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ESA Product Specifications for the SWE segment of the SSA system

3.2.6 Li1-002-M: High Energy >10 MeV/nuc Ions in Interplanetary
Medium - Measurement

PRODUCT High Energy >10 MeV/nue Ions in Interplanetary Medium - Measurement
Product Code Li-002-M
Input Data required

Data to be provided and
associated units

ion flux in em”*-25”-1sr"-1(MeV/nuc)*-1

Dynamic Range

10”8 (min./max. vary with energy and species)

Physical Range Threshold of 5 channels, goal of 10+ channels, logarithmically spaced in energy
ranging from 10 MeV/nue to 5 GeV/nuc.
Goal of 2 PI steradians (hemisphere) coverage with resolution of 20 degree half-angle
cones. Threshold of single cone of minimum 20 deg half-angle.

Spatial range L1 or GEO

SVWE-UKD-UrEN-1705

Justification of the requirements

A factor in a wide range of single-event related effects and biological effects. In
addition, there may be special sensitivity of some equipment (e.g. X-ray detectors) to
low energv ions (500 keV to 1 MeV).

Comment

Regarding species coverage the goalis Z = 2 - g2 with a threshold of Z = 2 - 28.

O Powerful GCR detectors AMS-02 and PAMELA
cannot measure the <1 GeV spectrum of GCR
because they are in LEO

O Albedo particles energy spectrum and
composition is sensitive to the details of
regolith composition.

ESA AO/1-10319 /20/NL/CRS preliminary requirements:
Protons in the energy range from 10 MeV to 2 GeV
Heavy ions from a few MeV to 2 GeV/n

Electrons from 0.1 MeV to 20 MeV

Neutrons from thermal to fast,

Gamma rays

Dosimetry information

TEC-EPS Final Presentation Days Jun 11, 2024



Components:
1. GCR differential flux energy spectra given by the
ISO-15390 GCR model 1996.4 solar minimum at 1 AU without geomagnetic shielding
(SPENVIS)
2.  Lunar Albedo Field created by GEANT4 simulations

The Lunar model used in the Geant4 simulation:
* 5 cylindrical layers with radius of 20 m. Density and composition from LUNA 16 & LUNA 20 data
* A hemispherical radiation source with a radius of 20 m emits particles using the cosine law

Particle | % contribution
Gamma NG Differential energy distribution Integral energy distribution
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The LURAD instrument packGRRREII—
[/ij / LURAD components \

proton-
ion-
" neutron

Controller

(fast)

Micro- electron-
subsystem

dosimetry | 8&3Mma
subsystem subsystem

= T

Mass = 2.9 kg
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m m o 0O

EJ232Q Fast Scintillator (50x50x5 mm3)

Silicon active pixel detectors

* Bl (low-gain): 200 x 200 pm?, 40000
pixels

e B2 (high-gain): 100 x 100 um?, 160000
pixels

Aluminum cover

. Cubic plastic Scintillator (EJ200)

Crystalline scintillator CsI(Na)

EJ200 Plastic scintillator anticoincidence
detector

B2

Bl

B2
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Criterion for
particles selection:

(a)produce signal on one or
more scintillator volumes
of the central sensitive
cube

(b)produce signal on both
the low gain Si detectors
placed above and below
the central sensitive cube

4 .

(c)do not produce signal on
the EJ200 anticoincidence
detectors

charged—__

Charged Particles ldentificatior

Input:
Deposited energies

on all sensitive volumes

»ﬂ/

\trigger the EJ200 system

Not used when identifying heavy ions
Eliminates the majority of the heavy ion events
due to the production of delta rays that

J

4 )

GBDT for

multiclass

Classification

Classes:
-Proton
-Alpha
-Electron
-lon

Proton
Purity:
98%

\_ J

\

GBDT for
Regression
problem:
Atomic Number ,
Z, Estimation
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Atomic Number Estimation

Atomic number estimation for particles with Z>2
with GBDT solving regression problem

5 10 15 20 25
Real Atomic Number

Identification Probability

Identification considering lunar field particle composition

—
™

—

0.8f
0.6
0.4f

0.2f

0
Atomic Number
Significantly lower flux compared to neighboring ions.
Misidentification of the high-flux neighboring ions as F, P, Sc,
or Mn, leads to substantial contamination of the sample of

these ions = Low correct identification probability
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Bl

P

Bl

Criterion: (Neutron Selection)

produce signal on the central EJ200
cube D AND

do not produce signal on the two Bl
low gain Si detectors placed above and
below the central sensitive cube AND

do not produce signal on the F EJ200
anticoincidence detectors

Purity: > 75% (the rest are gammas)

Absolute efficiency: neutrons correctly
identified over the total number of
neutrons impinging the detectors is
1,26%

neutron spectrum reconstructed from the energy
depositions on the central cube compared to the
real spectrum

Albedo neutron spectrum
Reconstructed

Trequency

107

1079

107

Iﬂ,—? | |
107 1 10 10? 1
Energy (MeV)

Algorithm presented in doi:10.1029/2019SW002344
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Electron — gamma subsystem

A: Anticoincidence Csl(Na)

B: Si pixel sensors

Tantalum cover 1 mm thick
Anticoincidence Csl(Na) Scint, ScID=2

C: Tantalum sheet
D: Csl(Na) absorber

E: Aluminum enclosure

Anticoincidence Csl(Na) Scint,
ScID=3,4,5,6

Absorbing Csl(Na) Scint, ScID=1

High gain Si pixel detector, PixID=3

Low gain Si pixel detector, PixID=2

High gain Si pixel detector, PixID=1

towards
the lunar
surface

FOV

Photon selection
Purity: almost 93% -- Efficiency: 97.5%

electron coming from the FOV
Purity: almost 83% -- Efficiency: almost 66%
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Effects from SEP

From the SEPEM reference event list (www.sepem.eu/help/event ref.html) the
event with the highest daily average and peak flux occurred from Oct 19, 1989
to Nov 11, 1989.

This event has been selected as a worst-case SEP event

Electron-gamma subsystem

_ _ . , Sub- Proton and alpha Event
Proton, alpha spectra of this event reproduced with the CREME-96 5 min peak Detector rate (Events/s) x108
. ScilD=1 3.1
Proton-ion-fast neutron subsystem
Sub-Detector Proton and alpha Event >clib=2 11.15
rate (Events/s) x108 ScilD=3 4.8
One pixel of the B2 sensor . _
will have to cope with a F (cumulative) 47.6 ScilD=4 8.7
mean rate of 6500 events/s. B1 10.2 ScilD=5 4.6
So :
Switch off everything else B2 104 >cilD=6 34
and keep some pixels A 15.2 PixID=1 24.9
operating will reduce E 4.7 Pix|D=2 53
dramatically rates.
D 0.4 PixID=3 2.9
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http://www.sepem.eu/help/event_ref.html

Microdosimetry subsystem C
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positive

Negati
eeative voltage

high voltage in-pixel circuitry

e ———————

4
AN
L !
]
J
: charged
particle

track

> Pixel circuits are built inside of a Deep n-well biased at a positive voltage
» Substrate is biased at a high negative voltage (—HV = -28V or more
negative)

» Impinging charges are collected by the depletion region below the pixel

Bl and B2 layers have an area of 4 cm x 4 cm covered with DMAPS
B1: 40000 pixels 200 x200 ym? - B2:160000 pixels 100 x100 pm?

B2

Bl

B
[
F
Bl

B2
A

FOV
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DMAPS for space appliCAIGRSRERINEERS=—

« DMAPS a “spin-in” from High Energy Physics
* Energetic particles in space environment:

»Have a range of energy depositions on Si from keV to tens of MeV
(not only minimum ionizing particles)

»For ions energy deposition is not only along the track of the particle:
It has rich spatial structure

»The hit rate can be from 2 to 4 cm?-s't (GCR) to 55-10’ cm=-s™
Power consumption minimization is obligatory.




Vreset

VddA

When charge Q, hits the pixel:

o — _[l-l ¢ * Vin drops abruptly and is slowly returned to Vreset by
= - OPAMP loop?
VAR R i/ L e Comparator flips: rst transistor is turned off and
1 A i H hit_flag signal is raised
T g * tra signal is generated locally as shown?
N v * Charge is transferred to a 500f capacitor?
Digital logic hit_flag

OPAMP/coitiparator

-HV

| >Rc

Vreset

Dti

| hit_flag_dlyed
I

__________

*  Delays hit_flaghy ~30ns
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Low gain characterizatio

Low pixel gain
Low gain sensor response to light:

1.7 —o— simulated pixel gain
o ) . y =-0.0977x + 1.6527 _
» Illuminating the sensor with a diffused laser locally from 1.5 Nj\o.‘ ¢ Measured pixel output
the top & -" simulated with test pulse
o . : =13 @ - _
» Filtering false hits from the pixel array 2 T e Linear (Measured pixel output)
15 . § 1.1
Q
1 10 X
13 15 2 0.9

12

-
X}

o 11

o
N

=
=]
=
=]

: : 0.5
; E 0 2 4 6 8 10 12 14
6 6 Qin (pC)
5 5
B ’ Simulated pixel gain 109 mV/pC
3 3
? ? Measured pixel gain 98 mV/pC
1 1
0 0
0 1 2 3 4 5 & 7 & % 10 11 12 13 14 15 o 1 2 3 4 5 6 7 8 5 10 11 12 13 14 15 . Cdt
> Qin = AVin ’ Ctest 'C +eCt .
Laser positioned at the top-right Laser positioned at the top-left > d . ﬁet. els . |
corner of the array corner of the array Good agreement with simulation results

» Deviation possibly due to C,, value being different from
what simulation predicts
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hit_flag

FFs and
2 loglc gates

O =~
-_H .......... | ;l vod
15_’@)"5@_ ) vid
PR Cov | .
| : A EH SF
T 3 =] } I
| e s 1A
c, Ci , f
_______________ Viu —i
I,
V, ‘ j;_[ '_é v
Tlap 8 i

idle power consumption = 7.5uA @ 1.8 V = 13.5 uyW /
pixel
For 16 cm? covered by 160000 pixels

Idle power consumption=2.16 W
High power consumption!

Diode connected nmos for DNW bias
Cc decouples CSA from leakage path

CSA to integrate input charge over feedback

capacitor C;

CSA output compared against threshold voltage
to produce time-over-threshold pulse

Comparator decoupled from CSA to allow for

2

trimming of V,

Comparator output used to charge C,,, for time
to voltage conversion

Same readout as the low gain pixel

3

4

TEC-EPS Final Presentation Days Jun 11, 2024




High gain sensor characterization very first measu o€ continued)

Leakage current

-1.60000E-08

-1.40000E-08

-1.20000E-08 °

®
-1.00000E-0§

°
-8.00000E-09
® @ CHIP2

@ CHIPO

-6.00800E-09

®
-400000E-09

iDET_BIAS in A

([ ]
-2.00000E-09

e000000 ©00000000000000000
eoge -10

000000000
0ee® -15 -20 -25 -30 -35 -40 -45
©-0.00000E+00

VDET_BIAS

Conclusion: No breakdown occurs for up to -40 V bias

-0.007

“sanity checks”

Analog current versus analog voltage supply sweep

0000 for nominal digital supply voltage

-0.008

’
G ———

-0.006

-0.005 —@— IssAn@VddAn=1.8V
-0.004 —@— IssAn@VddDig=1.8V

-0.003

Analog current versus digital voltage supply sweep
for nominal analog supply voltage

1.68 1.7 1.72 1.74 1.76 1.78 1.8 1.82 1.84 1.86
0

-0.002

-0.001

No leakage between analog and digital supply domain
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DMAPS for LURAD: Specificatior

_ LOW GAIN PIXEL HIGH GAIN PIXEL

Pixel size 200x200 um? 100x100 um?

No charge amplifier !
Charge range 40fC - 9pC 0.5fC -50fC idle power consumption = 35nA @ 1.8 V = 63 nW/pixel

For 16 cm? covered by 40000 pixels

Gain 109 mV/pC 178 UG (0], =] idle power consumption = 2.52 mW
120 mV/fC (Q;,<3fC) A very low power figure !!!
e 35nA/pixel 7.5ul/pixel

consumption

) idle power consumption = 7.5uA @ 1.8V =13.5 uyW /
Noise charge 1.5fC 200aC pixel
Digitization Embedded SAR ADC 11 bits @ 10 MHz For 16 cm? covered by 160000 pixels
— Idle power consumption=2.16 W
Communication SPl @ 10 MHz . .
High power consumption!
Readout mode Only hit pixels/all pixels/specific
pixel

» Low gain and High gain sensors combined cover a dynamic range from 0.5fC to 9pC
» Common top-level architecture and read-out circuitry for the two sensors
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Time of Flight

EJ-232 EJ-232
scintillator scintillator

1

Current Pulse

1

Current Pulse

AN

Voltage Pulse

AN

Voltage Pulse

Constant
Fraction
Discriminator

ST e )

Trigger Signal Trigger Signal
(“start” signal)

Constant
Fraction
Discriminator

Readout
Electronics

Readout
Electronics

+ (“stop” signal)
Time-to-Digital Converterj

ToF Specifications:
» Distance between 2 detectors = 30cm
» Time of Flight measurement duration up to 2ns
» Resolution better (lower) or equal to 30ps

Development Strategy:

» Construct a “reference detector with a small scintillator (time resolution around 10 ps)
» Characterize the 5 cm x5 cm x 5 mm scintillator with the aid of the reference detector
» Construct the final detector system and characterize with beams
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Two copies of the inp
Attenuated input signi

Sroo Source

[ SIPM{ChT) |

Delayed input signal
Timing of the crossing ks
signals is constant

wlitude (V)

EJ-232Q
scintillator
(3x3x3 mm3)

Al

llieadout Electronics
[N

O
N
DSOX6004A Oscilloscope

Readout Electronics

Dt Hist Fit

EEEEEN
p 800p n

Dt (s)

Dt (F1-F2) Histogram
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Time-to-Digital Converter (TDC) based
on Multiple Tapped-Delay-Line (TDL)

I - <

g START 2
A STOP

1 j

1 f

| | I

Thermometric-to-Binary
4

» VHDL implementation in Xilinx 7-series FPGA, taking
advantage of the device built-in primitives
» CARRY4 primitive used as the basic delay element

Constant fraction discriminator hardware implementation

TDL Graph

200-

180

160~

140-

120-

100-

Auto-Scale + @ ¥ TDL Analysis Auto-Scale |
5=
Filtered-out region g
P
g
=

Z o-

ip

2-
3% ' . . ' ' . " '
20 40 60 80 100 120 140 160 180
INL + Q

-

3o

z
g
o-
Filtered-out region
o 500 1000 1SQD 2000 . 2500 3000 3500 4000 450 20 40 60 80 100 120 140 160 " 180
Linearity Scan DNL

INL +/- 2.3, DNL +/-2.2 (LSB=11.5ps)
Target : TDC real resolution below 10 ps

Trigger Signal
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Scintllators + SIPMs cube

<
Z
S

EJ200

(,s\\“a\

"Bottom Cl(a) plat Covered with Teflon
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W 60

120 1400 1600

1800 2000

Gamma ray spectra measurements and Spectrum of signh;als from AmBe neutrons using the SiPM (plastic EJ200)
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Plot0 Plot 1 Plot2 [7] Plot3 [ | Plot4 Plot5 [T11]

Spectrum

Cs137
Co60

0" '250""500" 750 1000 1250 1500 750 2000 2250 2500 2750 3000 3250 3500 3750 4000 4250
ADC bins

Conclusion from
all measurements:
More SiPMs are
needed to improve
light collection.

3_
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LURAD system electronics block

Electron-gamma Proton-ion fast

measu ring neutron measuring

sub-system A sub-system &
k4 LA

FIFO |G=A UART FIFO [=>3 UART

ﬁ = Detector @ 3= Detector InStrU ment
SPI 5Pl
client FPGA client FPGA

\-“-:‘::i\\\\\ 4

SPI4SPACE SPI4SPACE

- Microdosimetry measuring sub-system
Electronics box \\ W
SPlhost k= . SPI FPGA

SPI4SPACE client
Power SPI boot . ﬁ ko= Detector
Manage ment flash e Galiler GR716
FIFO k=54 UART
I
SpaceWire
I}
L . W = He e e e e e e e e e =N
Power supply input Communication ! A

{28V - regulated) with spacecraft or

space station o

Seriakto-USH —>

A\ Debugging instruments /
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Breadboards:

+ it

Time-of-flight

1\”“””“!”

low gain __ high gain
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Simulated Measurement Capabilities. LURAD in the lunar radiation field will:

|dentify charged particles with Z=1 to Z=26 or higher

Measure kinetic energy of protons and ions from <40 MeV/n up to 2 GeV/n

Identify fast neutrons and measure their kinetic energy from 0.1-0.2 MeV up to >200 MeV
Discriminate electrons + positrons from gammas

Measure energy spectra of electrons + positrons from <1 MeV to 20 MeV

Measure energy spectra of gammas from 100 keV to 10 MeV

X X < X X X

Provide early warnings for SEP events

Verified with experiments

v Provide microdosimetric measurements with ions in LET(Si) range from 0.2 keV/um to 80000 keV/um
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Parts of the work have not been presented here. (e.g. The work for SPI4SPACE
implementation)

R&D for LURAD is at a very interesting phase:

A considerable experience for the development of the DMAPS sensors has been
acquired. Design optimization will continue by examining closely the spatial
distribution of energy deposition in the pixels and the transport of the charge
produced.

* The minimization of the time resolution of the “reference detector” is pending as well
as the construction and characterization of the actual time-of-flight system

* The construction of a new scintillator+SiPM cube and continuation of characterization
with beams and radioactive sources.

Thanks to Giovanni Santin for support and amazing collaboration!
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LURAD breadboards

Breadboard for Si pixel sensors

" Detectot..,

Adapter
.. board

ol [ «

Scint+SiIPM: {:

SPI4SPACE connections

Breadboard for time-of-flight

Detelgtor
board

spacewire

MIL-STD-1553

Breadboard for the central control unit
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LURAD system block diagram

IDE3160

T

Voltage
Master Ref
Module

Differential
current
amplifier

-

Power management

ub0S_3
IDE3160

Differential
current
amplifier

Slave

I
I
I
I
: uboS_3
: Module

Radiation
Damage
Monitor

Microdosimetry
sub-system

Central Unit

AV4

Gaisler

GR716

Up DMAPS low gain
PixID=6

Up crystal scint / SiPM
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Fast neutron
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Converter Discriminator [*]
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Mid1 anticoincidence plastic
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Mid2 anticoincidence plastic
scint / SiPM, SclD=17
Botom1 anticoincidence
plastic scint / SiPM, ScID=18

Botom2 anticoincidence
plastic scint / SiPM, SclD=19

crystal scint / SiPM

SclD=2
Energy abserbing
scint / SiPM

SclD=1

idence crystal
scint / SIiPM, ScID=3

Right anticoincidence crystal
scint / SiPM, SciD=4

Back anticoincidence crystal
scint / SiPM, SclD:

Front anticoincidence crystal
scint f SiPM, SclD=6

Electron-gamma
sub-system

v

FPGA

¢

Pulse
Height
Spectroscopy

IDE3380

DMAPS high gain
PixiD=1

Up DMAPS low gain
PixID=2

uump-* Down DMAPS high gain
PixID=3
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40 MeV <E;,qiic € 150 MeV

produce signal on

one or more
scintillator volumes
of the central

sensitive cube with
Edep = 40 MeV;

produce signal on
only one of the two
low gain Si detectors
placed above and
below the central
sensitive cube

do not produce
signal on the EJ200
anticoincidence
detectors

How to select low — medium —high energy charged pz

150 MeV < E,, ... < 500 MeV

produce signal on

one or more
scintillator volumes
of the central

sensitive cube;

produce signal on
both the low gain Si
detectors placed
above and below
the central sensitive
cube

do not produce
signal on the EJ200
anticoincidence
detectors

Eiinetic > 200 MeV

=%

produce signal on

both fast
scintillators
do not produce

signal on the EJ200
anticoincidence
detectors
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Proton-ion-fast neutron data analysis

Estimate Energy Using AE
Particle Identification 777

Estimate Energy
(not yet implemented)

Do what?? Reject 7

Signal on any detector of
the neutron-ion subsystem
above thresholds

Neutral or
Charged Particle
(Decison based on Cuts)

Charged

Mixed Event:
Primary does not cross
both Si Detector Layers

Primary Track,
Delta Ray or Mixed Event
Decision by GBDT

Classify as Proton,
Electron,
Alpha, or lon
Decision by GEDT

Alpha

Y

Estimate the Atomic
Number of the ion

Y

Neutral

Gamma

Classify as gamma
or neutron

What 77

Neutron

Estimate Energy,
accumulate for spectrum

Delta Ray

Proton

Reject Event

Estimate the
Energy of the ion
(not yet umplemented)
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How to select gammaSORNENNN—

Criterion C1: (Select photons)

If energy > 50 keV is deposited only on D then the event is probably a photon
Purity: almost 93% -- Efficiency: 97.5%

Criterion C2: (Select electrons)

If energy is deposited on B1, B2, B3 and D in coincidence AND

Only one energy cluster on B2 AND

Only one energy cluster on B3 AND

Energy deposition on B1 < 150 keV AND

Energy deposition on D < 18 MeV

Then the event is probably due to an electron coming from the FOV
Purity: almost 83% -- Efficiency: almost 66%

FOV
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v’ Detect protons from 2 to 200 MeV
v'Dynamic Range for LET spectrum measurement from 5-104 MeV-cm?/mg to =210 MeV-cm?/mg
v’ Battery operation for ... 30 days

Translation:

The minimum detectable charge should come from the deposited energy in Si by minimum
lonizing protons:

e CE R emr e
mEm, E e B
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