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Space Radiation Environment
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lonizing radiation environment significant challenge for space exploration, including total ionizing dose (TID) for electronics
and biological organisms and single event effects (SEEs) for electronics.

Environment must be characterized to facilitate spacecraft avionics design and mission planning.
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lonizing Radiation Dose

Absorbed Dose

Absorbed dose measures 1onizing

radiation absorbed |

RADIATION SOME

PASSES THROUGH RADIATION
A HUMAN - DEPOSITED

IN HUMAN
TISSUE

S

BIIPRAZ XERZ2RBRAAPIL

Center for Astronautical Physics & Engineering

Dose =
Absorbed radiation energy per unit mass

« 1J/kg =1 Gray
1 rad = 0.01 J/kg

1 Joule:
Approximately the energy of a soccer ball falling 23
cm.

1 Grey (100 rads):
Multiply the number of falling soccer balls by your
mass in kg.

Reference (1 rad = 0.01 Grey):

5 rads (0.05 Grey): Increase in long term cancer risk.
50 rads (0.5 Grey): Disruption in blood cell count.
100 rads (1 Grey): Mild radiation sickness.

500 rads (5 Grey): Radiation sickness. 50% chance of death in 60 days
with no treatment.

1000 rads (10 Grey): Acute radiation sickness. Fatal.
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COMMERCIAL LUNAR PAYLOAD SERVIGES LANDING SITES s

NEARSIDE FARSIDE

180°

Firefly Blue Ghost Mission 2 ‘ Intuitive Machines IM-1

. Astrobotic Peregrine Mission-1

LANDING SITE: Sinus Viscositatis LANDING SITE: Lunar Farside and Orbit LANDING SITE: Malapert A
LANDER NAME: Peregrine LANDER NAME: Blue Ghost LANDER NAME: NOVA-C
CLPS CONTRACT AWARD: TO 2-AB CLPS CONTRACT AWARD: TO CS-3 and CS-4 CLPS CONTRACT AWARD: TO 2-IM
Intuitive Machines IM-3 ‘ Team Draper Intuitive Machines IM-2
LANDING SITE: Reiner Gamma LANDING SITE: Schrédinger Basin LANDING SITE: Shackleton Connecting Ridge
LANDER NAME: NOVA-C LANDER NAME: SERIES-2 LANDER NAME: NOVA-C
CLPS CONTRACT AWARD: TO CP-11 CLPS CONTRACT AWARD: TO CP-12 CLPS CONTRACT AWARD: TO PRIME-1
' Firefly Blue Ghost Mission 1 ‘ Astrobotic ?rifﬁ“ Mission-1
LANDING SITE: Mare Crisium LANDING SITE..Mo.ns. Mouton
LANDER NAME: Blue Ghost LANDER NAME: Griffin
CLPS CONTRACT AWARD: TO 20A (VIPER)

CLPS CONTRACT AWARD: TO 19D

Significant increase in government and private lunar missions expected over next decade.
Expected growth in rideshare opportunities beyond Low Earth Orbit (LEO).
Develop capacity to design and implement payloads for deep space.
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*  Opportunity to participate in ispace Hakuto-R Mission 2 lunar orbiter and landing mission with 400 gram rideshare payload via HelioX Cosmos and SpaceBD.
First lunar payload mission from Taiwan.

* Developed Deep Space Radiation Probe payload to measure deep space radiation environment and provide hands-on learning opportunity to students, leveraging
past small satellite avionics development and operation experience.

* Project kickoff in March 2022 with student team. Flight Model delivery and handover in January 2024.

* Launch: 2025/1/15. 5 month mission via low energy trans lunar orbit (4 months for Earth-Moon transfer, 1 month in lunar orbit).
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NCU Deep Space Radiation Probe (DSRP)

Taiwan's First Moon Landing
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RADFET Threshold Voltage Increase
AV [V]

0 | 20k | 4(le | 60k | 80k | 100k
Dose [Rad(H,0O)]

* 2 RADFET dosimeters: Radiation dose inferred from increase in threshold voltage of
radiation sensitive field effect transistor. Dose rate can be calculated by regular
sampling. Sensitive to X-rays, gamma rays, and particle radiation. Low power

1|10 |0 |1 |0 |1]|1]} consumption.
Bit-flip after
Soft Error * SEU counter: NAND flash memory periodically scanned for bit errors, which are
corrected and counted.
Memory
1 il 0 0 1 1 1 after SE

* Development constraints:
Mass: 399 grams, Max. Power < 900 mW, Max. Load: 33 g.
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3.2 MECHANICAL INTERFACE BOUNDARY

(1) Payload location is allocated by considering the customer requests and best possible position.

(2) Payload shall have 4 installation holes @ 4.6mm with Lander and installed by using 4 x M4 bolt screws as TBD
[N.m] fastening torque.

(3) Mechanical interface is defined on the mounting surface of Payload as shown in Figure 3-2.

Figure 3-2 Mechanical Interface Boundary

3.3 PayLoap MAaximum ENVELOPE

(1) Payload shall define size envelope, mounting hole position and mounting hole size with tolerance, interface
connector location in the Payload ICD.
(2) Maximum envelope of the payload should be 150 (L) x 150 (W) x 40 (H) mm.

3.4 MAsSs PROPERTY

(1) Payload shall not exceed in total “409 grams max.”
(2) Customer is requested to define the mass properties (Center of mass, Moment / Product of inertia around
the center of mass) of Payload.

3.5 MATERIALS

(1) Materials used for Payload are requested to be carefully selected to meet the specification below (Table 3-5)
in order to avoid outgassing.
(2) Material selection based on the pre-qualified data base of [RD01] is recommended.

Table 3-5 Specification to avoid outgassing (as per ASTM E595-93)

Use of pure Tin, Cadmium, Silver and Zinc on outer surfaces shall be avoided because these materials, without any
coating on the components surface, causes whiskers (please refer to [RD 02]).
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Interface Requirement Document
Provided by ispace to DSRP team at project kickoff in 2022/02 to specify interface requirements for system in development.
Facilitates parallel development of lander and payload by two different teams.
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DSRP-ICD DSRP-ICD
DEEP SPACE RADIATION PROBE 0106 DEEP SPACE RADIATION PROBE 0106
INTERFACE CONTROL DOCUMENT 2022/10/16 INTERFACE CONTROL DOCUMENT 2022/10/16
DSRP-ICD 5 of 38 14 of 38
Issue 01 Revision 06
2022/10/16 Data Pins in Female 15- socket Micro-D connector assigned to RS-422
Sec. 4.3.4: Revised |16 digital interface.

mass estimate.

Sec. 8.1 Response |30,31 4 Mechanical Interface

scales have been

added to Figures 16 4.1 Component Coordinate System
and 17. Figure 1 shows the coordinate system for DSRP. The +Z-axis points out of the top plate,
the +X-axis points out of the plate on the left side of the figure, while the +Y-axis points
0102 2022/07/06 2022/07/11 Updated Figures 1 - 4| 13,14,15,16 out of the front plate upon which the micro-D connector is mounted. The origin of the
to include thermal coordinate system is the geometric center of the payload on the xy plane, with the z
collars. coordinate origin on the top plate.

Sec. 4.3.4. Updated | 16

DEEP SPACE RADIATION PROBE mass o inlude values
INTERFACE CONTROL DOCUMENT o

Sec. 4.2.1, 4.3.1: 113,14
Changed tolerance to
+/- 0.8 mm.

Figure 2: Added | 14
tolerance to collar.

Figure 4: Changed | 16
measurement to start
from bottom of collar.

0103 2022/08/31 2022/08/31 Figure 1, Figure 2,]13,14,16,19
Figure 4, Figure 9 Figure 1. Coordinate system
Revised CoG. 15 4.2 Maximum envelope

Preliminary command | 26, 27

4.2.1 Static Envelope
and telemetry.

A mechanical drawing of the DSRP enclosure with cover attached is shown in Figure

NATIONAL CENTRAL UNIVERSITY Sec. 8.1: Revised | 30, 31 2. It can be seen that the baseplate of the DSRP enclosure has dimensions of 140.00 +
mechanical load 0.5 mm by 140.00 + 0.5 mm. The enclosure protrudes above the bottom of the baseplate
DEPARTMENT OF SPACE SCIENCE AND ENGINEERING simulations. to a height of 36.80 + 0.8 mm, with dimensions of 104.00 + 0.05 mm by 103.00 + 0.5mm.
E 3 i
BIUFRRBRERBETIERA
0104 2022/09/23 2022/09/23 Sec. 7.1, 7.2: Added |27 -29
command and

telemetry formats.

DSRP Interface Control Document
Provided by DSRP team to ispace team to facilitate integration of payload with spacecraft.
Complies with spacecraft Interface Requirements Document.
Continuously updated during payload development in consultation with spacecraft team.
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Design and Constraints

* Stringent qualification standards for
vibration and shock environment: 33 g
load (compare to 15 g for Falcon 9
rideshare payload).

19.14

* PCB warping due to variable thermal
conductivity observed during curing of
epoxy in oven during EM fabrication
required additional fixtures.

=3 * Mass limit of 400 grams required light
weighting of chassis.

Ly

©°
[ox

* Maximum power limit: 900 mW.
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Thermal Challenges:
Solar heating and radiative cooling

GOES Eclipse
September 21
Autumnal Equinox

Stray light zones

Earth's
equatorial
Eclipse shadow plane

Sun
orbital
plane

. Sunlight

&Y

Eclipse refers to peridds where the Sun is blocked by the Earth (not always
the same as nighttime).

~ Penumbra _ o |
gl | The Sun is blocked by the Earth less in higher orbits.
N
s, ' , 27 . . . .
~ Y Umbra o The side of spacecraft facing the Sun can experience long periods of
- " heating, while the side of the spacecraft facing cold space can rapidly lose
R heat through radiation.
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DSRP Thermal Control

Extreme temperatures require the use of heaters,
conductors, multi-layer insulation and radiators.
Development of thermal simulation capability for
environments beyond LEO.

Worst cold conditions required installation of heater on
lander side.

Temperature coefficients also characterized during TVAC
tests.

BIIPRAZE XZEHSRBRHAAPIL
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NTHU Radioisotope Lab™ CGMH Proton and Radiation Therapy Center

Co-60 TID Test - Proton Beam Single Event Test
(R SEU Bit Errors (SEE Test, 2023.10.20)
== DSRP A RESET Beam OFF X FT
4000
3000 A ’ I
£ 2000
5
1000
0 L\A / VAL ' & J
12:00:00 12:10:00 12:20:00 12:30:00

Time
* Total lonizing Dose qualification requirement for Lunar Payload

Total lonizing Dose (Test 2, 2023.08.04) over 4 months: 10 krad (100 Gy) with 2 mm aluminum shielding,
= NTHUDose == R1Dose = R2Dose based on SPENVIS predictions.

15000

* TID tests using Cobalt 60 gamma ray source verified survival up to
10000 20 krad before irreversible damage (DC-DC converter). Maximum
dose errors of 8% and 17% for qualification unit.

Dose [rad(Si)]

o * Single Event Effect tests using 221.2 MeV proton beam verified

SEU counting ability with no anomalous un-commanded resets or

: power cycles. Anomalous persistence of bits in error for 5 minutes
11:00 12:00 13:00 14:00 may be due to software bug or charge pump failure but can be
Time [hr:min] corrected through post processing.
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e x 2022/03/01: Project kickoff.
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T : | 2024/01/15: Unpackaging, final update, and formal transfer to ispace.

'Y EEE XD

TR = ' 2024/09/12: Integration complete.

) . - 2025/1/15: Launch and start of operations!

T
PETARNAN

BIIPRAFT KERSENRAADH
Center for Astronautical Physics & Engineering
National Central University, Taoyuan, Taiwan v



|spce Hakuto-R M2 Protile

* DSRP mounted on top face of ispace Resilience
lander. Direct exposure to space.

* DSRP powered on after post launch checkout on
2025/1/15. Entered lunar orbit on 5/6. Hard landing
on 6/6. DSRP active on all mission segments
except lunar descent.

Mission 2

Our Way to the Moon ¥ HAKUTO-R

* |Initial lunar swing by orbit: 2.5 revolutions on
394,458 x 13,548 km radius lunar swing by orbit.

May 12th
- May 18th

Earthorbltm g N * Transition to low energy lunar transfer orbit
' o \ following apogee of third swing by orbit.

Farthest point: !

. LOW energy tranSfer ca. 1.1 million km from Earth

* 5 passes mostly through outer Van Allen Belt
(13,000 - 60,000 km altitude, mainly electrons).

BIIPRAZE XZEHSRBRHAAPIL ~N

Center for Astronautical Physics & Engineering 1731 /NP E
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https://www.linkedin.com/company/ispace-inc/posts

Comparison to Models

Predicted TID of 28 Rads using AP8/AE8 NASA,

o 10 Rads using AP9/AE9 IRENE.
NASA AP8/AES8 vs IRENE AP9/AE9 (Shilding: 2.8 mm) Settings: Detector: Silicon; Solar Activity: High;
| | | | | .

1 Shielding: 2.8 mm.

——NasaDose
o5 |- IRENEDose |
R1Dose | * Limitations: Models used consider only particle
—RZDose radiation from the radiation belts, not
electromagnetic radiation, solar radiation storms,
20 B galactic cosmic rays, or regions outside L = 11.5 (~
Steps correspond to 66969 km altitude). Dose outside radiation belts
= the Van Allen Belts. | may be underestimated, although the highest
S - doses will still be from the radiation belts.
\
o )
- | * |RENE dose estimates with minimal shielding
10 | are ~2000 x larger than using 2.8 mm DSRP
shielding.

S | = * Similar trend for DSRP R1 and R2 as model
| predictions, but smaller by a factor of 2 compared
f to AP9/AE9 using similar levels of shielding. Both
o | J J l | | | RADFETs show similar trends but differences in

Jan 21 Jan 24 Jan 27 Jan 30 Feb 02 Feb 05 Feb 08 Feb 11 magnitude.
Universal Time 2025

* Measured flux influenced by shielding from
lander on one face.

BIIPRAZE XZEHSRBRHAAPIL
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DSRP Dose Observations

= Cumulative Radiation Dose 105 Increases in dose (silicon)
S | | 15 —~ correspond to transit through the
X 10} > radiation belts.
o =3
N L
8 110 £
c 5l /—\ L * Measured flux influenced by
S 2 shielding from lander on one
= 45 3 face.
S == ——CombinedDose |
= 0 7/ —— IRENE Dose 2
° | | | 0 - 3 solar particle events (SPEs)
= Feb Mar Apr May Jun reaching NOAA SWPC 10 MeV
2025 warning threshold observed on
. GOES Proton Flux . 2125, 411, 6/1.
10 | | |
= ——GOES Proton flux > 10 MeV —GOES P oton flux > 50 MeV —GOES Proton flux > 100 MeV
- | 110 * Dose rate of 4/1 SPE larger
? 102 | [ . = than 2/25, potentially due to
N oL .ﬁ' ikl < interplanetary magnetic field
O | ”WWW" FIFT myne N (IMF) being negative on 4/1
2 oL B = event allowing for magnetic
2 N-10 — reconnection to occur.
o
102 | | | | | 20
Feb Mar Apr May Jun * ©6/1 event may be
Universal Time 2025 underestimated. Checking

noise filtering process.
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DSRP Dose Rate Observations

Radiation Dose Rate %10
10° | 15
E L
e
& 110
S | et g
5| R B AN
% i , s o ° i 5
a l :
10 ' | | | ' .
Feb Mar Apr May Jun
2025
) GOES Proton Flux -
10 | | | | |
= —GOES Proton flux > 10 MeV —GOES Proton flux > 50 MeV ——GOES Proton flux > 100 MeV
oA 02 ’l — | | ‘,' ) 10
e il g ML M»,« ol q \W IM ﬁ 4@ w i
3 ing! ] L l.|“ ‘ \ e
10 | |
o
10-2 I I l | | 20
Feb Mar Apr May Jun
Universal Time 2025

[1] Zhang et al. (Science Advances, 2020); [2] George et al. (Nature, 2024)
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Distance to Earth (km)

IMF-z (nT)

Increases in dose (silicon)
correspond to tranS|t through the
radiation belts.

* Measured flux influenced by
shielding from lander on one
face.

3 solar particle events (SPESs)
reaching NOAA SWPC 10 MeV
warning threshold observed on
2125, 4/1, 6/1.

* Dose rate of 4/1 SPE larger
than 2/25, potentially due to
interplanetary magnetic field
(IMF) being negative on 4/1
event allowing for magnetic
reconnection to occur.

* 6/1 event may be
underestimated. Checking
noise filtering process.
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DSRP Dose Rate Observations

Radiation Dose Rate

. 10° .
=
g’ 10" | !
ﬁ 'L ' y - ':..; 0:4: ;: E ¥ ‘it‘ b
o T ; :
: ' |
1074 | | | | -
Feb Mar Apr May Jun
2025
) GOES Proton Flux
- 10 ———GO,IES Proton flux > 10 MleV —GOES Proton flu;( > 50 MeV —GOES I|3roton flux > 100 MeV l
HIAR 1ol ind | it VIR 4 P XTIN TA IR Tk LIl NN L b Al LM
O ik ’Tﬁ,j o WW N Y i %MHW.H WM WWMM u WW“’W% '
g 10° oblussaaah sadosmnninats c E
1072 | | | | |
Feb Mar Apr May Jun
Universal Time 2025

[1] Zhang et al. (Science Advances, 2020); [2] George et al. (Nature, 2024)
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* |ncreases in dose rate
correlated with transit
through the radiation
belts, as well as solar
particle events and
some geomagnetic
storms.
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* Comparison (solar min):

* Chang’k 4 (2019),
lunar surface:
1.32 x 10-3 rad/hour

[1]

* Artemis 1 capsule
internal (2022),
Inner radiation belts:
1.435 rad/hour
lunar orbit:
1.5 x 10-3 rad/hour [2]
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Lunar Orbit Dose Anomaly

Radiation Dose Rate vs Orbit Distance to Mdon
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CRaTER 31 day individual detectors dose rate data
from: 2025-05-17 DOY:137
through: 2025-06-16 DOY:167
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* 6/1 SPE dose oddly small. Spacecraft was not in Earth’s magnetotail at the time. Checking spacecraft orientation.

* Was detected by Cosmic Ray Telescope for the Effects of Radiation (CRaTER) aboard Lunar Reconnaissance Orbiter (LRO), ~ 0.41

rad/hour peak.
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https://crater-web.sr.unh.edu/products.php
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STK analysis shows multiple eclipses with 100% obscuration of Sun by Moon from 5/28 — 6/6. No such eclipses prior to 5/28 due
to higher orbit.

* Shielding from Moon?
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SEU Hakuto-R M2 On Orbit (+/- 12 hours)

Single Event Upset count value
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Multiple SEUs encountered. Bit errors ~3.4 kb consistent with proton beam tests on ground.
Solar proton events and Van Allen Belt crossings have 100% occurrence rate.
Other possible sources: Geomagnetic storms, galactic cosmic rays.
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Conclusmns and Future Work

The NCU Deep Space Radiation Probe (DSRP) is Taiwan's first deep space payload, intended
to better understand the deep space radlatlon environment and its effects on electronics and
biological organisms, as well as develop the capacity to design and fabricate deep space
payloads and spacecraft subsystems.

- T T * Parallel development of DSRP with ispace Hakuto-R M2 Resilience lander. Fit check with
= - P S prototype (version 2) to verify interface in 2023/02. EM (version 3) passed qualification testing
~ by 2023/09. FM (version 4B) completed acceptance testing in 2023/11 and handed over to
ispace in 2024/1. Hard landing on 2025/6/6.
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| . * Challenges included limited mass, power, and data volume, as well as the more severe deep
' f ] space radiation and thermal environment.

* Flight results are mostly in agreement with ground testing, as well as the the time variation
e | predicted by the AFRL AP-9 / AE-9 models. However, measured dose is smaller than
r— | predicted values by a factor of 2. Additionally, DSRP measures increases in dose rate outside
lunar orbit not attributable to radiation belts. Some overlap with solar particle events and
geomagnetic storms, but not exclusively so.
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* DSRP has been modified for CubeSat form factor as the Compact Radiation Probe (CRP).
Flight is expected on at least two LEO CubeSat missions:

* COSPAR-1 CubeSat mission (2026 Q2). Handover to Peru National Engineering University
(UNI) team performed on 2025/3/31.

* Kyushu Institute of Technology Cuket Mission 3 (2027).
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