy X-ray or several different
LETs (13, 20, 40, 60, 80, >100 keV/um) of
carbon-ion beam. The *L adducts of PBN (PBN-
L) generated in the corn oil samples were
quantitatively measured by X-band EPR. The
yields of PBN-L were plotted versus the linear-
density (the reciprocal of intermolecular
distance) of PBN in the corn oil samples. The
local concentration of the L. generated in corn
oil was estimated from the plot profile.

The local concentration of lipid free radical
generated in corn oil by ionizing radiation was
estimated as more than 338 mM. No LET
dependence on the local concentration of *L was
observed, although the LET dependence on the
yields of PBN-L was observed.

1. IEOEBENNYITSIUR

ZE T HIMAC FH:[RF| FH A 78 3
B483. H347. H427. J429, H451 ¥ X O~ H426
THONTARERND, BRI L DKF T
DOk Fax 780 («OH) DARMILRTE
LTEY . mmol/L LV Ll BR 72 A= Bk
& mol/L L)L DR TEIRERRIBED Z
EMALMNI /o Tz, FTRFBETIX LET
DR T D & Bi72.0H AR . # 72
«OH AN 5 2 &ENohotz, i
TH 72.0H AR D TIE, «OH [Al LD i
2 X VBRI AR L KSE  (H202)
WAL, & DRPTIEE I 7200 D JajpT

150

AREEICHE LB WBETHD Z L0y
Mo TE T, FI-IRBMRTILLET 23K
5 ERFEIER R 72 HaO2 ARk 8N4 5
L minol,

TGRS KN U B IEMERE DR+ 23
OIS TEREN, —FH, BEHFTo7
U—F VANAERDERTIZIZE A ED)o
TV, MO ERITEHEIC AV HA TS
B IEDNFAE L, FRWZERIC/KAE & i
MRENENGAEST D, IBESFbAKRTT
ERBRIT, HehiRic L0 EEED D W kb
S, IBES T RicE#ET U —F PR
HELDZENTHRTESD, £ZC H426 T
I, BRI K VAT BIEE 7V —T P8
b (oL) O & SOSENT 2 3 A 7=,

2. MEEFETIZHONTLSHER

2021 4FE|Z . EPR A B> Y u—7EIC &
DL R O R HHIER S 21T > 72, PROXYL
FROLE=IFO X LTIHNLTHD
carboxy-PROXYL % &de=— iz, K
BRI T COHHBREY CERRICAEL D
carboxy-PROXYL @ EPR 3 7' /L D&
IZEESWT, fFEH (— ) I T
L EDOFHl A2 AT, F ORGSR, oL EpkE
IEZXHBRED B LET DRV RFHRTELL L F
T IRFZRETIZ LET OEINE & H1TL ARk
NI T B EnghoT=, L LEIRE
R AL E CTEREOREMD ST D& N
KL, oL EREOEREIINETH T,

2T 2022 fFREIX, EPR A T v
THEIZ X DL A0 EZR AT, o
phenyl-N-z-butylnitrone (PBN)% A £° 2 [ 7
v 7HIE LT XM X OURER 22—
HIZAERRT DL OAREZRIE Lz LTz,
AV NIy EUTIEICEDHETE, oL
AREIEL X LY b LET OIRWERFERT
%< . ET7-RFERDO LET oI e & 6 izd
R BN A ONAE Y T a—TkED



R L, ¥ AEY TS
EOBEIX, BE U723k 2 RIE R AT T
GBTIAZ Ll A THT "R HE
EZENAFAET D Z N0 . R
RCIRETICEL DL BEOEENAETH
ST FTHERRD o — I AT D
L BIZHT DGR FEOEEITIIIA LN
I, BRE & IXERMRICL NAEL D Z &R
MNoT7,

2023 FFEIE, X #RIS K OVRSBMA 72—
MAHIZAERCT DL O JRFTARIREIZ DUV T
M A a A, X fREs LTV 13, 80 keV/pm D
IRFBIIZDNWTT — X 1572, TOREE,
RETAERIEE L, Po8BE 338 mM UL L
(1.7 nm BL F O3 FEIFEBEICAY) TH D
ZERTHREINT,

3. SEEOHENRE

2023 EFEDOEBROFEMEEZES L LD
12, HIZWLS DO RS LET 2B T 5T
— X 2B LT, L ORFTAEREE D LET
RIFHEIC DWW TR/, PBN Z AL b
v B 7HIE L THY, BEERICEE O R
2% (7.69,13.3,25.9,61.5, 106,208, 338 mM)
PBN O za— AR EHE L, ThEhic
XMEIZLET O£ % (13,20, 40, 60, 80,
>100 keV/um) fRFEM A 128 Gy B L7z,
M L7z PBN =2 — A % X-band EPR
THIE L REHAI P2 U7zl ®PBN T
47 ~ (PBN-L) &% €& L7, fEhAR F
IZ4: 7= PBN-L % PBN O —RCEE

(PBN D57 1-[HFEHE DL 8 5 W TR D
3FRICHY T HME) I LT Ty ML,
7'v v FOARIZEE SN TL O RIPFTHERE %
FH LT, &% LET TO 71y hORRZ L
e LC. oL OAERSRATIRE IS L TRERR
DLETIZ L DEWRH LGN EEE LT,

4. SEEOMERRLERER

13, 20, 40, 60, 80, >100 keV/um D[R FEHRIZ
DOWT, £ 3 LA RO E R I T X
oo X MMOGE B IRFEHROLGH S 23—
C 81T 5 PBN-L O EIT PBN O —&
TEERE (REE) MRKEL 2DV ERK—
W E 588 um™! (338 mM) F TR LT
ML, @AM FETIR N o Tz

151

»
o

40 -

= 35 - X-ray = 35 LET 60
g 30 - O 30 -
S 25 | d 25 .
[-] e ©
E 20 - g 20 - }
-~ s
h 15 ° = 15 }
= 10 - o 2 10
2 5 . D 51 o458 i
o
Py S U WL —
A 0 200 400 600 E 0 200 400 600
Linear-density (um-') Linear-density (um)
40 - 40 -
=35 LET 13 ~35] LET80
& 30 | & 30 |
J 25 | $ 225
° °
£ 20 | 3 £ 20 1
i— 15 - f 15 | }
> 10 - . > 10 - 3 }
m 5 | m 5 &
. 0 ‘_.L’Ii_l_l - 0 -#l—|
B 0 200 400 600 F 0 200 400 600
Linear-density (um) Linear-density (um)
40 - 40
35 LET 20 =35 LET 100
g" 30 - & 30 |
3 25 H 25 4
£ 20 - { £ 20 -
£ 15 | £ 15 |
= -
RSN N4 3
Sl 0] et
c 0 200 400 600 G 0 200 400 600
Linear-density (um) Linear-density (um)
40 - __ 40 - -
351 LET40 & 35 1 ]
g2 -+
= 25 - e ]
g 20 - } g f‘; 1
£ 15 | = 10 |
- z
= 10 - i @ 5 -
& : | e } ¢ 0

AR D S S
0 200 400 600 HYELLELLE
Linear-density (um)

O

1. LOBRERREDOTHE L EREICH T HLETORE,
(A) X#RIZ & B LOER., (B-G) RERIZEB-LDOER, (H)
338 mM PBN O — 2V ilHiB &P TOPBN-LOLRLE

(4 1.A-G), F7- 338 mM PBN =1 — i
& CToO PBN-L OARREIZ. XMLV H 13
keV/um DRFEME T < | RFEM TILLET O
e ILITEAD Le (K 1. H), L D4R
SRR EE 6% LET ORI R 572 /s
ST, oL AEREITHE RS L O LET 12K
7 L T2 b LTz, BURBRIC X DL DRk
IR EELT 338 mM LU BT, EREFTHIAE
BROEE 7oL ERNAEL D EFRREND,

& R R SR 4y TR
TR AR T AMAEVRTL Ry 2 X



20244 HIMAC FERIFIH Rk —5
(22H426)
(i 25 SC55)
1. Ueno M., Setoguchi S., Matsunaga K., Matsumoto K., Takata J., Anzai K.: Effects of
whole-body carbon-ion beam irradiation on bone marrow death in mice and an
examination of candidates for protectors or mitigators against carbon-ion beam-induced

bone marrow death. Radiat Res, in press.

(P2 R OWFFER 1SR )
1 RaAER—RB, LBPRECE, fERlAFE, OVE, PPaEsR: MUK PICA L 5
IREEEBRAL KSR 7 T A2 — Ok & £ ORUSTEDRH, 5#527BIESRY 4 — T L

Fgess, 238, 2024.07.

152



HFRBHICKIFRBEERICETIEAETMIEREBEERNMIEDRTE
Enhancement of Critical Current and Identification of Symmetry of Superconductivity
in New Superconductors by means of Particle Irradiations
(24H262)

Brime ARRE  F XK EHBR . FELVREERAN?
T. Tamegai®, H. Kuga®, W. J. Li®, T. Ren? Y. Chen?, C. Yu?, R. Sakagami®

Abstract

Conflicting results on the effect of particle
irradiation on the superconducting transition
temperature (7¢) of kagome superconductor
CsV3Sbs have been reported by 2.5 eV electron
and 3 MeV proton irradiations. In order to shed
light on this issue, we have reexamined the
effect of 3 MeV proton irradiation on CsV3Sbs
by irradiating it at room temperature in contrast
to the irradiation at ~100 K in the previous
experiments. 7¢ in CsV3Sbs was suppressed by
proton irradiation at room temperature, while it
was suppressed by irradiation at ~100 K.
Possible origin of such behavior is discussed.

1. Introduction

The kagome lattice, composed of corner-
sharing triangles and hexagons, provides a
versatile platform for investigating fascinating
quantum phenomena. New kagome compounds
AV3Sbs (A = K, Rb, and Cs), which possess
nontrivial band topology such as flat bands,
Dirac points, and saddle points, were discovered
to exhibit novel properties including chiral
charge-density wave (CDW), anomalous Hall
effect, and unconventional superconductivity
(SC) [1]. Such coexistence and competition
between superconductivity (SC) and CDW has
been observed in various kinds of
superconductors such as NbSe, [2] and
LusIrsSiio [3]. It has been well established that
introduction of disorder suppresses CDW order,
while it enhances SC. It is because non-magnetic
disorder in CDW system works similar to
magnetic scattering in SCs that destabilize the
formation of spin-singlet Cooper pairs. Actually,
it has been reported that V-site disorder by Nb
substitution can enhance 7. from ~2.5 K up to
~4.5 K with CDW is suppressed from ~92 K to
58 K [4]. However, conflicting results on the
effect of disorder induced by particle
irradiations have been reported for CsV3Sbs
(CVS). While T is reported to be enhanced by 3
MeV proton [5] and 2.6 GeV U [6] irradiations,
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it is reported to be suppressed by 2.5 MeV
proton irradiation [7].

In this study, we reexamined the effect of 3
MeV proton irradiation on the superconductivity
including 7. in CVS using two kinds of crystals
with different initial disorder levels.

2. Experiments

CVS single crystals were grown by self-flux
method as described in ref. [4]. Two kinds of
crystals grown in quartz tube (old-type) and in
Ta tube (new-type) have been used. All crystals
were cleaved into thin flakes with thicknesses
less than 15 pm before the irradiation. This value
is smaller than the projected range of 3 MeV
proton in CVS of ~57 pum. Proton irradiation
experiments were conducted at NIRS-HIMAC
in Chiba, Japan. The crystals were irradiated at
room temperature in vacuum better than 1x107°
Torr, while the crystals in the previous proton
irradiation were irradiated at 100 K [5]. The
irradiation dose of the proton was evaluated by
controlling the irradiation time with the
assumption that the average beam intensity does
not fluctuate in time. The standard four-probe
method was applied for the measurement of
resistivity. Measurements of magnetization were
carried out with a SQUID magnetometer
(MPMS-XL5, Quantum Design).

3. Results and discussion

Figure 1 shows the normalized resistivity
((T)/p(300K)) versus temperature for the new-
and old-types of CVS. The residual resistivity
ratios (RRR) for the new-type CVS is 103,
which is similar to the value reported in ref. [4],
while it is 20.3 for the old-type CVS consistent
with our previous study [5]. In addition, a clear
CDW transition is observed at ~94 K in the new-
type CVS, while it is about 87 K and the
transition is smeared in the old-type CVS. The
characteristics of CDW in the old-type CVS is
reproducing our previous results in ref. [5],
indicating that the old-type CVS has a higher
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FIG. 1: Temperature dependence of the normalized
resistivity (o(T)/p(300K)) for the new- and old-types of
CsV3Sbs.
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level of disorder in the pristine state.

Figure 2(a) shows the evolution of
temperature dependence of the normalized
magnetization with the 3 MeV proton dose in
the new-type of CVS. As the proton dose
increases, the onset temperature of
diamagnetism becomes lower and the transition
becomes sharper. 7. defined by the criterion of -
M(T)/M(2 K) =0.05 is plotted in Fig. 2 (b). It is
clear that 7. is monotonically suppressed by
increasing the proton dose up to 4x10'%/cm?.
Essentially the same behavior has been observed
also in the old-type of CVS with the initial 7t
slightly lower than the new-type of CVS as
shown in the same figure. We can interpret that
the old-type of CVS has already been disordered
in the pristine state. The CDW transition
temperature in the new- type of CVS is
suppressed by ~3 K (data not shown) by
irradiating 3 MeV proton up to 1x10'%/cm?
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FIG. 2: (a) Temperature dependence of normalized
magnetization in the new-type CsViSbs. (b) Tc as a
function of 3 MeV proton dose for the new-and old types
of CsV3Sbs.
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consistent with our previous report [5].

The behavior that 7¢ in CVS with competing
CDW is suppressed by introducing disorder is
exceptional. However, it should be noted that 7.
in superconductors with artificial defects
introduced by particle irradiation can be affected
by the change in the lattice parameter [8]. In
NbSe> with columnar defects introduced by 2.6
GeV irradiation, clear expansion of the lattice
has been observed along all directions. Careful
analyses considering the pressure dependence of
T. and compressibility along two directions
clarified that 7. change induced by the lattice
expansion cannot be ignored. Figure 3 shows the
change in the c-axis lattice parameter for CVS as
a function of proton dose. It is clear that the
change in the lattice parameter is very small, and
significant contribution to 7c change is not
expected. An important difference between the
two proton irradiation experiments is the
temperature  where the irradiation was
performed, 100 K in the previous experiments,
while at room temperature in the present
experiments. So, we can speculate that different
defect structures introduced by irradiations at
different temperatures have caused different
disorder dependences of 7. in CVS.
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FIG. 3: c-axis lattice parameter as a function of 3 MeV
proton dose for the new-type CsV3Sbs.
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Single Event Transient Pulse Measurement on SiC Power Devices
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Abstract

Risetime resolution of a measurement system for
single event transient pulses on SiC power
MOSFETs was improved to 15GHz. The system
demonstrated sufficient time resolution, as the
measured pulse duration was 10-20 ns.
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Development of Soft Error Tolerant Circuits for Spacecraft Considering Total lonizing Dose
(24H492)
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K. Kobayashia, J. Furuta®, R. Nakajimaa, T. Ozawa?, H. Sugisaki?, K. Yoshida2 and H.

Nakamoto?
Abstract ®  Energy : 290 MeV/u
®  Target : Semiconductor chip assumed for spacecraft

We carried out an evaluation of the impact of Total
Ionizing Dose (TID) degradation on soft error tolerance
to develop radiation-hardened circuits for space
applications. Radiation-hardened circuits fabricated
using a 65 nm FD-SOI process were subjected to
gamma-ray and heavy ion (Xe) irradiation. Gamma-ray
irradiation at QST Takasaki was used to generate
samples with different TID levels, and degradation was
assessed using frequency shifts of ring oscillators. At
HIMAC, irradiation under maximum Linear Energy
Transfer (LET) conditions was conducted based on
PHITS simulations. However, an unexpected acrylic cap
caused a shift in the LET peak position, preventing
planned sample evaluation. This finding will improve
our future experiment setup and contribute to the design
of circuits that consider combined TID and soft error
effects.

1. Research Objective and Background

In the space environment, not only soft errors by
radiation but also Total Ionizing Dose (TID) effects are
significant issues. Soft errors are temporal faults such as
bit flips in memory cells, while TID causes degradation
of semiconductor characteristics, leading to permanent
faults and reduced device lefetime. To ensure high
reliability in integrated circuits fir spacecraft, it is
essential to clarify the impact of TID on soft errors and
to implement countermeasures. This study aims to
develop radiation-hardened circuits for space application
by taking TID effects into account.

2. Research Activities in This Year

We used radiation-hardened circuits designed with the
well-established 65 nm FD-SOI (Fully-Depleted Silicon
on Insulator) process and conducted both gamma-ray and
heavy ion irradiation experiments. Gamma-ray
irradiation was performed at QST Takasaki to prepare
samples with different TID degradations. Heavy ion
irradiation was carried out at HIMAC, with the objective
of evaluating the difference of soft error rates among
these samples. This evaluation is intended to clarify the
combined effects of TID and soft errors and contribute to
establishing design guidelines for radiation-hardened
circuits.

3. Experimental Overview at HIMAC

The overview of the heavy ion irradiation experiment
conducted at HIMAC this year is as follows:
® Jon species : Xe
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® Beam time : 7 hours and 30 minutes

4. Results and Analysis

In the gamma-ray irradiation test, we used ring
oscillators (ROs) to quantitatively assess the degree of
TID degradation. Since the oscillation frequency of the
RO changes with semiconductor degradation, it becomes
a sensitive indicator of TID effects. Table 1 shows the
degradation rates (frequency shifts) of the ROs.

Table 1 : Measurement results of TID degradation
under gamma-ray irradiation
Dose RO degradation rate
[krad(Si)] [%]
0 100.0
237 98.2
259 98.0
554 96.7
712 95.4
791 95.1
1121 933

From these results, we successfully prepared seven
samples with different levels of TID degradation.

At HIMAC, to evaluate the impact of TID degradation
on soft error tolerance, we needed to conduct
measurements under conditions where the Linear Energy
Transfer (LET) was at its maximum. Therefore, we
adjusted the thickness of the binary filter and the position
of the test device to achieve the maximum LET for Xe.
The filter thickness was determined based on simulation
results from PHITS (Particle and Heavy lon Transport
code System)[!. However, there is a discrepancy
between the simulated and measured LET peak
positions, delaying the setup of optimal conditions
during the experiment. As a result, we were unable to
perform soft error evaluations with multiple samples as
originally planned. After the experiment, we identified
the cause of this discrepancy as an approximately 1 mm
thick acrylic cap installed to protect the Al-Mylar film at
the entrance of the ion chamber. This cap was not
considered in the simulation. Since 1 mm of acrylic
corresponds to about 1.2 mm of water-equivalent
thickness, it was consistent with the observed deviation
(approximately 1.26 mm water equivalent).



5. Supplementary Information

We also conducted a similar heavy ion irradiation
experiment at Gunma University Heavy Ion Medical
Center (GHMC). Although the test device differed from
that in this study, it was also a semiconductor chip. At
GHMC, we used 290 MeV/u carbon ions (C) and
adjusted the binary filter thickness and test device
position base on PHITS!!. As a result, the optimal LET
condition was determined within approximately 1 hour
and 30 minutes from the start of irradiation. Since the
LET range for C is narrower than for Xe, we believe that
if the acrylic cap had been considered in the HIMAC Xe
experiment, the optimal conditions could have been
determined in a similarly short time. A similar LET
adjustment experiment is planned for the next fiscal year
(FY2025) under a different project, we expect that the
experience gained this year will enable more efficient
setup.

6. SE K

[1] T. Sato, Y. Iwamoto, S. Hashimoto, T. Ogawa, T.
Furuta, S. Abe et al, “Recent improvements of the
particle and heavy ion transport code system - phits
version 3.33,” . Nucl. Sci. Technol,, vol. 61, no. 1, pp.
127-135, 2024.
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Response of a silicon carbide detector to heavy-ion irradiation
(23H487)
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N. Kitamura?, T. Kishishita®, S. Michimasa®, N. Imai?,

S. Hanai?, R. Kojima?, R. Tsuchiya‘

Charged-particle sensors based on silicon carbide
are candidates for next-generation radiation-hard de-
tectors in nuclear physics experiments. The pri-
mary objective of the present study is to evaluate
the feasibility of employing silicon carbide sensors
at radioactive beam facilities, specifically for the de-
tection of ion beam particles. Following an ini-
tial irradiation experiment using an *°Ar beam at 6
MeV/nucleon conducted in 2023, a new measure-
ment was carried out this year using a '32Xe beam
at energies exceeding 100 MeV/nucleon. Signals
originating from the passage of ions through the de-
tector were successfully observed. The performance
of the detector, including its timing properties, was
characterized. The results of the present experiment
highlight the potential of silicon carbide sensors as

time-of-flight detectors for radioactive ion beams.
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Toward a new concept for detection threshold and etching-models suited to track detectors
with high registration sensitivity
(23H138)
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Abstract

A series of response studies has been carried-
out on PET, PC, PI and PADC as etched track
detectors, paying a special attention on each
detection threshold. Structural modification of
latent tracks around the detection thresholds
were examined by FT-IR spectrometry. It found
to be difficult to apply the conventional model
for the detection threshold to the response of
PADC, in which the etchable conditions appear
intermittently along ion tracks. In the cases of
PET, PC and PI, the segments that were etchable
and those that were not had a boundary as a
single point on the latent track, which is able to
understand to be the detection threshold.
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Study for the super-fine grained nuclear emulsion as nano-scale tracking detector with
high-charge discrimination
(24H212)
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Abstract

Nuclear emulsion is a solid-state tracking
detector with extremely high spatial
resolution. In particular, the Super Fine-
Grained Nuclear Emulsion, known as the
Nano Imaging Tracker (NIT), achieves the
highest spatial resolution among such
detectors, with the ability to image at the
nanometer scale. This technology has been
applied to a wide range of research fields,
including dark matter searches, neutron
detection, radiation therapy, and more.In this
project, we are working to upgrade the
technologies associated with the NIT device,
including improvements to the detector itself
and to the optical microscope-based readout
systems. For calibration and performance
evaluation, heavy ion beams from HIMAC are
employed.During this fiscal year, we focused
on developing new chemical treatment
methods and sensitization processes to
enhance sensitivity and improve optical
imaging performance by achieving higher

contrast. In particular, we investigated
physical development techniques and
sensitization using triethanolamine.

Utilizing the heavy ion beam from HIMAC,
we confirmed a significant improvement in
both the optical contrast of particle tracks and
the overall sensitivity of the detector to heavy
ions.
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Development of Mica Solid State Track Detector with Energy Resolution
(23H473)
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Abstract

Mica, a mineral, is recognized as a natural
solid-state track detector. This research
employs heavy ion beams for sample
preparation, crucial for extracting recoil energy
from tracks recorded in mica detectors. By
penetrating the sample with heavy ions,
penetration marks serve as reference points for
accurately determining the observation field.
This process is vital for precisely reading out
the recoil energy, represented by etching pit
depths, from the tracks in mica. Consequently,
mica crystals can function as particle detectors
with energy resolution.
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Study of single event effects on compound semiconductor devices
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Abstract

We carried out irradiation experiments for lateral GaN
FETs with Xe ions in horizontal condition to investigate
the parameters that contribute to the improvement of the
breakdown voltage. The results show a correlation
between the breakdown voltage and Ipmax at the previous
fluence condition; however, this correlation disappeared
when the fluence was increased. Based on these results,
we conclude that the fluence needs to be increased in order
to properly evaluate the resistance of the device. On the
other hand, the Ipmax might have a correlation with the
number of defects in the device. The capability of this
device for actual use in the space environment must be
evaluated taking into account the probability of
occurrence of a destructive event.
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Response of a position-sensitive tissue-equivalent proportional chamber to heavy ions
(23H189)
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S. Kodaira f, M. Kubota b, K. Miuchi ¢, A. Nagamatsu ¢, D. Nakanishi®, S. Sasaki®, K. Takahashi ®

Abstract

Deposit energy distribution and gas gain dependence
on the electric field ware obtained by the irradiation of
carbon beam supplied from HIMAC with
Position-Sensitive ~ Tissue-Equivalent ~ Proportional
Chamber (PS-TEPC) for space dosimetry. The
dosimeter has a p-PIC electrode for position detection.
A new version of the electrode has been tested,
improved by studying materials and electric field
leakage. The new model detector obtained the same
energy resolution as the previous flight model.
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Abstract

In this work, a 3D silicon-on-insulator (SOI) microdosimeter
was investigated during high LET ion irradiation using a 500
MeV/u “Ar ion therapeutic beam. The new MicroPlus2
probe is compared to its predecessor in these experiments.
The results demonstrate the performance of the SOI
microdosimeter when measuring high LET particles, with
some attributing low energy events observed in the extremely
low energy region. However, these events did not
substantially affect the microdosimetric spectra nor the yp
values. This demonstrates that the SOI microdosimeter is
suitable for high LET ion QA applications.

1. Purpose and Background

Microdosimetry is an extremely useful technique for
estimating the RBE in unknown mixed radiation fields,
typical of heavy ion therapy. While the absorbed dose is
routinely measured with an ionisation chamber,
microdosimetric quantities, such as the dose-averaged lineal
energy (yp) or dose-averaged lineal energy transfer (LETp),
need to be measured with high spatial resolution for RBE
prediction. The gold standard detector for microdosimetry is
the tissue equivalent proportional counter (TEPC), however
TEPCs are not ideal for routine clinical microdosimetry due
to pile up in high-dose rate clinical therapeutic beams. A new
miniTEPC with a smaller sensitive volume was successfully
developed to overcome this [1], but both types of TEPC:s still
have several limitations such as high operating voltage, gas
supply and wall effects.

The Centre for Medical Radiation Physics (CMRP),
University of Wollongong, introduced the concept of SOI
microdosimeters, based on micron-sized cylindrical sensitive
volumes (SV) in an array. The SVs in the microdosimeter
mimic the dimensions of cell nuclei and require less than 10V
bias supply. CMRP has developed multiple generations of
microdosimeters on silicon-on-insulator (SOI) substrates
which have been successfully tested and summarised by
Rosenfeld (2016) [2]. The latest development of SOI
microdosimeters at CMRP is the 3D array microdosimeter
(called the “mushroom” microdosimeter) fabricated using 3D
MEMS technology at SINTEF MiNaLab, Norway. This
latest design provides improvements in charge collection
efficiency (CCE) and well- defined SVs through 3D detector
technology compared with previous generations that used
planar technology [2]. The well-defined SVs demonstrate
minimal charge sharing and much more improvement in
terms of low energy event reduction.

Currently, ions such as He, C, O, and Ne are being used in
clinical scenarios of multi-ion therapy treatment plans [3]. Si,
Ar, and Fe ions were also investigated to link to space
applications associated with GCR particle sources. When
measuring these high LET ions, especially with  low energy
threshold in readout electronics , events with very low energy
were observed in MCA spectra. These low energy events
may deteriorate the microdosimetry spectrum and result in
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underestimation of the microdosimetric quantities used to
determine RBE. This must be investigated to address if any
effects by low energy events are observed in microdosimetric
measurements with high LET ions wusing the SOI
microdosimeters.

This work focuses on investigating the response of the SOI
microdosimeter to Ar ions when the microdosimeter was
placed behind different thicknesses of PMMA layers.

2. Materials and Methods
A. Structure of 3D “Mushroom” Microdosimeter

The 3D trenched-planar Mushroom SOI design used in
this study features 10 pm thin active layer cylindrical
sensitive volumes [4] [5]. There are 40x40 SVs connected in
parallel, and the diameter of each SV is 18 um, with a total
active area of 2x2 mm? [5].

p+ trench (walls doped)

polysilicon .D-'YPe .m ..,.

Fig. 1: Trenched-3D Mushroom with planar core SV: (a) Schematic of
single SV, (b) Cross-section of schematic, (¢) SEM image of SV array
[4].

The silicon surrounding the cylindrical volumes has been
etched away to form the 3D SV structure, with a planar n+
inner core produced by ion implantation. The SV is
surrounded by an outer trench with p+ doped walls, which
has been filled with polysilicon [4]. This trench acts to isolate
adjacent SVs, providing well-defined geometry and allowing
no charge collection between SVs (which was observed
minimally in previous generations) [5]. Another
improvement in this design is the addition of p-stop
implantation, connected to the p+ doped wall the cylindrical
trench. This allows conformal charge collection to the SV
during high-intensity irradiation, by avoiding the effect of
positive charge build-up in the field oxide layer between SVs
aiming to avoid low energy events [6].

B. MicroPlus2 Probe

The new microdosimetric probe, named the MicroPlus2
Probe, was developed at CMRP in which the microdosimeter
is inserted. The MicroPlus2 probe connects the arrays of the
Mushroom microdosimeter to the low noise spectroscopy-
grade charge sensitive preamplifier (CSA). The new
MicroPlus2 Probe now features a built-in pulse shaping
amplifier, integrated on-board in the PCB. This addition is a
significant improvement over its predecessor, which greatly
simplifies the setup process and reduces noise.



Fig. 2: MicroPlus2 Probe with SOI microdosimeter inserted. Built-in
shaping amplifier indicated in orange region.

With the microdosimeter placed in the MicroPlus2 Probe,
it can be inserted into a dedicated sheath. The sheath material
is made using tissue equivalent resin, with different sheath
options prepared for various applications. These include
cylindrical and rectangular sheathes, with options for
open/closed window, depending on whether the application
is in free air or water. The sheathes are wrapped with
aluminium tape to reduce any external RF noise pick-up by
the microdosimeter.

Fig. 3: CAD render of MicroPlus2 Probe inserted in rectangular sheath.

B. Irradiation Facility at the Heavy lon Medical Accelerator
in Chiba (HIMAC), Japan

In this experiment, mono-energetic *“*Ar ions with initial
energy of 500-MeV/u were used to irradiate the
microdosimeter at HIMAC, Japan. The primary aim of the
experiment was to benchmark the response of MicroPlus! to
MicroPlus?2 in the same high LET radiation field conditions.

The microdosimeters were connected to respective
MicroPlus probes, which output to Amptek 8000D MCAs.
The MicroPlus probes was mounted in free-air, facing the
beam on the central axis. PMMA range shifters upsteam
allowed measurements along the BP in water equivalent
thicknesses (WET).

3. Results and Discussion
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Fig. 4: yp distribution as a function of WET for 500 MeV/u “°Ar ion
converted from silicon to tissue, comparing experimental measurements
to Geant4 simulation.
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Fig. 5: The response of the Mushroom microdosimeter to 500 MeV/u
“Ar ion converted from silicon to tissue. (a) MicroPlus2 experimental
measurements, (b) MicroPlusl experimental measurements, (c) Geant4
simulation of MicroPlus microdosimeter.

Fig. 4 shows the yp, distribution as a function of WET as
measured by the SOI mushroom microdosimeter in a free air
geometry, downstream of a PMMA phantom at various
depths. The response of both probes had similar yy, values.

Fig. 5 shows the microdosimetric spectra that was used to
calculate the yp values shown in Fig. 4. It can be observed
that at the BP region and distal part of the BP, lineal energies
of up to 2000 keV/pum were recorded experimentally. The
main improvement of the MicroPlus2 probe is larger
dynamic range while ability to record much lower energy
events (due to lower noise threshold). This is demonstrated
in the response of MicroPlus2 in Fig. 5a, with lower lineal
energy threshold of 0.7 keV/um recorded. This allows the
measurement of lower energy events which are normally
below the noise floor of the MicroPlus1 system.



These low energy events (below 10 keV/um) are observed in
the Geant4 simulations, but with a lesser overall contribution
to microdosimetric spectra than that of the experimental
measurements.

4. Conclusions

The results demonstrate the performance of this version of
theSOI mushroom microdosimeters in conjunction with a
new MicroPlus2 probe when measuring high LET ions (up to
2000 keV/um), with some attributing low energy events
observed in the extremely low energy region. This result is
acceptable for microdosimetry of proton and ion therapeutic
beams up to Ar or Fe ions. This has been demosntrtaed in this
work by measuring with the high energy resolution and larger
dynamic range \ the microdosimetric spectra for 500 MeV/u
“OAr ions at HIMAC.

The new MicroPlus2 probe has been demonstrated as
having comparable response to its predecessor, though with
the added advantage of measuring much lower energy events,
due to improved built-in pulse shaping electronics.
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In the full paper, a comparison of measured and simulated
with Geant 4 microdosimetric spectra and yp, values for 500
MeV/u *°Ar ions will be presented.. The further reduction of
parasitic low energy events when measuring high LET ions
will be addressed in the next batch of fabrication via heavily
doped p+ stop layer on the surface of the microdosimeter.
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Tests of Particle Telescopes for JUICE and other future missions of ESA
22H414
W. Hajdas?, R. Marcinkowski® , L. Mirjanovic® and H. Kitamura®

Abstract

After a successful launch of the ESA JUICE satellite
on 14 April 2023 the Radiation Hard Electron Monitor
RADEM was switched on and underwent its
commissioning phase. The detector has been operating
successfully since then. During the Earth gravitational
assist, the instrument passed through the radiation belts,
allowing for verification of its detections of energetic
electrons. Currently, the instrument is being optimized,
and its data awaits processing at the 1st level, followed
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by its dissemination. PSI has provided a database
container for the RADEM data, including its quick look
facility based on Graphene software. One can also
include a simple first analysis based on a Python script
library. The application is ready for use and awaits ESA
permission to publish it. Preliminary data of RADEM are
shown in Figure 1 below. One can see very strong Solar
Particle Events largely exceeding the prediction of the
strength for Solar Cycle 25.

1
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Figure 1: RADEM preliminary data set until the end of March 2024. Events from the PD1 channel are presented. One
can see the constant Cosmic Ray background and several strong Solar Energetic Particle events.

After successfully testing the HIT telescope, our
efforts moved to design and construction of the new
instrument called AMORE: Aerospace Measurement of
Radiation Environment instrument. This development
aims to provide an affordable, small, and low-power
consumption particle spectrometer for use on either
ground or in aerospace, i.e., airplanes and satellites. The
monitor should measure both charged and neutral
particles and distinguish them, initially using the
coincidence/anticoincidence principle. It should also
separate different species of charged particles based on
the de-E nuclear physics detection technique. In the first
stage the position sensitivity and quenching tests are
being performed. The current development stage goal is
to demonstrate the AMORE principle during airplane and
balloon flights. The instrument will consist of a sandwich
of dE-E-dE scintillators. The dimensions are 52x52x2
mm3 for dE detectors and 50x50x50 mm3 for the E
detector. The current experimental phase used only fast
scintillators. During the breadboard model tests, one used
the standard DRS4-based waveDREAM data acquisition
system and a single PCB with just one DE plastic sheet.
The first goal was to demonstrate its ability to detect
gamma-rays, protons, and heavy ions using a small area
SiPM from HAMAMATSU. These tests were conducted
at PSI PIF (protons) and EMON (electrons) beamlines as
well as in HIMAC heavy ion biology beamline. The
results were positive and showed that with multiple

183

SIPMs of only a small area, one can successfully
perform dE measurements of incoming radiation. Figure
1 presents the diagram of the full AMORE and its dE
readout part of the DM.

PCB Extensions |

|
i /

Figure 1: AMORE telescope with one central E-
scintillator and 6 thin dE-thins scintillators (left), Thin
plastic on the PCB with the readout via eight SiPM
paired at each corner given four input channels (vight).

1. RESULTS

Figure 1 (right) shows the simplified dE DM. It is
being used to test the distributed readout of the plastic
scintillator and verify the position sensitivity of AMORE.
The position sensitivity would allow measuring the
angular distributions of the incoming radiation in space
or onboard balloons and airplanes. All measurements
were conducted from March 2024 until March 2025. One
used various sources of radiation and concentrated in the




first stage on angular distributions and scans over
positions of the oncoming radiation. The position
sensitivity was tested at PSI using different particle
beams. The full plastic area (52x52 mm?2) was scanned
using equally distributed positions with a 5x5
measurement matrix (25 points in total). Setup for
measurements using 200 MeV protons from the PIF
facility is showed in Figure 2 (left) while angular tests
arrangement in HIMAC is seen on Figure 2 (right).

Figure 2: dE scintillator part in PIF (left) similar
arrangement with a full box in HIMAC (right).

During various initial tests, one collected the waveforms
from detected pulses. One used four different types of
scintillators wrapping: white paper, Wikuiti foil,
Aluminum foil, and no wrapping. Both electron and
proton tests were done for four types of wrapping as
defined above. The first analysis used the mean value of
the built histogram for comparison of signal pulse height
and calculations of the signal position sensitivity.

® NoWrapping: y = 514.08x + 72.06, R = 0.9999
14

Total Amplitude (mV]

Figure 3: Amplitude vs proton deposited energy.

The first test determined the dependence of the measured
amplitudes on the proton energy loss — Figure 2. Figure 3
presents the signal amplitude dependence on the hit
position of the incoming particle. Results here are given
for the no-wrapping case in form of amplitude maps.

Figure 3: Amplitude detection maps from electron scans.

One can see that each corner of the scintillator has the
highest observed amplitudes for pulses hitting in its
nearest vicinity and the lowest ones at the largest
distance. Such characteristics allow for a unique and
accurate detection of particle hit positions. Similar
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results were observed for all four types of wrapping. One
can see in Figure 4 that the best results, i.e., the highest
sensitivity, are obtained for the no-wrapping and paper
wrapping cases. The Aluminum and Wikuity wrappings
give the values that are by more than 30% lower. Slightly
higher values are for proton tests in which signal
amplitudes were also much higher. One can also notice
that the Wikuity and the Aluminum have much higher
values of signal amplitudes due to much better light
collection — see the curves in Figure 3.
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Figure 4: Comparison of the measured particle hit
position sensitivities for electrons and protons /

The comparison of sensitivities for protons and
electrons shows results that are similar within about +5%
for no-wrapping and paper wrapping, where the light
collection is very uniform. Differences for Wikuity and
Aluminum are bigger i.e. about +£15%-20%, due to
light-collection and optomechanical non-uniformities.
Further studies of these effects using Monte Carlo
simulations are ongoing.

2. Summary

The first demo model of the AMORE 4pi particle
telescope was developed and tested with different types
of radiation fields. It aims to demonstrate the potential of
a small and affordable particle monitor to determine the
type, energy, and direction of incoming particles. The
first tests were conducted at HIMAC and at PSI in 2024
and 2025 with results confirming AMORE abilities. The
12C tests at HIMAC provided incoming angle data,
while the proton and electron tests at PSI allowed for
determining the particle position sensitivity. The results
were obtained for four types of wrapping. The best
sensitivity is obtained for paper and no-wrapping cases.
Aluminum and Wikuity wrapping have lower sensitivity
values of more than 30%. They, however, allow for much
better light collection, offering signals that are at least
twice as large as in other cases. Further studies of the
instrument are ongoing. The following future tests will
determine the sensitivity for particle type detection using
the dE-E technique and the pulse shape discrimination
method. Additional tests are planned for the separation
potential between protons and neutrons and electrons and
gamma rays. Further experiments will also determine
quenching factors in the E scintillation material with
Nal(TI) and LYSO as main candidates. We also plan to
study AMORE for a potential use in radiation dosimetry.
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Abstract

The Background and Transient Observer (BTO)
onboard the upcoming Compton Spectrometer and
Imager (COSI) Small Explorer mission is designed to
provide light curves of the spatially and temporally
varying soft gamma-ray background, as well as spectral
information on transient phenomena such as gamma-ray
bursts, magnetars, solar flares, and terrestrial gamma-ray
flashes. BTO employs two scintillator detectors with
SiPM readouts to detect gamma rays in the ~30 keV to 2
MeV range. To validate the design of the readout circuits
and to investigate after-pulse signals induced by high-
energy ions, we conducted a series of experiments at
HIMAC between 2022 and 2024. The ions used were
carbon at 350 MeV/u and iron at 500 MeV/u.
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Abstract

We are developing the active target
CAT—-M to determine the macroscopic
properties of nuclear matter, such a
s nuclei and neutron stars. This resea
rch requires systematic measurement
s of various nuclear reactions on bot
h the stable and unstable nuclei. In th
e present study, to further improve m
easurement accuracy, we carried out p
erformance evaluations of newly deve
loped readout pads for the Beam TPC (T
ime Projection Chamber), designed for
beam tracking, and evaluated the rate
of the ion backflow, which causes dist
ortion of the electric field caused by
space charge effects due to intense he
avy—ion beams. Data analysis is curre
ntly ongoing, and this report outlines
the current status of these evaluatio
ns.

The equation of state (EOS) of nucle
ar matter governs its fundamental pro
perties and plays a critical role in un
derstanding the structure of neutron
stars and finite nuclei [1]. Of particul
ar importance is the experimental con
straint on the isospin dependent inco
mpressibility Kt [2]. Determining Kt r
equires systematic measurements of t
he isoscalar giant monopole resonanc
e (ISGMR) across a wide range of nucle
i, including unstable ones. To address
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this need, we are developing the activ
e target CAT—M, consisting of time pr
ojection chambers (TPCs) and silicon d
etectors. In previous studies, we have
achieved beam intensitiesof upto1l M
Hz heavy ions per second. By installin
g a dipole magnet inside the recoil TP
C, we successfully suppressed backgro
und events caused by a large amount o
f the delta electrons. A tiny TPC (Bea
m RPC) is recently introduced, which 1
ocated as closes as the recoil TPC, to
measure the beam position and directi
on precisely.This study aims to addre
ss the following two issues to improv
e tracking accuracy: (1) Mitigation of
electric field distortion through supp
ression of ion backflow, and (2) Enhan
ced position resolution through small
er size readout pads.

The CAT—M consists of the Beam TPC
for beam tracking, the Recoil TPC and
silicon detectors for recoil particle d
etection, and dipole magnets for the s
uppression of delta electrons. Both th
e Beam and Recoil TPCs collect ioniza
tion electrons generated by charged p
article passage using a uniform electr
ic field formed by a field cage. These e
lectrons are multiplied by THGEMs [3]
and subsequently detected by readout
electrodes, allowing the reconstructi
on of particle trajectories based on d
rift time and position. However, ion b



ackflow—positive ions generated duri
ng multiplication drifting back into t
he field cage—degrades tracking accu
racy due to the distortion of the elec
tric field by the ions. In the Recoil TP
C, such distortion can cause trajector
y shifts of approximately 1 degree in t
he CM system, corresponding to energ
y shifts of ~1 MeV in the excitation sp
ectrum. Furthermore, in the current B
eam TPC configuration, local degradat
ion of spatial resolution by a factor o
f five has been observed due to limita
tions in readout electrode geometry a
nd layout.

To address these issues, we conducted e
xperiments to evaluate ion backflow using t
wo types of THGEMs with different hole con
figurations and to assess the performance o
f a newly developed readout electrode for t
he Beam TPC.

. ]

Beam
TPC @

Beam
TPC2

MWDC SRPPAC MWDC

Figurel: BeamExperimental setup. Beam TPC @
was used for ion backflow evaluation, and Beam
TPC ®, MWDC, and SR—PPAC for position resolu
tion evaluation.

The experimental setup is shown in Fig. 1.
Two Beam TPCs are located between two MWDC
s [4] and one SR-PPAC [5],
reference of the beam trajectory.

Each Beam TPC consists of a field ca
ge, multiplication stage, and readout
electrode. In this experiment, as show
n in Fig. 2, we used a 3—stage stack co
mprising two Normal THGEMs (left pan
el) and one Flower THGEM (middle panel),

alternately layered at 2mm intervals.

which gives the
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Figure2 : Hole configurations of the Normal (left) a
nd Flower THGEM (middle)

We evaluated the ion backflow ratio by a
nalyzing the electric field between stacke
d THGEMs and measuring the current values a
t the upper electrode of the field cage an
d at the readout electrode by using the cu
rrent monitors. The analog outputs of the ¢
urrent monitors were digitized using a wav
eform digitizer (CAEN V1740).

rovides the ion backflow signal,

The former p
while the
latter captures the electrons. Typical wav

eforms are shown in Figure 3.

Sums(at1].fSample)/at(1].fSample@.size():at[1] Time"8e-9

| . L
i M [

00

Figure3 : Anode signal (top) and cathode signal (bo

ttom).

Acquired waveforms from the anode (electro
bo

The horizontal axis is time in seco

n signal, top) and cathode (ion signal,
ttom).
nds. A periodic structure of 3.3 seconds i
s observed. The ratio of electron to ion s
ignal is currently under analysis to evalu
ate ion backflow.

Beam TPC @ is equipped with a reado
ut electrode consisting of 60 equilate
ral triangular pads (3 mm side length),
as shown in Fig. 4. Using both low—-int

ensity (~10kHz) and high—intensity (~



100 kHz) beams, we examined position—
dependent response and intensity dep
endence.

hPad

'\ 4

>

=

[
e

EH S0 A 7

(Top)

Figure 4 : Hit pattern, (Bothom) position dis

tribution.

The top figure shows the number of hits
on each pad, visualizing their response to
passing particles. Blue pads indicate elec
trodes for which data was not acquired due
The bottom figur

e presents the position distribution recon

to circuitry constraints

structed from the charge-weighted centroid
The beam
spread was approximately 30mm from the cen
ter of the Beam TPC. A dip of about -6mm c

orresponds to the position of a non—functi

using only the first row of pads

oning pad as seen in the top figure. The f
urther analysis is ongoing.
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Abstract

We have studied charge changing interactions of
nuclei from intermediate to high energies. The charge
changing cross sections of heavy ions are sensitive to the
point-proton radii of projectiles, thus being a new tool to
investigate nuclear structure far from stability. For
establishing a new method, we precisely measured the
charge changing cross sections of “°Ti on a carbon target
at intermediate energies at HIMAC. This would be a part
of basic reaction data base to clarify the charge-
changing reaction mechanism and for general
applications in various fields.
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Abstract

For the particle detector in high radiation environ-
ment, we have developed new semiconductor detec-
tors by the Cu(In,Ga)Ses (CIGS) and Gallium Nitride
(GaN). In 2024, a thick type CIGS detector and the
GaN pixel detector were tested with 290 MeV/n Xe
beam at the HIMAC. For the CIGS detector, the 5
and 25 pm-thick sample were irradiated by Xe ions and
outputs are increased for thicker sample as expected.
The first prototype of GaN pixel detector successfully
detects the Xe particle as well as the strip type GaN
detector tested in 2022.

1 Motivation

Silicon is commonly used as a sensor material in wide
variety of imaging application. In recent high energy
and intensity beam experiments, high radiation toler-
ance is required and new semiconductor detector con-
sists of radiation hard material have been investigated.
A wide-gap semiconductor, such as Gallium Nitride
(GaN), is one of good candidates with high binding
energy among nucleons and low leakage current. The
Cu(In,Ga)Ses (CIGS) semiconductor is also expected
to have high radiation tolerance with the recovery fea-
ture with the compensation of defects by ions.

The small samples of CIGS (2 pm thick*) and GaN
(2, 10 pm thick) detectors were tested with 400 MeV /n
Xe beam at the HIMAC and both successfully detected
Xe ion as a single event. For the CIGS detector, the

outputs reduced by irradiation of the Xe beam, while
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it was recovered with the heat annealing at 130 °C [1].
To see more details of recovery behavior of the CIGS
detector, the 2 um thick were irradiated Xe ions with
high rate and long time, up to 0.8 MGy. The repetition
about recovery is confirmed. The heat annealing has
temperature dependence and it seems there is sharp
changes between 90 and 130 °C. For the GaN detector,
the GaN strip detector successfully detected the Xe ion
[2]. They are summarized in publications [3], [4], [5].
In 2024, thicker CIGS sample, 5 and 25 pum, were ir-
radiated and tested in terms of output charges. About

the GaN, first pixel type detector was irradiated.

2 Setup

2.1 CIGS and GaN detector

The CIGS and GaN strip detectors are shown in Fig-
ure 1. The geometries of CIGS in each pad are circle
shape with ¢=500 pm and ¢$=100 pum for 5 ym and 25
pm active layer thickness samples, respectively. About
the GaN pixel detector, pixel size is 100x100 pm? and

the active layer is 10 pm.

2.2 Setup at HIMAC

The experimental setup is shown in Figure 2. In pre-
vious twice irradiation tests, we used 400 MeV MeV /n
Xe beam at the physics and general-purpose irradia-
tion room, but it has been shutdown from 2023 un-
fortunately. Alternatively, the 290 MeV /n was used at
the biological irradiation room. Actually 290 MeV /n is
the value of the acceleration, while the beam energy at
our sample location may be reduced to 170 MeV/n due
to the air and materials on the beam trajectory which
was reported at other experiment in this room [6]. Ba-

sically the same readout equipments were used as in



the previous experiments. The beam size was adjusted
about ¢ 5 mm by a fluorescent plate at the beginning.
During irradiation, the beam power was typically set

to 3x10° particles per pulse.

Fig. 1: Sample pictures of Left) the CIGS detector
Right) the GaN pixel detector

Fig. 2: Setup of the beam test in 2024. Left) The CIGS
detector Right) Whole view at the biological irradia-

tion room.

3 Results

For the CIGS detector, outputs of the 5 and 25 um
thick sample are shown in Figure 3. High voltage are
supplied as -5.6 V and -16.6 V for 5 and 25 pum thick
sample, respectively. The outputs are roughly 4 times,
they are close to proportional response, but 25 pum is
bit smaller than the expected. For the 5 pum sample,
it was fully depleted, while the 25 ym sample was par-
tially depleted, it may cause charge collection defer-
ences between them.

For the GaN pixel detector, it successfully detected
the Xe ion as shown in Figure 4. We can see a single
pixel hit event-by-event and signal peak which is well
separated from the noise. The device is successfully
supplied bias voltage up to 200 V and still it is not fully
depleted as shown in Q-V curve. With the comparison
with the a-source outputs, the charge correction is 16
times higher, it is almost expected with the GEANT4

simulation. More detailed study is on going.

4 Conclusion

For the particle detector in high radiation environ-
ment, we have developed new semiconductor detectors
by the CIGS and GaN. For the CIGS detector, 5 and

25 pum thick samples were irradiated. The outputs are
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Fig. 3: CIGS detector outputs with Xe ion irradiation.
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Fig. 4: Left) Single Xe ion event detected by the GaN
detector. Right) Q-V curve with a-particle and Xe ion.

roughly 4 times, close to the proportional response, but
25 pum was bit smaller than the expected. It may be
due to partial depletion of the 25 pym thick sample.
About the GaN detector, first pixel type detector
was irradiated. It successfully detected the Xe ion and
output is almost consistent with the expectation of a-

source experiment and GEANT4 simulation.
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Abstract

Synthesizing heavy elements using fusion reaction often suffers from the fusion hindrance by quasi-fission.

To evaluate fusion hindrance effects in heavy-ion reactions to form the compound nucleus of around Z~90

and to search for new isotopes, a heavy ion collision experiment was conducted at the medium-energy

beam line in HIMAC early 2025 using '3*Xe beam of 6 MeV/nucleon upon a target of ¥Y of 2.5um

thickness. Thanks to the inverse kinematics, the evaporation residue moved downstream and stopped in the

implantation graphene sheet. The alpha decays from the residues were detected by position-sensitive

mosaic detectors in beam-off periods. An additional offline activation in the implantation material was

measured with the HPGe detectors.

1. Background and Motivation

An "island of stability" is predicted near Z=114
and N=184, where nuclei can exhibit extremely
long half-lives due to shell effects. Synthesizing
these nuclei via heavy-ion fusion requires a
detailed understanding of the fusion dynamics.
Particularly under conditions where the product of
atomic numbers, referred to as Z;Z,, of projectile
and target exceeds 1600, the production cross
section exponentially decreases as a function of
7.7, which is called fusion hindrance.

In past studies, superheavy elements (SHEs) have
mainly been synthesized via highly asymmetric
systems such as “Ca + actinide targets to avoid the
fusion hindrance. In contrast, near-symmetric
systems like the present case of **Xe + *Y have
not been studied yet well because they are
expected to suffer from the fusion hindrance.
According to a phenomenological formula of the
fusion hindrance [1], the production cross section
of evaporation residues (ERs) in the present
system of '¥Xe+%Y is expected to be suppressed

by as large as 10*. The systematic study of near

symmetric reactions may lead to a new
experimental method to synthesize SHEs. The
compound nucleus ?*Np formed in this reaction
system decays via alpha emission after the neutron
evaporation, which can be effectively detected
using in-beam spectroscopy in inverse kinematics.

2. Previous Studies and Objectives

In the 23H466 experiment, the fusion reaction of
the 13Xe beam with the ™'Zn target was studied,
confirming the feasibility of measuring alpha
decays from ERs in inverse kinematics using an
optimized detection system. Because of the inverse
kinematics, the ER still had kinetic energy enough
to exit from the target and stopped in the
implantation material. The experiment was
conducted with the pulsing beam with six spills on
and six spills off, which enabled us to measure
alpha particles from the ER freely from other
events originating from the reaction such as
quasi-fission. The energy of the alpha depends on
the emission angle from the implantation material
because the angle determines the trajectory of the

alpha inside the material. To implement the
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position sensitivity in the alpha detector, we have
developed a mosaic-type detector, which consists
of sixty-four photo-diodes of S13955-1 in 8 X 8
matrix. Each diode has an active area 7.52 X
7.52 mm? with small dead space. The position
dependent alpha energies measured were in good
agreement with the expected energy spectrum of
Po isotopes. The excitation function of the
production cross sections of ER was as large as
those synthesized by other reaction systems,
indicating no significant fusion hindrance in
136X e+"7Zn system [2].

3. Experimental Setup and Methods

The experiment was conducted at the HIMAC
MEXP beamline. The beam energy of '*°Xe was
degraded down from 6 to 4.4 MeV/nucleon by a
rotatable graphene sheet of 10um thickness. The
energy was confirmed by measuring the TOF
between a MCP just upstream of the degrader and
a plastic scintillator 181 cm downstream of the
target. The beam was directed on a target of ¥Y
evaporated on a graphene
thickness. The thickness of Y was determined to

sheet of 18 um

be 2.5+ 1.1 um by measuring the energy loss of
alpha from **!Am. A schematic drawing of the
experimental setup is shown in Fig. 1. To avoid the
damage from fission, the implantation material
was separated from the target by 5 cm. A mosaic
detector was located between the target and the
implantation material. They were placed not to
face the target. Two large-area PIN Si photodiodes
of 5x5cm? (Hamamatsu S14536) were also
placed downstream. The beam was injected on the
target in a pulsed mode with two spills on and two
spills off.

During the break in the daytime, the activation of

the implantation material were measured with

—30, 181.45cm
| AT —

mosaic
£1.9cm

\aleha

: 2.50m Y Largel, \ i
. / | [
136Xe
stopper

— Graphene degrader

Micro Channel Plate:
Time of Flight

pad

Figure 1 A schematic drawing of the
experimental setup.

HPGe detectors.

4. Discussion and Summary

Cross sections to synthesize 2’Np from “Ar+!'35Re
reaction which formed the same compound
nucleus ?>’Np as the present system was measured
to be 40122 pb at 200 MeV in the center of mass
energy [3]. The simple consideration with the
fusion hindrance and the compound forming cross
section of 22°Np, a few events were expected to be
observed in the 3 days MT with !3Xe+¥Y.
However, surprisingly, we measured several alpha
particles for 1 hour, indicating the production cross
sections of heavy elements of around 1 ub. This
means no fusion hindrance in this system. Further
analysis on going.
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Abstract

This report summarizes the progress for the first year
of work on the ‘Nuclear Fragment Spectrometer”. The
goal of this project is the design and construction of a
lightweight instrument for measurement of light ion cross
sections. Work this year validated key experimental
concepts for the spectrometer culminating in the assembly
of a prototype system at the end of the years work.

1. Background

The objective of this work is the construction of a compact
spectrometer capable of measuring double differential
cross sections of light ion fragmentation by use of
Timepix3 hybrid pixel detectors with a magnetic analyzer.
Measurement of these cross sections (especially
production of H, D, T, He3 and He4) is needed to fill key
physics gaps in space radiation transport codes. The basic
principal of operation is use of a pair of Timepix3 for
particle tracking, magnetic deflection for Z/A
discrimination and a steeply tilted Timepix3 analyzer for
identification of particle kinetic energy given an input
charge (figure 1). Compared to existing ground based
spectrometers this device is very small and light and can
be considered the first stage proof of concept for future
space based spectroscopic instrumentation. This work
builds on our previous work at HIMAC over many years
which has focused on the application of Timepix to space
radiation measurement which has resulted in many flight
instruments including detectors on the International Space
Station, the Orion Spacecraft (Artemis I), the “Biosentinel”
and “Peregrine Mission 1 scienctific probes and the
Polaris Dawn and Fram2 private astronaut missions.

H H H >
=8
Jeam H U U —
Primary Fragment Magnetic
counter timing and fiter

positioning
(TPX3)

Fragment

deflection
and LET
(TPX3)

Taraet 1—‘ Synchronized detectors 41

Figure 1 — Nuclear fragment spectrometer conceptual
design

2. Prior Work

This was the first year of this project, however prior
measurements at HIMAC (as part of a different project)
had shown that hybrid pixel detectors could measure
charge changing cross sections down to Z=1.

207

3. Results

Experimental work at HIMAC and other facilities was
largely based around development and testing of the
spectrometer hardware. Key goals for the year were;
design of the initial spectrometer components including
stages and magnet (figure 2), validation of the magnet
design; optimization of the tracker including detector
separation distance; development of procedures for
precise alignment of the detector elements using particle
beams, testing of time synchronization, measurement of
the tracking uncertainty and triggering of the 4 detector
stack and test reconstruction of the particle tracks through
all 4 layers of silicon.

B-feld magnitude (Testa)

Figure 2 — Finite element simulation (left) and
experimental magnet design for ‘halbach array’ style
deflection magnet

This testing was achieved over the year through a
dedicated testing campaign including lab testing and 3
beams — one with protons at the Chicago Proton Center,
carbon ions at HIMAC and then a variety of species at the
NASA Space Radiation Laboratory. At the end of this
period all test objectives were completed.

The basic magnet design and deflection was validated in
a vacuum chamber at JSC, during test runs at HIMAC
triggering and simultaneous acquisition of the data was
confirmed with resolution of 5 ns (figure 3), as well as
optimization of the tracker, validation of the developed
detector alignment procedure and measurement of the
tracking uncertainty (figure 4). Magnetic deflection was
also measured to demonstrate energy discrimination
(figure 5).
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Figure 2 — Time coincidences between detector pair
measured with two of the four Timepix3 detectors. The
tracks are coincident with a resolution of ~5 ns.

tracking performance vs analyzer distance

- 3¢
°
e p*
504 y = 3.54e-02x + 3.60e+00

Std tracked position (pixels)
w N
§ 8

N
o
1

104 = 7

tracker separation = 170.16 mm

160 2(')0 360 4(I)0 560 660
2nd tracker to analyzer (mm)
Figure 3 — Measured tracking uncertainty, in units of 55

um pixels, for protons and carbon

20
*
18
T
g *
[
8 16
©
c
<
®
5 14
B *
Q
=
)
o
12 +
10

50 100 150 200 250 300 350 400 450

Energy (MeV/u)

Figure 4 — Mean deflection at analyzer for fixed magnet
design as a function of Helium kinetic energy.

Essentially, this campaign was used to validate and refine
all of the key parts of the experimental design. Following
this a later campaign at the NASA Space Radiation
Laboratory in October put all of the pieces together
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including magnet, 4 layer tracker and target and attempted
a real cross section measurement as shown in figure 5.
Analysis of this data is ongoing but has already driven
several experimental optimizations to the setup including
aneed to improve the calibration of the analyzer Timepix3
detector, to experimentally calibrate the magnet and
possibly to use a second magnet to increase the magnetic
deflection.

Fgure 5 — Complete cross section mesurement setup
including (1) counter, (2) polyethelene target, (3) tracker,
(4) deflection magnet and (5) analyzer stage.

Work this year will focus on the following experimental
aspects
(1) Attempts to measure a simple experimental cross
section in the forward direction and compare to
reference data — for example 400 MeV Carbon
on Aluminum
(2) Fine tuning of the experimental setup including
use of a second magnet to increase the magnetic
deflection, improving the calibration of the
Timepix3 detectors to high LET particles using
existing methods in the literature and direct
calibration of the magnetic deflection instead of
relying on finite element modelling as has
previously been used.
And if experimental time permits:

(3) Measurement of a simple experimental cross
section at several angles not in the forward
direction.

Ultimately this project would expand to use multiple
setups in parallel for simultaneous measurement of
fragments created at several different angles by multiple
targets.
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Abstract

In FY2024, we conducted two successful
experimental campaigns at HIMAC using 400
MeV/u carbon (July 2024) and neon (March 2025)
beams. These experiments were essential for the
development and validation of the PARDAL
dosimetry system—an advanced hybrid detector
tailored for space applications, particularly in LEO
and deep-space environments. Our main focus was
to characterize detector response over an extended
energy range and validate LET measurements in
silicon and tissue-equivalent materials using high-
LET ions. These results support the system’s
readiness for future satellite deployment..

1. Background and objectives

The PARDAL (PArticle Radiation Detector At
Low-earth orbit) project aims to deliver precise,
energy-resolved dosimetry for ionizing radiation in
space. The detector integrates silicon diodes and
scintillators to provide time-resolved spectra of LET,
absorbed dose, and dose equivalent. Extending the
measurable energy range of the system is crucial for
capturing the wide variety of particles encountered in
space.

In FY2024, the awarded HIMAC beamtime (C 400
MeV/u and Ne 400 MeV/u) allowed us to
characterize and validate the performance of our
upgraded readout system and assess LET
measurement capabilities under known conditions.

2. Materials and methods

The PARDAL project aims to deliver precise,
energy-resolved dosimetry for ionizing radiation in
space. The detector integrates silicon diodes and
scintillators to provide time-resolved spectra of LET,
absorbed dose, and dose equivalent. Extending the
measurable energy range of the system is crucial for
capturing the wide variety of particles encountered in
space.

In FY2024, the awarded HIMAC beamtime (C 400
MeV/u and Ne 400 MeV/u) allowed us to
characterize and validate the performance of our
upgraded readout system and assess LET
measurement capabilities under known conditions.
Using CTED it is possible to measure and compare
LET in silicon and tissue equivalent material (plastic
scintillator). As it is a new concept, it is crucial to
perform measurements with a variety of high LET
particles in known conditions.

We tested the properties of the Si-diode separately in
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a model configuration in the LABDOS detectors
(https://github.com/UniversalScientificTechnologie
s/LABDOSO01). The detectors were tested in a He
beam, 150 MeV/u. The aim of the experiment was to
determine the depth of the depleted region of the
diode.

3. Summary of previous years

Our HIMAC-related activities began in FY2023,
when we were granted beamtime on April 24th, 2023,
using a 150 MeV/u helium beam in the BIO exposure
room. This session served initial validation of the
PARDAL system components:

Low-fluence irradiations with variable PMMA
filter thicknesses and incidence angles were
performed for individual subsystems—CTED
(Combined Tissue Equivalent Detector), LABDOS
(standalone silicon diode system), and Liulin (a
legacy dosimetry instrument). These tests aimed to
assess basic functionality, energy response, and
angular  dependence  under  well-controlled
conditions.

Additionally, ~LET  measurements  were
previously carried out with CTED at HIMAC using
Si (290 MeV/u), N (350 MeV/u), and Ar (500
MeV/u) beams. The objective was to verify the LET
response of both silicon and plastic scintillator
channels. While the silicon detector yielded reliable
LET values, the scintillator channel showed signs of
signal oversaturation. Despite this, we successfully
extracted a “LET equivalent” by normalizing the
signal amplitude with respect to track length.

For each ion, the calculated LET in polyethylene (as
a tissue-equivalent material) and silicon was
compared with the experimentally determined “LET
equivalent” obtained from the scintillator and silicon
diode detectors.
For Si-ions, the calculated LET was 0.75
MeV-cm?*/mg in  polyethylene and  0.57
MeV-cm?’/mg in silicon. The corresponding
measured “LET equivalent” values were 17.3 in the
scintillator and 4.3 in the silicon detector.

For Ar-ions, the calculated LET values were 0.94
MeV-em?/mg in  polyethylene and 0.73
MeV:-cm?/mg in silicon, while the measured “LET
equivalent” values were 19.1 in the scintillator and
4.7 in silicon.

For N-ions, the calculated LET was 0.17
MeV-cm?’’mg in  polyethylene and 0.13
MeV-cm?mg in silicon. The measured “LET
equivalent” values were 10.3 in the scintillator and
2.3 in silicon.

These  results  demonstrate a  consistent
proportionality between the measured “LET
equivalent” and the expected LET wvalues,



confirming the detector’s ability to distinguish ion
species based on their energy deposition
characteristics.
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Figure 1. Fragmentation of the Ne-ions visible in the energy deposition spectra obtained with Si-PIN diode.

4. Results in FY2024

July 2024: C 400 MeV/u in HIMAC BIO
March 2025: Ne 400 MeV/u in HIMAC BIO

In 2024, we focused on enhancing the performance
of our silicon detector system, with particular
emphasis on extending its usable energy range.
This feature is especially important for space-based
applications, as cosmic radiation consists of a
broad spectrum of ions of various masses and
energies. A wide dynamic range allows the
detector to accurately register and characterize
both low-energy and high-energy particles, which
is essential for comprehensive radiation
environment monitoring in space.

To achieve this, we successfully modified the
readout electronics of the Si-detector, enabling it to
record deposited energies up to approximately 100
MeV, see Figure 1. This marks a significant
improvement over the previous configuration.

Figure 2. Si-detectors at test positions of the
HIMAC BIO exposure room.

To wvalidate the system’s performance, we
conducted a series of tests using heavy ion beams,
see Figure 2. These measurements confirmed that
the detector reliably covers the energy range from
40 keV to 30 MeV. The extended range and

211

confirmed sensitivity across this spectrum
significantly improve the detector’s suitability for
deployment on satellite platforms operating in
varying space radiation conditions.

4. Conclusions

The HIMAC facility was instrumental in
advancing the PARDAL hybrid detector. Our
results from FY2024 beamtime indicate the Si-
detector’s strong potential for accurate, low-power
dosimetry in  complex space radiation
environments. Continued refinement, including the
use of thinner scintillators and advanced
calibration methods, will support integration into
upcoming satellite platforms. The PARDAL
detection system, specifically designed for space
missions where heavy ions are a dominant
component of the radiation field, has demonstrated
promising performance. Through experimental
validation using heavy ion beams, we confirmed
the capability of the CTED subsystem to perform
LET measurements directly in tissue-equivalent
materials. These results are essential for ensuring
dosimetric  accuracy in  realistic  space
environments. Investigating the interaction of
well-defined ion species with solid-state detectors
remains a key part of the development process. The
HIMAC experiments provided critical insight into
the response characteristics of both the silicon and
scintillator components of the PARDAL system.
This understanding is vital for interpreting detector
data under the complex, mixed-field conditions.
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Abstract

This work is aimed at developing multiple
diagnostic methods that allow to characterize GeV-
scale ion beams driven by lasers. We have published
experimental results on solid-state nuclear track
detectors (CR-39, nuclear emulsions etc.) [4-11]
and scintillator-based detectors [12, 13] obtained

during the previous beam time at HIMAC. This year,

we continued experiments on a multi-pixel liquid
scintillator panel coupled with multi-arrayed silicon
photomultipliers (SiPMs). The multi-pixel detector
is a possible solution to enable particle counting
analysis in laser-driven experiments with limited
shot rates. The detector was also tested for its
capability of detecting secondary particles (1" etc.)
generated by the incidence of protons with energies
above 200 MeV/u. The experiment was quite
successful, and therefore, we hope to continue data
acquisition at HIMAC in future beam time.
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Clarification of the mechanism of the dose rate effect of biological

effectiveness

(24H446)
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T. Kusumoto?, T. Konishi?, T. Mamiya?, S. Yoshida®, H. Kitamura?®, S. Kodaira?

Abstract

We have evaluated changes in yields of
hydrogen peroxide and OH radicals in the
presence and in the absence of gold
nanoparticles (GNPs) to discuss a combination
treatment using GNPs with FLASH performed
at ultra-high dose rate (UHDR). To do so, we
firstly quantify the increase of OH radicals and
the decomposition of hydrogen peroxide in the
presence of GNPs under protons and heavy ions.
Hydrogen peroxide is completely decomposed
by GNPs below about 40 Gy, then increases
monotonically with dose. In comparison, OH
radicals rise in the presence of GNPs. The
present findings imply a potential of the
applicability of GNPs to radiotherapy using
particle beams. Also, this result indicates an
advantage of a combination radiotherapy using
GNPs and FLASH.
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Atmospheric Ionizing Radiation Detector Development
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Abstract

Radiation detectors under development by OSU
researchers for use in dosimetry at aviation
altitudes and in space were exposed to beams of
400 and 230 MeV/n C, and 150 MeV/n He in the
HIMAC BIO Room in order to characterize the
response of these instruments to heavy ions. The
AIrTED tissue equivalent proportional counter
and AirSiD Si PIN photodiode detector were
exposed to both the bare beam and behind
varying thicknesses of water (Binary Filter) and
then lineal energy/y and energy deposition
spectra were measured. Primary focus was on the
characterization of the AirSiD detector during
these experiments.

Introduction

The OSU Radiation Physics Laboratory is
developing radiation detectors for use in
dosimetry aboard aircraft, unmanned aerial
vehicles (UAVs or drones), and high altitude
balloons, as well as aboard spacecraft like the ISS,
and for characterizing the ionizing radiation
environment in the upper atmosphere and space.
Recent efforts focused on a detector head design
for the tissue equivalent proportional counter
(TEPC), reduction in the size and complexity of
the support electronics, and adapting the TEPC
for battery-powered operation so that it can be
used aboard high altitude balloons. This includes
incorporation of a new 4 input channel
spectrometer replacing the two 2 input
spectrometers used in the previous version. In
addition, further development needs to be carried
out on integrating the signals from the two
radiation sensors—the TEPC and a Si PIN
diode—into a single LET spectrum and
associated absorbed dose and dose equivalent
measurements, and for this the monoenergetic
beams available at HIMAC are particularly
important. The experiments would be carried out
in the HIMAC Bio Room.
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Figure 1. (t) Block diagram of the AirTED
instrument. (b) Photo of the AirTED detector for
use aboard high altitude aircraft.

2. Description of Instrument

The AIrTED detector uses two complimentary
detectors, the first needed to measure the high-
LET (stopping power) charged particles and
secondary neutrons, and the second needed to
measure low-LET charged particles and x/y
radiation. Figure 1 (t) shows a block diagram of
the AirTED instrument, while (b) is a photo of the
current version of AirTED. We are developing a
second detector, the Atmospheric ionizing
radiation Silicon Detector (AirSiD) to meet the
second need. AirSiD uses a Si PIN photodiode, a
custom designed charge sensitive preamplifier
circuit and a custom designed pulse shaping



amplifier circuit. This version is primarily for use
on stratospheric balloons where power must be
provided by batteries and the total payload cannot
exceed 3 kg.

3. Results

In order to measure the LET spectrum over the
entire range of relevance and from that to
determine total absorbed dose and dose
equivalent, it is necessary to combine the LET
spectra measured at the upper end of the spectrum
by the TEPC with that measured at by the Si diode
at the lower end of the spectrum. This requires
first converting the lineal energy spectrum
measured by TEPC to LET spectrum in water [1]
and to convert the LET spectrum in Si measured
by the Si diode to LET in water [2], so
measurements from the two instruments are
directly comparable. Then the spectra from the
two instruments need to be matched in the region
where there is good overlap in LET, roughly
between 1 and 30 keV/um.

Run 7 - SpaceTED
230 MeV/n Ne - LETy,0: 54.7 keV/um
Si& TEPC L 17.31 mm BF
—— Diode
—— TEPC HG
3 TEPC LG

Counts

10

103

10" 10° 10' 10°
LET 0 (keVium)

Figure 2. LET spectra measured in the Si diode
and in the high and low gain channels of the
TEPC in exposures to the 230 MeV/n Ne beam
and with 17.31 mm of water equivalent binary
filed in the beam. The primary peak with LET of
54.7 keV/um is visible in the low gain TEPC
channel and partially visible in the high gain
TEPC channel. Two distinct fragmentation peaks
are visible in the Si spectrum, likely due to
protons and alpha particles, but cannot be
resolved in the TEPC spectrum due to the lack of
sensitivity of this detector at lower LET.
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Run 15 - SpaceTED
150 MeV/n He - LETy,0: 2.23 keV/um
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Figure 2. LET spectra measured in the Si diode
and in the high and low gain channels of the
TEPC in exposures to the 150 MeV/n He beam.
The primary peak is visible in the Si diode, but
cannot be resolved in either the high or low gain
TEPC channels.

In order to combine results from the TEPC and Si
PIN diode detectors, we use results obtained at
HIMAC to establish the overlap regions in the
lineal energy and LET(Si) spectra measured by
TEPC and Si diode detectors, respectively. This
is illustrate using data obtained from 230 MeV/n
Ne and 150 MeV/n He beans. We identify peaks
in the spectra having known LET, these arising
either from the primary peak or fragmentation
peaks produced behind known quantities of
water-equivalent  binary filter. Following
conversion of the lineal energy and LET spectra
in Silicon into a common format, i.e. LET spectra
in water, these peaks can then be aligned with
another in terms of LET. Figure 1 shows a sample
of such spectra measured in the 230 MeV/n Ne
beam, while Figure 2 shows representative
spectra measured in the 150 MeV/n He beam.

4. References

[1] Hayes, B. M., Causey, O. 1., Gersey, B. B., and
Benton, E. R., (2022) “Active Tissue Equivalent
Dosimeter: A Tissue Equivalent Proportional Counter

flown onboard the International Space Station,” Nucl.
Inst. & Meth. A., 1028, 166389.

[2] Benton, E. R., Benton, E. V., and Frank, A. L.,
(2010) “Conversion between different forms of LET,”
Rad. Meas., 45, 957-959.



List of Publications

(M

Kodaira, S., Uchihori, Y., Iwata, Y., Makino, T., Ohshima, T., Benton, E., Zeitlin, C., and Miller,
J., (2024) “Space Radiation Research with Heavy lons at HIMAC,” Life Sciences in Space
Research, 43, 4-12, https://doi.org/10.1016/j.1ssr.2024.08.002

DeWitt, J.M. and Benton, E. R., (2024) “Secondary proton buildup in space radiation shielding,”
Life Sciences in Space Research, 41, 119-126, https://doi.org/10.1016/.1ssr.2024.02.005

Bain, H. M., Onsager, T. G., Mertens, C. J., Copeland, K., Benton, E. R., Clem, J., Mangeard, P.-
S. Green, J. C., Guild, T. B., Tobiska, W. K., Shelton-Mur, K., Zheng, Y., Halford, A. J.,
Carlson, S., Pulkkinen, A. (2023) “Improved space weather observations and modeling for

aviation radiation,” Frontiers in Astronomy and Space Sciences, 10,
https://doi.org/10.3389/fspas.2023.1149014

3)

Benton, E. R., Lee, T., Heffernan, C., Yang, M., Thornton, G., and Gersey, G., “Space Tissue
Equivalent Dosimeter (SpaceTED) and Atmospheric ionizing radiation Tissue Equivalent
Dosimeter, (AirTED), 27® Workshop on Radiation Monitoring for the International Space
Station, Boulder, CO, 3-5 September 2024.

Benton, E. R., Copeland, K., Gersey, B., Lee, T,. Yang, M., Heffernan, C. and Thornton, G.,
Progress on the Atmospheric lonizing Radiation Tissue Equivalent Dosimeter (AirTED),
2024 Space Weather Workshop, Boulder, CO, 15-19 April 2024.

Benton, E. R., “Measuring and Modeling Solar and Galactic Cosmic Radiation in the
Atmosphere for Space Weather Applications,” 8 May 2024, Research Institute for Nuclear
Engineering, University of Fukui, Tsuruga, Japan

Benton, E. R., “Measuring and Modeling Solar and Galactic Cosmic Radiation in the

Atmosphere for Space Weather Applications,” 29 February 2024, NOAA Space Weather
Prediction Center, Boulder, CO

226



Human Space Exploration — The Radiation risks and novel new detector
developments (23H474) — Annual Report FY2024
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Abstract

In the FY2024, the large, uniform,
monoenergetic irradiation field of the HIMAC's BIO
facility was leveraged to assist in the development of
detector technologies planned for human space flight and
subsequently for cancer radiation therapy.

The HIMAC Research Project H474
contributed to a feasibility study and in the development
of two novel active DLR radiation detector systems. The
temperature sensitivity of the signal yield from the
partially depleted detector M-42 POSITION was
established and the operational assessment of the newly
developed M-42 BIG’s functionality under penetrating
radiation was carried out. M-42 EXT device’s
measurement range has been expanded due to the
availability of the HIMAC beam irradiation.

1. Introduction

In the frame of this HIMAC Research Project
two beamtimes has been performed in the BIO room of
HIMAC in FY2024. Both runs were with Iron (Fe) ions
as provided in Table 1.

Table 1: HIMAC beam time (ions and energies)

Energy
Run Date Ion (MeV/n) Room
1 June 2024 Fe 500 BIO
2 February 2025 Fe 500 BIO

2. M-42 POSITION - Progress in FY2024

During both beam times the DLR’s newly developed
M-42 POSITION system has undergone several
investigations. This detector is designed to measure the
position and angle of incoming particles, with a focus on
achieving very low energy consumption. In FY2024 the
device was twice irradiated at HIMAC and we assessed
the spatial resolution of both the detector and our newly
developed readout electronics. Figure 1 shows the
pinhole collimator that was used for the detector
irradiation and the measured detector response - the point
spread function - that shows the spatial resolution of the
system. This development is the first step of our design
process for a new type of linear energy transfer (LET)
spectrometer.

During the Feb. 2025 campaign we successfully
determined the temperature sensitivity of the signal yield
from the partially depleted detector. Figure 2 shows the
measurement setup including the cooling unit. Figure 3
depicts the measured increase in the detector’s depletion
zone thickness at low temperatures. We could show, that
the +3.5% increase over the whole temperature range lies
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within our error margin. This achievement was made
possible only thanks to the use of penetrating heavy ions
at HIMAC.

Y-Axis in mm

X-Axis in mm

Figure 1: M-42 POSITION: Top - pinhole collimator.
Bottom - measured point-spread function.

As an outcome of those irradiations at HIMAC, a patent
application for this device has been filed recently.

Figure 2: M-42 POSITION in the BIO-room during
investigation of the temperature sensitivity of the
depleted volume at HIMAC.

The wused position sensitive detector (Hamamatsu)
exhibits still unexplainable discrepancy in signal yield
compared to position insensitive detectors. Further
irradiations will be necessary for us to understand the
underlying differences in charge collection process inside
the detector.



Measured Energy vs Detector Temperature

103.5 A

103.0

=
o
N
w»

Beam-Peak deviation in %
=
o
N
o

= =
o o
- =
=} »

100.5 A

100.0 A

T T T T T y T
-20 -10 0 10 20 30 40 50
Temperature in °C

Figure 3: M-42 POSITION: Change in depletion zone
thickness vs. temperature.

3. M-42 BIG and M-42 EXT

M-42 BIG is a newly developed system by the DLR
which features a sensor with a large surface area. The
innovative aspect of the design is the utilization of an
advanced and fine-tuned analog processing signal chain,
along with cutting-edge digital electronics. Together they
result in a single signal chain that covers a wide dynamic
range, eliminating the need to combine two (e.g.
DLR-RAMIS device) or three separate dynamic ranges.
This system in current configuration covers energy range
over 300 MeV (original M-42 design reached 20 MeV
only) which enables the measurement of primary iron
ions in space and further refines the dose measurement
while exactly incorporating particles that used to be
previously in the overflow bin.

It is incomparably complicated to reliably simulate
deposited charges in the detector with high fidelity. Thus,
it is necessary to test the detector in a known
homogeneous radiation field. The large size of the
uniform beam at HIMAC is for us the only known
possibility to irradiate a detector with dimensions of
28 x28 mm? High LET penetrating particles like
HIMAC’s Fe500 are very convenient for that purpose as
they are approaching the upper limit of the device’s
capabilities.

Figure 4 presents the detector head of M-42 BIG at the
irradiation position.

The M-42 EXT dosimeter is an extremely low-power
device. As it covers high deposited energies present in
galactic cosmic radiation, it will be used for area
monitoring and personal dosimetry of charged particles
for space applications. Thanks to the several HIMAC
Beam irradiations, the developmental work on the
electronics signal chain yielded into 120 MeV dynamics.

It is planned to use the M-42 EXT devices on the
upcoming space missions to the Moon within the NASA
Artemis program, but the system can also be applied for
radiation measurements in research in relation to cancer
therapy and space radiation shielding development.

During the beamtime in February 2024 it was possible to
compare two M-42 EXT units with the first prototype of
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the M-42 BIG. Figure 5 provides the comparison of the
Epepspectra for the 500 MeV/n Fe ions peaking at about
115 MeV in Silicon. Although the EXT units have
already a very wide measurement range up to 120 MeV
in Si, the newest DLR development is capable of
measuring up to 500 MeV in Si — this is illustrated in
Figure 5 by the BIG measurement with binary filter of
66.08 mm thickness.

Figure 4: Setup of the M-42 BIG at the irradiation
table in the BIO-room at HIMAC.

Fe 500 MeV/n

—— BIG 5N223 BF 0 mm
—— EXT SNO15 BF 0 mm
—— EXT SNO15 BF 0 mm
10* 4 BIG SN223 BF 66,08 mm

10°

103 4

Counts

102 4

101

10° 4 } -
10! 102
Deposited energy [MeV]
Figure 5: Comparison M-42 EXT (SNO15 and SN016)
and M-42 BIG (SN223) showing the further extended
measurement range in the newest developed BIG
device.

4. Conclusion and Outlook

Two irradiations in FY2024 both with Fe 500 MeV/n
ions in the BIO facility were used to progress in the
development of our three different active detector
systems: M-42 POSITION, M-42 BIG and M-42 EXT.

The DLR team is especially grateful to the colleagues at
HIMAC and at QST for their ongoing help and support
during the irradiation campaigns. The data collected
during our HIMAC irradiation campaigns present a very
valuable input for our newly developed instrumentation.

*DLR, Germany; "QST-NIRS, Japan.
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The relevant outcome of the results for our HIMAC Research projects and from
previous HIMAC Research projects which helped in the characterization of the
relevant detectors has been published in:

Stuart P. George, Ramona Gaza, Daniel Matthid, Diego Laramore, Jussi Lehti,
Thomas Campbell-Ricketts, Martin Kroupa, Nicholas Stoffle, Karel Marsalek,
Bartos Przybyla, Mena Abdelmelek, Joachim Aeckerlein, Amir A. Bahadori, Janet
Barzilla, Matthias Dieckmann, Michael Ecord, Ricky Egeland, Timo Eronen, Dan
Fry, Bailey H. Jones, Christine E. Hellweg, Jordan Houri, Robert Hirsh, Mika
Hirvonen, Scott Hovland, Hesham Hussein, A. Steve Johnson, Moritz Kasemann,
Kerry Lee, Martin Leitgab, Catherine McLeod, Oren Milstein, Lawrence Pinsky,
Phillip Quinn, Esa Riihonen, Markus Rohde, Sergiy Rozhdestvenskyy, Jouni Saari,
Aaron Schram, Ulrich Straube, Daniel Turecek, Pasi Virtanen, Gideon Waterman,
Scott Wheeler, Kathryn Whitman, Michael Wirtz, Madelyn Vandewalle, Cary
Zeitlin, Edward Semones & Thomas Berger (2024) Space radiation measurements
during the Artemis [ lunar mission. Nature 634, 48-52 (2024)
https://doi.org/10.1038/s41586-024-07927-7

Schennetten K, Matthid D, Meier MM, Berger T and Wirtz M (2024) The impact of
the Gannon Storm of May 2024 on the radiation fields at aviation altitudes and in
low earth orbits. Front. Astron. Space Sci. 11:1498910
https://doi.org/10.3389/fspas.2024.1498910

The following presentations were given in relation to instruments tested at HIMAC
within the relevant HIMAC research projects at COSPAR Assembly in Busan, South
Korea in July 2024.

e Thomas Berger “RADIATION MEASUREMENTS IN SPACE WITH
SPECIAL FOCUS ON THE MARE EXPERIMENT DURING THE NASA
ARTEMIS I MISSION”

e Thomas Berger et al. “THE DOSIS AND DOSIS 3D PROJECT TO
MEASURE THE RADIATION ENVIRONMENT IN THE COLUMBUS
LABORATORY OF THE ISS — DATA FROM 2009 —2024”

The following presentations were given in relation to instruments tested at HIMAC
within  the relevant HIMAC  research projects at the WRMISS
(https://www.wrmiss.org) in Boulder, USA in September 2024.

e Karel Marsalek et al. “Over 2000 days in space — the RAMIS radiation
detector on the DLR Eu:CROPIS mission”
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Thomas Berger et al. “DOSIS and DOSIS 3D — active and passive radiation
measurements in Columbus from 2009 - 2024

Moritz Kasemann et al. “ASTROBOTIC Peregrine 1 Mission DLR M-42 Data
and Update on M-42 Instrument Family”

Martin Losekamm et al. “The RadMap Telescope Updates, Early Results,
and Next Steps”
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Abstract

The proposed experiments (23H476) using the Himac
beams study the charge pickup cross sections of heavy
ions on elemental targets. We try to find out the
dependence of charge pickup cross sections on the target
mass for the same projectile at the nearly same energies,
and the dependence on the projectile mass for the same
target at the nearly same beam energies. From these
studies we try to understand the reaction mechanism of
charge pickup at Himac beam energies, and to find out
some relations with the results at high energies.

Background and objectives of the experiment

Nuclear charge pickup reactions are the charge
exchange reactions in heavy ions induced interaction at
relativistic and intermediate high energies. The study of
their properties is an interesting subject in many basic
researches and applications such as astrophysics, cosmic
radiation and space flight, as well as in production of
radioactive beams. Theoretically charge pickup reaction
is interpreted as a very peripheral and surface interaction.
The cross sections of peripheral interactions should
depend on the impact parameter (4,”°+4,"%), while the
cross sections of surface interaction should depend on
the cross sectional or surface area. These theoretical
predictions are not consistent with the experimental
results of charge pickup cross sections measured using
different experimental setups at LBL, AGS, SPS and GSI
SIS energies at beam energy greater than 1 A GeV. At
LBL energy the cross section for charge pickup by ~
GeV/n projectiles was generally given to within a factor
of two by the expression 1.7x104y,,4,°(in mb), where yy
(=A4,"+A4,/7-1.0) implied peripheral collisions. This
projectile mass dependence has not been totally
understood for a nuclear process. For the dependence of
nuclear charge pickup cross section on target mass at
LBL energy, a power law relation of a4, (in mb) was
found, with an exponent range from 0.2 to 0.45
depending on the type of projectile.

The proposed experiments (23H476) is to study the
dependence of charge pickup cross sections on the target
mass for the same projectile at the nearly same energies,
and the dependence on the projectile mass for the same
target at the nearly same beam energies.

Activities and results in FY 2024

23H476 research project will run three years from
April 2023 to March 2026. In FY2024, the beam times
for 23H476 had been allocated on June 12" (Fe 500
MeV/n) and October 8% (Xe 290 MeV/n). We have
finished these two exposures at Himac and begun to scan
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the stacks at Institute of Modern Physics, Shanxi Normal
University, China.

We had finished the measurement of total and partial
charge-changing cross sections for 28Si fragmentation on
CH,, C, Al and Cu targets at 131 A MeV. The primary
experimental results are presented in Table 1 and 2. The
etched track area distribution of projectile and their
fragments of Si on C target are given in Fig.1. The
relation of etched track area and the charge of fragments
are presented in Fig.2. It is shown that the area of etched
track linearly depends on the charge of fragment.

Z=14

103}

102

No. of events

2000 4000 6000 8000 10000 12000 14000
Area(pmz)

Fig.1 Etched track area distribution of projectile and their
fragments of Si on C target

14000

12000 -

10000 -
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Area(um?)

6000

4000

2000

Fig.2 Relation of etched track area and the charge of
fragments for Si fragmentation on C target.

We have finished the part scanning work for 2°Ne
fragmentation on CH,, C, Al, Cu, Sn, Ag and Pb targets
at 400 A MeV, the following works including manual
check of track scanning, track reconstruction, the charge
distinguish of fragments and the calculation of the total,
partial and charge pickup cross sections will be finished
in next year.



Table 1. Total charge-changing cross sections (in mb) for
28Si on CH,, C, Al and Cu targets at 131 A MeV.

Experiment Triphati[1] Sihver[2] Bradt[3] Nilsen[4]

CH, 604+12 607 654 525
C 1025+28 12122 12444 1157 1006
Al 13944£31 16414 16779 1552 1318
Cu  2336£53  2349.0 2389.8 2204 2117

Table 2. The partial charge-changing cross sections (in
mb) for 28Si on CHa, C, Al and Cu targets at 131 A MeV.

AZ CH, C Al Cu

58.3+3.9  90.748.3  109.7+14.1  152.6%17.6

76.844.5  51.146.2 50.449.5 262.44+23.1

51.843.7  94.548.5 86.3+12.5  181.1£19.2

34.443.0  86.948.1 44.949.0 95.6£14.0

21424  60.2+6.8 18.0£5.7 85.5+13.2

19.0+2.2  52.64+6.3 48.6£9.4 93.6x13.8

10.4£1.6  57.246.6 46.8£9.2 154.6£17.7

19.5£2.3  69.4+7.3 70.2+11.2  223.8421.3

O |0 ||\ [ B [W ([N |[—

88.4+8.2 54.0+9.9 132.2+16.4

Future plans of the study

Nuclear charge pickup process is a scarce nuclear
interaction with mb cross sections. It needs more and
more experimental data to understand the behind reaction
mechanisms. We hope to have a system investigation
using HIMAC beam to study nuclear charge pickup
process in following years.
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Radiation damage mechanism for highly reliable onboard devices for the expansion of consumer

components into space applications
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Abstract

Many large-scale industrial automotive components
demonstrate excellent resistance to temperature,
vibration, and impact, as well as high reliability,
making them promising candidates for use in space
systems. Compared to space-grade components,
they are often more cost-effective and therefore
offer considerable potential to improve the price
competitiveness of space systems. However,
expanding the use of consumer-grade components
in space applications requires careful evaluation of
the risks associated with malfunctions and damage
caused by space radiation.

In this project, we aim to utilize car-mounted power
devices—specifically RC-IGBTs and SiC-MOSFETs—
which are well-characterized in terms of their cross-
sectional structures among consumer technologies.
We will measure characteristic variations caused by
single-ion-induced breakdown phenomena and
heavy-ion irradiation, with the objective of
elucidating the mechanisms underlying radiation-
induced damage and malfunction.
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SRAM and Diode Irradiation with Xe and Kr Heavy lons at HIMAC
(24H4388)
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Abstract

Irradiation of Static Random Access Memories
(SRAM) and silicon diodes were carried out during two
test campaigns at HIMAC, in 2024 with 178 MeV/n Xe
and in 2025 with 320 MeV/n Kr ions. The aim of this
research is to study the impact of high energy heavy ions
on Single Event Effect (SEE) cross sections and the
energy deposition in silicon diodes by varying the LET
through PMMA degraders.

1. Background and objectives

SEEs are a major concern when electronics operate in
radiation environments. Specifically, Single Event Upsets
(SEUs) and Single Event Latch-up (SELs) in memories
are studied with heavy ions because these particles closely
replicate the high-linear energy transfer (LET) conditions
encountered in space and other radiation environments.
The devices tested at HIMAC were measured in several
facilities and are also used as a mean of comparison and
calibration, with the aim of developing the capability to
provide high-energy heavy-ion beams for electronics
testing at CERN (e.g., for space applications) [1]. In
addition, the knowledge of the heavy ion sensitivity is
used in combination with Monte Carlo simulation models
to estimate SEE failures in accelerator environment
induced by neutrons and protons. SEUs (bit flips in
memories, soft errors) and SELs (potentially destructive
short circuits) are caused by the deposition of charge when
energetic particles strike sensitive regions in electronic
devices. The use of high energy heavy ions available at
HIMAC with respect to standard energies (tens of MeV/n)
has several advantages, linked to the high penetration
properties of the beam in materials. For instance, typical
heavy ion irradiation is performed in vacuum and by
removing the package of electronic chips to allow the
beam to reach the sensitive volume with a defined LET,
which is not needed with high energy beams. The
objectives of these tests are to measure SEE cross sections
at several LETs obtained through PMMA degraders to
study their behavior. Additionally, tests with a fully
fragmented beam are of interest to quantify the variation
on the cross sections. These results are compared with
those from other irradiation facilities where the same
SRAMs were used [2]. In addition, silicon diodes are used
to measure the ion flux for monitoring purposes and
calibration.

2. Test campaigns at HIMAC

Two test campaigns were conducted at HIMAC: with
179 MeV/n Xe ions at the location of the device under test
(DUT) in 2024 and with 320 MeV/n Kr ions in 2025. The
Xe and Kr beam sizes were 6 and 8 cm in diameter,
respectively, with a homogeneity within 10%. The flux
was monitored by means of a scintillator and also by one

237

DUT (silicon diode). Fig. 1 shows the setup installed at
HIMAC, while Table 2 present the tested SEU-sensitive
memories which were the same tested in both years. Each
device was tested with several LETSs, calculated in silicon
through SRIM considering the respective PMMA
thickness (density of 1.19 g/cm?®) and shown in Table 1.
Two SRAMs and a silicon diode were tested at the same
time, by aligning them so that the beam was fully covering
the surface of the sensitive areas.

ig. 1 SRAM and diode séﬁtp irradiated at HIMAC in 2024 (left)
and 2025 (vight).

TABLE 2
SEU TESTED COMMERCIAL OFF THE SHELF SRAMS
DUT Size Reference Tech.
ISSI 32 Mbit IS61WV204816BLL-10TLI 40 nm
Cypress 16 Mbit CY62167GE30-45ZX1 65 nm
Renesas 8 Mbit RMLV0816BGSA-4S2 110 nm
TABLE 1
LETS OBTAINED WITH PMMA DEGRADERS USED DURING THE TESTS
Xe (2024) Kr (2025)
PMMA LET in Si PMMA LET in Si
[mm] [MeVem?/mg] [mm] [MeVem?/mg]
0 11.9 0 3.57
3.50 14.0 20 5
4.0 14.6 25 6.14
5.0 16.2 28 7.65
5.50 17.2 30 9.91
6.50 20.2 30.5 10.98
7.00 22.7 31 12.62
7.50 254 315 15.44
8.00 31.5 32 23.17
8.50 47.4
9.00 Fragmented
9.50 Fragmented
10.48 Fragmented

3. SRAM results — SEU measurements

The SEU cross sections measured at HIMAC for the
three SRAMs are shown in Fig. 2, Fig. 3, and Fig. 4 for
the ISSI, Cypress and Renesas memory, respectively. The
SRAMs were tested with the full package and delidded
(the package was removed exposing the sensitive area of
the chip). As expected, for the thee SRAMSs, generally the
cross sections measured with the package is similar to that
measured delidded confirming the high penetration of the



beam. The HIMAC results with 178 MeV/n Xe and 320
MeV/n Kr ions are also compared to the cross sections
measured in other facilities: RADEF (FI), KVI (NL) and
GANIL (FR), which are fitted with a Weibull function in
figures.
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107°

—— Weibull NSREC 2020 (RADEF 2018, KVI, GANIL)
= Weibull RADEF 2023 report
10-10 4 SEU HIMAC delid

® SEU HIMAC lid
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SBU RADEF 23 delid
< SBU Kr HIMAC delid
O SBU Kr HIMAC lid
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LET [MeV - cm?/mg]

Fig. 2 - ISSI SRAM SEU cross sections comparison.
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10 [ z ® SEU Xe HIMAC lid
o o3 SBU RADEF 2022 delid
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LET [MeV - cm?/mg]
Fig. 3 - Cypress SRAM SEU cross sections comparison.

Renesas 110 nm

10-11 3 —— W. HEARTS@CERN
1 ¢ SEU Xe HIMAC delid
I o1 e SEU Xe HIMAC lid
10-12 SBU GSI 2022 lid

& SEU Kr HIMAC refl
$ %f O SEU Kr HIMAC ref2

10 20 30 40 50
LET [MeV - cm?/mg]

Fig. 4 - Renesas SRAM SEU cross sections comparison.

The ISSI cross sections (Fig. 2) with both Xe and Kr ions
are aligned with the past measurements. However, the
agreement considering the Cypress memory with both
ions (Fig. 3) is not satisfactory as the cross sections at
HIMAC resulted up to some orders of magnitude lower
than expected. This behavior may be due to
electromagnetic interferences produced by elements of the
machine with the readout motherboard and needs to be
further investigated. The Renesas memory presents
compatible results using Xe ions at HIMAC, while
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exhibiting high sensitivity to Kr ions at LET values lower
than the expected threshold.

Interestingly, the SEU cross sections of the memories
measured with a fully fragmented beam by using a thick
PMMA showed to be very similar to those at the largest
LET, roughly corresponding to the Bragg’s peak.

3. Silicon diode measurements

During the experiments in 2024, we also characterized
a commercially available silicon detector - Canberra FD
50-14-300RM [3]. This detector is crucial for the
CHIMERA [4] and HEARTS projects [1], as it is the
primary beam instrumentation used for intensity
calibration. The measured energy deposition spectra
collected at HIMAC, depending on the PMMA degrader
thickness, are presented in Fig. 5. These measurements
will be benchmarked against FLUKA Monte Carlo
simulations, as well as against measurements collected at
other heavy-ion facilities (BNL, GSI, CERN).

—— 00 mm PMMA
~—— 35 mm PMMA
—— 4.0 mm PMMA
—— 50 mm PMMA
—— 60 mm PMMA
— 7.0 mm PMMA
—— 80 mm PMMA
—— 85 mm PMMA

9.0 mm PMMA
—— 10.5mm PMMA

Counts / (bin_width fluence)
(ions™1 * MeV~1 * cm™=2)
- -
1) 5]
4 L
b
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0 500 1000 1500 2000 2500 3000 3500
Apparent deposited energy (MeV)

Fig. 5 — Diode energy deposition counts - Xe ions (2024).

4. Conclusions

The tests performed at HIMAC with Xe and Kr ion in
2024 and 2025 permitted to measure SEU cross sections
and energy deposition in silicon diodes to enhance the
knowledge on the impact of high energy heavy ions in
electronic devices. As some results differ from those
obtained at other heavy ion facilities, further investigation
is required. Moreover, meaningful results were obtained
regarding the fully fragmented beam, showing SEU cross
sections as high as those obtained at LETs corresponding
to the Bragg’s peak.

[1] R. Garcia Aliaetal., "The HEARTS EU Project and its Initial
Results on Fragmented High-Energy Heavy Ion Single
Event Effects Testing", in [IEEE TNS

[2] A. Coronetti et al., "SEU characterization of commercial and
custom-designed SRAMs based on 90 nm technology and
below," 2020 IEEE

[3] K. Bitko et al., "Mixed-Field Radiation Monitoring and
Beam Characterization Through Silicon Diode Detectors,"
in [EEE TNS

[4] K. Bilkoet al., "CHARM High-Energy Ions for
Microelectronics ~ Reliability Assurance (CHIMERA),"
in [EEE TNS
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suited to track detectors with high registration sensitivity”
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Measurement of Isotopic Light Ion Cross Sections with a Nuclear
Fragment Spectrometer
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Dose-rate effects with accelerated ions: Experimental
investigation and Simulation of water and biomolecules
radiolysis

Novel Space Dosimetry System for the Czech Satellite in the
Cislunar Environment
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Tests of Heavy Ion Telescopes for JUICE and other future
missions of ESA
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In-Field and Out-of-Field Dose Profile from Therapeutic Hadron
Therapy Beams
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Atmospheric lonizing Radiation Detector Development

Evaluation of a prototype system for prompt gamma detection
and neutron capture discrimination in NCEPT
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Human Space Exploration - The Radiation risks and novel new
detector developments

Radiation Effects Testing Electronic Components for Space

Cross sections for charge pickup reaction of heavy ions on
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elemental targets at Himac energies
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High—energy heavy ions and their interaction with matter for
enhanced radiation effects testing of space and accelerator
electronics

Calibrations of Advanced Particle dosimeter and Spectrometer
for Heavy lons in Space Radiation
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