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Number of Smallsats Launched

Smallsats 2012 — 2021, by Mass Class, Starlink and OneWeb Breakout BRYCE

Smallsats in Context and Operator/Mission Type Trends reen
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2021 Smallsat Highlights

Scientific, 1%

Remote
Sensing, 9%

Smallsats
Launched 2021

Communications,
80%

94%

43%

37%
80
6%

BRYCE

TECH

of spacecraft launched in 2021
= smallsats

of total 2021 spacecraft upmass
= smallsats

of all smallsats in last 10 years
launched in 2021 (69% 2020+2021)

launches in 2021 carried
smallsats

of smallsats launched on
small/micro launch vehicles in
2021
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A small detector based on ahiglh—sens_i'tivity_tec,h nique ‘P GRID

—— with thermal coat
without thermal coat -
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ASIC size: 15 mm * 15 mm (14 * 14 = 196 mm? in use)
Collimator open fraction: 71%

Peak detection efficiency: ~10%

Peak effective area: ~0.14 cm?
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« 202045H (Nature - Astronomy)
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The success of the authors is threefold:
they have reopened a polarimetric window
that has been closed for more than 40
years, observed changes in the polarization
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The GRID Project and Detector

e

3D model of the GRID detector [2

Entrance window

ESR
GAGG

Aluminum case

Coupling window

SiPM board

X & it X

Front-end electronics

Data acquisition electronics

Gamma Ray Integrated Detectors (GRID) concept: [
* 10~ 24 CubeSats scattered in low Earth orbits

«  Compact gamma-ray detectors

? GRID
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Specifications of GRID-02

Size
Weight
Power consumption
Geometric area

Field of view

Energy range

Dead time
Background count rate

Telemetry

< 0.5U
(9.4x9.4x5 cm3)

~780 g

Typ.  2W
Max. 2.8 W

~ 58 cm?

2T

Lower threshold < 15
keV

Upper threshold ~ 2
MeV

~ 20 us

Norm. ~ 2000 cps
SAA > 8000 cps

~ 1 GB/day

[1] Wen, J.,, Long, X., Zheng, X. et al. GRID: a student project to monitor the transient gamma-ray sky in the multi-messenger astronomy era. £Exp Astron 48, 77-95 (2049)

[2] Wen, JX., Zheng, XT., Yu, JD. et al. Compact CubeSat Gamma-ray detector for GRID mission. NUCL SC/ TECH 32, 99 (2021)



https://doi.org/10.1007/s10686-019-09636-w
https://doi.org/10.1007/s41365-021-00937-4
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On July 2, 1967, at 14:19 UTC, the Vela 4 and Vela 3 satellites
detected a flash of gamma radiation unlike any known nuclear

weapons signature.

By analyzing the different arrival times of the bursts as detected by
different satellites, we can determine rough estimates for the sky
positions of sixteen bursts and definitively rule out a terrestrial

or solar origin.

After thorough analysis, the findings were published in 1973 as

an Astrophysical Journal article entitled "Observations of

\Vela 5B in orbit

Gamma-Ray Bursts of Cosmic Origin".

Frequency: 1~3 one day 16
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BurstCube Moonbeam
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Rigitkl—S &
NORAD ID: 43663

Int'l Code: 2018-083B

Perigee: 511.9 km

Apogee: 528.7 km

Inclination: 97.5°

Period: 94.9 minutes

Launch date: October 29, 2018
Launch site: Jiuquan Satellite
Launch Center, China (JSC)
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ESR film —— Z0E0 550
GAGG crystal 4 " o=y (9.4X9.4X5 cm?) (9.4X9.4X5 cm?)
i it / ~780¢g ~780¢g

Typ. 24W Typ. 2 W
ke 3W
. Max. 3W Max. 2.8 W
Aluminum case — o : ax ax
PR 1 A ~ 58 cm / /
SiPM M 21 Depend on attitude /

Lower threshold < 15 keV

fettwifl 10keV~2MeV  40keV ~2 MeV
He. 5 Y0, € € € € Upper threshold ~ 2 MeV

Preamp board — *

AL 1) ) 10 us ~ 50 us ~20us
A N Norm. ~ 200 cps
DAQ board R e >00 cps SAA >3000 cps /
B A ~ 1 GB/day ~ 64 MB/day /
3D model of the GRID detector [ ,

[3] Wen, JX.,, Zheng, XT., Yu, JD. et a. Compact CubeSat Gamma-ray detector for GRID mission. NUCL SC/ TECH 32, 99 (2021)



https://doi.org/10.1007/s41365-021-00937-4

GAGG(Ce Scintillator Crystal @

‘ ’ Crystal size 38x38x10 mm?

Light yield 46000 ph/MeV
Bottdm vvievx;(”);‘r a GAGVC:S:Ce s%?tillator with the ESR package Density 6.63 g/cm’
Effective Z 54
> Polished on all faces Energy resolution 6% @662 keV
» Wrapped with 65 um Enhanced Specular Reflector (ESR) Hygroscopic N

film
Values from C&A Corporation

> 2.2 X 2.2 cm? window coupled with SiPM array

23
[3] Wen, JX.,, Zheng, XT., Yu, JD. et a. Compact CubeSat Gamma-ray detector for GRID mission. NUCL SC/ TECH 32, 99 (2021)



https://doi.org/10.1007/s41365-021-00937-4

Silicon Photomultiplier

SensL MicroFJ-60035 SiPM chip (top)
and the GRID SiPM array board
(bottom)

Operation voltage

(No H.V. needed) ~ 30V
PhotoQ Qetect|on S o5y
efficiency
~ 150
Dark count rate K/ mm?
Temperature 21 5 mV//°C

dependence of V,,

|

Gain is a function
of temperature

? GRID

Xt&it2y

Photon Detection Efficiency (PDE)
MicroFJ-60035-TSV

—— Overvoltage = 6.0V
= = Overvoltage = 2.5V

F — = =+ ==~ e L -
e

1 |} =——GAGG:Ce M2 sample

10x10x5 mm’

i

0.1 | Seaaad

200 300 400 500 600 700 800
wavelength (nm)

Emission spectra of GAGG:Ce 4
compared with SIPM detection
efficiency

24

[4] J. lwanowska et al., Performance of cerium-doped Gd;Al,Ga;0;, (GAGG) scintillator in gamma-ray spectrometry. Nucl. Instrum. Methods Phys. Res. Sect. A. 712, 34-40 (2013)
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Trigger
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| LTCe993—0
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Vbias = +28.5 V :
\\. Fast I
Output I
i

H}D max(Pulse(t
i SNR = ( ( ))
SiP?\;IDArray i TIA Inverse Filter \/V”épM + Vn%IA
A ‘ Pulse(t) = E X LY X CE X PDE xe X G
’ ’ \f ’ ’ X L™ [Hg(s)Hs(s)Hr(s)](t)
Ex2TmCpRpF,)?
o VnZpy = | (INRE)? + 4kTRy + E2 + (En2mCoRrfo)” ) F,
st ——————————— | Schematic diagram and 3
a2 A output pulse shape of the FEE +o0
S 3] Vn2, =n J h2(t) dt

EIJ SCIJO 10l00 15:30 20:00 2500 (_SN R VS RF [3]
R: (Q)

25
[3] Wen, JX.,, Zheng, XT., Yu, JD. et a. Compact CubeSat Gamma-ray detector for GRID mission. NUCL SC/ TECH 32, 99 (2021)



https://doi.org/10.1007/s41365-021-00937-4

Data Acquisition Electronics

e

ﬂ GRID

flﬁrf‘fﬂ

SiPM board DAQ board POBC
e \sva - . » ARM Cortex MO+ MCU
—1 SiPM Array x4 ‘3\;3 Bias Sup{:ly x4 | lavs POWER > Automotive—grade
— ref +5VA| -5VA| +2.5v) .
Temp. x4 L eMMC “I | “{ » running at 40 MHz
JI{%}Z& momt | ceeeronn » low power consumption
SPI Bus Imonx4 CMD/DATx8
Eront End Electronics 20 B — mARC DAt » 16-bit IMSPS external ADC
— Telemetryx2
Triggerx4 RESET
KBI
Preamp”fier x4 & MCU IRQ PPS > eMMC data Storage
intADC SPI o > 512 MB
ltSVA lavs > SI_C Ce”
RC Filter x4 —| Trigger x4 SINTx4 126 Bus
I sEXTx4 SPI Bus
Dischargex4 +2.5VA i
Peak Hold x4 Switch x4 extADC x4 | Temp. x4 [~ > Advanged Contro_l func’qons
S W » » Adjustable SiPM bias supply
: I f. —+ . . .
Ret. Voltage > Charge injection module
Digital Signal Analog Signal Power

Functional block diagram of DAQ and its connection with FEE, SIPM Carrier, and
payload on-board computer board (POBC) &I

26
[3] Wen, JX.,, Zheng, XT., Yu, JD. et a. Compact CubeSat Gamma-ray detector for GRID mission. NUCL SC/ TECH 32, 99 (2021)



https://doi.org/10.1007/s41365-021-00937-4

uUC/OS-IlI Interrupt » Multi-task firmware based on real-time
operating system (uC/OS-III)
System tasks Application tasks > Basic functions
, » Data acquisition, storage and
Tick task CMDPriceSS SPI transmission
tas _ > Instruction control
Stat task Systick
» Monitor functions
TMR task Start task IR . . .
® arttes < » SiPM bias & current monitor
dlo task <l » Temperature sensor | |
» Close-loop control of SiPM bias
Telemetry task supply
» Extra verification functions
» SiPM [-V measurement

» Charge injection test

27



GRID-Oc Flight Model = . . = Q=

SIPM Array Front-end electronics (FEE)

Back-end electronics (BEE) & Control electronics (CE)
28
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Angular responce of Cs137
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Angular response - Cs-137
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GRID-01 8 GRID;02 BE&H. ...

NORAD ID: 43663

Int'l Code: 2018-083B
Perigee: 511.9 km
Apogee: 528.7 km
Inclination: 97.5°
Period: 94.9 minutes
Semi major axis: 6891
km

RCS: Unknown

Launch date: October 29,
2018

Source: People's
Republic of China (PRC)
Launch site: Jiuguan
Satellite Launch Center,
China (JSC)

NORAD ID: 46838

Int'l Code: 2020-079M
Perigee: 471.1 km
Apogee: 481.2 km
Inclination: 97.3 °
Period: 94.0 minutes
Semi major axis: 6847
km

RCS: Unknown

Launch date: November
6, 2020

Source: People's
Republic of China (PRC)
Launch site: Taiyaun
Space Center, China
(TSC)
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latitude
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* Undergraduate students on duty make observation plan every day

* 10 ~ 20 observations per day, 20 ~ 40 minutes each (depends on other payloads and CubeSat platform)
* Shutdown in South Atlantic Anomaly (SAA) and high-latitude region

v" Targeting observation: point to Crab (Inertial pointing mode)

v Non-targeting observation: random orientation (Inertial or magnetic sun tracking mode)

75 A :
200
—— Target/Earth angle HYV ON === Background ON Sun tracking
50 1 175 A
150
25 n n
7 125 1
9
0 o
< 100
L]
[=1]
257 g 75
50 : 20 \/ \j
25
_?5 -
0 T T T T T T T
0 200 400 600 800 1000 1200

T T T T T T T - .
-150 -100 -50 0 50 100 150 Time (minutes)
longitude

Example observation plan during Nov. 29 2020 17:00 ~ Nov. 30 2020 12:30 (UTC) 33



GRB 210121A
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[5] X.I. Wang, X. Zheng, S. Xiao, et al., GRB 210121A: A Typical Fireball Burst Detected by Two Small Missions, ApJ. 922 (2021) 237.
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Preliminary Results fro ul GRID-03 b& GRID-04 o ") GRID
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Future Planning of GRID (P

GRID-05B (Tsinghua Univ.)
Prof. Ming ZENG & Hua FENG

GRID-06B (Nanjing Univ. & Sichuan Univ.)
Prof. Bin-bin ZHANG, Prof. Zhonghai WANG & Rong ZHOU

GRID-07 (Beljing Normal Univ.)
Prof. Lin LIN, Yuanyuan LIU, Jianyong JIANG

GRID-08B (Nanjing Univ. & Sichuan Univ.)
Prof. Bin-bin ZHANG, Prof. Zhonghai WANG & Rong ZHOU
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In-orbit Characterlzatlon Setup and Y

e

Adjustable Bias supply Bias monitor

C.harge <
Injection Housekeeping data:
X v v « Timestamp
SiPM array | . . ~ « Bias voltage
(16 SiPMs) > Preamplifier RC Filter ~|: Peak Hold —> ADC > . Current g
Temperature Trigger > MCU * Temperature
monitor
N Currfent >
monitor
A
Block diagram of the front-end electronics and characterization circuits of one channel in GRID
detector. Details about GRID instrument design can be found in [2].
Scientific observation: ~20k seconds (5 ~ 6 hours) per day
« Housekeeping data recorded to analyze SiPM dark current
Daily characterization experiments:
« |-V measurement at different bias voltage
« Charge injection test without and with bias voltage
43

[2] Wen, JX., Zheng, XT., Yu, JD. et al. Compact CubeSat Gamma-ray detector for GRID mission. NUCL SC/ TECH 32, 99 (2021)



https://doi.org/10.1007/s41365-021-00937-4

Breakdown Voltage Determination .

e

CHO CH1 CH2 CH3
= = = e
H X b4 #
X x % *®
x F i ¥
! x
100 x—————— 100 S = 100 % ———— - = 100 =
24 26 28 24 26 28 24 26 28 24 26 28
T1vs. V

L Fit of VI = k x (V — Vgp)

10 10
r P4 8 g
Py ‘_,e’;/ 6 , ) /
o g 6
> 5 - > 5 / =4 >
,,// ’,r" 2/ 4
0 0 0 28
25 26 27 25 26 27 25 26 27 25 26 27
X X X x

An example result of the daily I-V measurement at
different bias voltages
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Xt&it2y

CHO
CH1
CH2
CH3

10

30

80 90

Days since 2020-11-06 03:19:00 (UTC)

Vpgp corrected to 21°C with the 21.5 mV/°C temperature
coefficient specified in datasheet
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Dark Current Increase = s

4

500
a0 - q « Linear relationship between |, and radiation damage (dose or
wol w@@m particle fluences) is found (model MicroFJ-60035-TSV):
#
350 ¢ &@@@7"/ @@ e i
2., - GRID-02: ~ 93/96/98/110 pA / (year - chip) @5 °C & 28.5 V
B gt ~ 50 pA / (year - chip) @-20 °C & 28.5 V
o ?éff,g@%@@ SIRI-1: ~ 132 pA / (year - chip) @28.5 V, temp. not mentioned (7.75 °C?)
£ 200 it @@@ﬁ
o 50
150 a8 it
100 | @é: o P oHo « An approximate empirical equation around 5 °C:
s £ CH1
or i i Igarc(MA) = 16 - (0.2678 - Time(Days) + 2.091) - ¢0-03475(T~273.15-5)
0O 10 20 30 40 50 60 70 80 90 .
Days since 2020-11-06 03:19:00 (UTC) « with SHIELDOSE-2 model, SPENVIS calculates cumulative dose:
D ) 4,200 i vlng e ftion oftme. Thewbues ) (A) = 16 - (195.5 - Dose(Gy) + 2.091) - e003475:(7-27315-5)
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In-orbit radiation damage characterization of SiPMs in the GRID-02 CubeSat detector (https://doi.org/10.1016/j.nima.2022.167510)



https://doi.org/10.1016/j.nima.2022.167510

? GRID

Xt&it2y

Mission Operating Operating Orbit Dose in Dark current increase rate
temperature voltage silicon per SiPM chip (:A/year)
(° Q) (V) (Gy) Measured  Estimated
SIRI-1 7.75 28.5 567 x 589 km 97.7° 0.9 132 194

GRID-04 5 28.5 523 x 550 km 97.5° 0.9 182 176
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Noise Assessment Through Charge Injection . (Paze

200 . 200
— CHO | = CHO
e | % CH1 2 | % CH1
5 120 CH2 1* & & 120 CH2
S @ CH3 I & S §  CH3
S 100} © S 100+
(D =
= - !

5 g ¥ 11 5 11
n o n

0 ' ' ' 0 0 ' ' ' 0

-100 -50 0 50 100 -100 -50 0 50 100

Days since 2020-11-06 03:19:00 (UTC) Days since 2020-11-06 03:19:00 (UTC)

(a) bias voltage off (b) 28.5 V bias voltage

« Overall noise includes dark count noise and electronics noise

2 _ 2 2
Ototal = Odark current + Oclectronics

47



Noise Assessment Through Charge

Injection

180
« Campbell’ s theorem gives
160
2 .
Odark current = DCR - (Gain - e)? j h%(t) dt 140
X Igark * (Vbias - VBD) E 120
T
S 100
Q
O
< 80
> 60
40
20
GRID-02 energy-channel 0
calibration result
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Dark Current/ uA
Noise (sigma) increasing rate: ~ 7.5 keV/year
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In-orbit radiation damage characterization of SiPMs in the GRID-02 CubeSat detector (https://doi.org/10.1016/j.nima.2022.167510)
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