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.._Particles Detection in the Space Environment

Low power CMOS instrumentation for Solar
system Exploration

m Overview of the particle detection chain

1 - event

0~ no event

MicroChannel Plate (MCP) Detector Data processing

- The readout circuit provides a binary output on the presence of an event
- To measure the plasma distribution function - Count particles



] _ for Charged Particles Detection in the Space Environment

Content

m MCP KEY PARAMETERS

m Amptek All1l

m ASIC specifications and challenges
m ASIC CDIC16 description

m Experimental Results

m Conclusion



0 _ Charged Particles Detection in the Space Environment

Content

m MCP KEY PARAMETERS



..—ed Particles Detection in the Space Environment
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To increase the gain > MCP mounted in Chevron

INCIDENT PARTICLE OR PHOTON
CHEVRON

MICROCHAN NELS
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~10% ELECTRONS QUTPUT PULSE

ANODE \]LI/_

e Quality of the MCP
But Gain depends on : » Polarisation voltage > Sensor dynamic range

 Ageeing
Comptage
7000 -
E— 2100 V_0 dB_300 eV
€000 2150 V_0 dB_300 eV
2200 V_0 dB_300 eV
2250 V_0 dB_300 eV
5000 — 2300 V_0 dB_300 eV
i — 2350 V_0 dB_300 eV
4000 \ — 2400 V_0 dB_300 eV
3000 1'.
1
2000 1| 2300V
|
|
1000 ta ¥ T
) e
B T TV s S Q [pC]
0,0 0,47 0,95 1,42 1,89 2,36




] _harged Particles Detection in the Space Environment
MCP main characteristics

Parameter MCPs in Chevron

Diameter (mm) 25.4

Anode number 16
High Voltage (V) 2300
Gain Spread 0 a6.2x106
Equivalent input charge(pC) Oto1l
Collecting time (ns) Oto1l

Input parasitic capacitance (pF) 3

Max Operating Frequency (MHz) 2.5

Sensor ;:

« Bandwidth > 2.5MHz
- Gain: V., /GMCP__

- SNR & ENC : GMCP . 2

min
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MCP electrical model

Current Pulse source;

Q, |

I — A(:2IN i - i

DET At i |y cdeti
MCP Model

» Maximum pulse width: 1 ns
» Maximum rise time t: 500 ps
» Channel recovery time: 400 ns

» Parasitic capacitance C,,, = 3 pF



.._rticles Detection in the Space Environment
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Amptek A111l characteristics

16*AMPTEK A111
Weight 269*16=416g¢g
Consumption 6 MW *16 = 96 mW
Noise ENC 2750 + 562 e'/pF
Detector Max capacitor 0 - 250 pF
Output voltage 4,7V
Count rate 2.5 MHz
Temperature accepted -55°Ca85°C
Radiation tolerance > 100 krad
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Advantages and drawbacks of full custom
Integration (ASIC)

m +++ ;. low power consumption, low noise, less
area, less weight, higher speed of acquisition

m --- . prone to crosstalk, flexibility, radiation
tolerance,

12
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ASIC Specifications

=» Event detection

Secondary
electrons |
|

Il
WMMLH \ \ o
+
- CPA -Ps
Analog v‘ / / Calibrated
current pulses voltage pulses

Charge preamplifier FPulse shaper Discrimin ator

Block Diagram of the analog-digital front-end processing
chain for one channel

=» ASIC Challenges

* Noise (ENC)
 Radiation hardness
 Power Consumption
* Crosstalk

* Technology process choice
13
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ASIC Specifications
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MCP gain distribution

Bandwidth: 2.5 MHz
16 Channels
Gain : 1.35mV/fC

2,5
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1,65
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- 0,5

0

AV,
Gain = —==
A

Dynamic range : noise floor 0.58 fC (3635 e°) to 1pC (~7.5e6 e’)

Power Consumption < 3 mW/channel
Radiation hardness > 20 krad
Tunable detection threshold voltage
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Radiation Effects
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Process AMS CMOS 0.35 pm

N-MOS P-MOS

Metal 2

POLY1-POLY2 CAP

Metal 1

P-Substrate

—AMS.

Austria Mikro Systeme International AG

m  Grid oxyde thickness 9nm
m Supply Voltage 3.3V
m 4 metal layers

17
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ASIC CDIC16 Analysis

Block diagram of the sensor analog front-end 300kQ
56kQ\::— TR = . A// 150fF
1p|:\: C, —Tj : 70‘/kQ T C, /

Ry : Ta I
I | N

i
i
' - : =

jm———— === i
| I\ R / Cs

Q
= : -Avcra t I l ~Aues

P Vel \/VE_:HM I Vs ps
, I
i
, Diffe%

Integrator

MCP Model Charge Pre-Amplifier 650ﬂ:

» The maximum count rate depends on the channel recovery time
» Time constant t of the charge pre-amplifier is calculated such as to allow the wanted
maximum counting rate of 2.5MHz (trecovery = 400NS)

t
Y Tenage + Tischarge ~ rec‘gery For a settling time better than 99% of the final value
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CPA amplifier schematic
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Noise sources:

L2
‘ Ry
VAVAVA

| &

Détecteur

ENC : Equivalent Noise Charge

ENC = 5P
Vse: PS

r Charged Particles Detection in the Space Environment

CPA Noise Analysis

» Thermal Noise
* Flicker Noise
» Shot Noise

21
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Optimisation of the ENC (AMS 0.35um)

ENCZ = LkT Lz & ENC?, =t _c2.€ 2 _ lus
L R T YT g wL Tt 2g°? ENCore ==,

eZ
q

For a shaping time ts of 50ns and C,=5pF

790 |

240 M1= 556/ 2 pm

r W [pm]

100 300 500 700 900 1100 1300 1500

ENC,,; =685 e +10 e /pF
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Crosstalks

* Dynamic ground in between each input channel pin

» Coaxial cable like structure around sensitive signal path

* Power supply mesh to improve decoupling capacitor capacitance
* VDDA/VSSA /Il VDDD/VSSD

Coaxial cable structure: Signal (Metal 2), Power supply mesh
Ground (Metal 1/2/3)

23
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Content

Experimental Results
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Design

NI L

CMOS 0,35 pm proceas -

i

#

/ ’
\\\\\\

14

i w’&'

=

-

Y\

inputs g

'111'13‘5 3H S

\\\;\ WYL

"’4.

//// / /
Die photograph ASIC test board

25



0 _ Charged Particles Detection in the Space Environment
Simulations vs Measurements

Cyet = 1 pF et

simulated e TTICASUTRA

Qn=450fC  =m={ ! ..........
al MHz Y S
R R R
\ /. Verssmpmik=320mV. o ]
EVS‘?PS?ME.S;PEAEKZ 405 mV : t[ns]
200 ns/div
Parameter Requirements Simulation Measure
Input Parasitic 3pF 3pF ~ 3pF
Capacitance
Charge range 0-1pF 0-1.5pF 0-1.5pF
Peaking time 50 ns 50 ns 50 ns
Gain 1.35mV/iC 1.35mV/fC 0.92mV/iC
Counting rate 2.5 MHz 2.5 MHz 2.6 MHz
Power consumption <3mW 2.12mW 2.15mW
ENC noise < 3000 754 954

26
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System linearity

1000 .'peak [mV] - VS CPA
I = VS_PS

500'

-500'

-1 000

= El
-1 500 Charge [fC] ]

(0] 500 1000 1500 2000

Linearity for incoming charges from 0 to 1900fC
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Noise

Output nsd [V3/Hz] 4 simulated

1e-12} — measured

le-14 t\f f

le-16

f [Hz]
1e+05 1e+06 1e+07
CPA + PS Noise Output Spectrum density

ENC : 20 fV2/[Hz = 954 e- rms :>

Consumption: 2.12mW Dynamic Range = 79dB
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600

500

400L

300
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100

Temperature Performances

 Vsps [V]

f - Mesure -20°C
L & Mesure 20°C

Mesure 8o°C
-©- Stmulation -20°C
& Stmulation_20°C
Simulation_80°C

charge [fC]
s

-400 500

Measured (solid) and simulated (dash) CPA+PS output voltage vs input charge from 45 to 450 fC with an

input parasitic capacitance of Cdet = 1pF (T from -20 to 80°C).
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Radiation Tolerance

Irradiation from 0 to 360 krad (6°CO at Nuclear Physics
Institute of UCL (Université Catholique de Louvain))

e Irradiation rate: (142 rad/h)

earte génératice
d’impulsions
(2) .

Radiation tolerance:
bloes de

plomb = Gain

= Response time

=» Pulse width

=>» Consumption

30
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Radiation Tolerance Results
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Crosstalks
1,2e+04
L count Event : 240.10%" at 300eV
: MCPs HV = 2300V
1e+04

g8 000}
6 000
4000}

2 000

400 600 800 1000 1200
Fig. 10. MPC pulse gain distribution at 2300 V.

Minimum detected input charges: Lost information:

[ 122fC for electrons U 6% for electrons
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Content

Conclusion
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Performances
AMPTEK A111 * 16 ASIC MCP
Area 7317 mm° 1875 mm"°
Weight 2609g*16=41,6¢g 509

Consumption 6 MW * 16 = 96 mW 33,4 mW
Noise ENC 3312 e 954 ¢’

Detector Max capacitor

0 — 250 pF 0-25pF
Output voltage 4,7V 3,3V
Counting rate 2,5 MHz 2,6 MHz
Temperature accepted -55°Cas85°C -20°Ca80°C
Radiation tolerance > 100 krad > 360 krad

. AMPTEK A111 vs CDIt I B

Area Weight Consumption MNoise (ENC) Count rate Radiation
for Cdet = tolerance
1pF

34
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Future Work (Taranis)

m SEE tests (2013)

m 0.35um - 0.35um HV Isolated well (crosstalk, latchup and power supply
rejection)

m Differential architecture (crosstalk)

m A CMOS Analog Front-End Chain for Si-CdZnTe Detectors (13channels +

BLELEbLELLLE] L
eI ERIAREAR BN

Comparator .
S
VrEF ASIC 35

ADCs)
L {[--____------------____------------____------:
1 1
; | :
U e
Particle i : Diguts
O Vs ps Vs_pra] Vs, apc -
“sos T 7 -PS = Peakdet [——— ADC T I'l 8CdznTe
§ S CPA »

e : :

Charge ! .
: Charge Pulse shaper Peak dectector Convrter ! .
\  preamplifier | -
! EN CONV | . .
! Command i 5si J4i® -
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! Confrol : -
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Questions ?
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ASIC CDIC16 Analysis 300kQ

g - / 150fF
: I L [ .
1pF\ cf ' / Ci :
e § |
1 | :| I

o e | | e
Aly 1+tpl L1 +Ty4pl L14+71;p

AV,
Gain = —

37



..—ed Particles Detection in the Space Environment

Optimization of the ENC (AMS 0.35um)

1 1 e2 2 Kf 2 62 I 2
ENC2 ==KkT —C? ENC/ = C 2 wtls €
Th t o 1t 2 t 2 ENC: = —
3 gm q T, COXWL 2q Gre 4 q
ENCt ws tr
G500 —
— W/L = 100
500 —
400 —
g
g 200
W/L = 100
200 —
W/L = 1000 | —&—f:—:—___:ﬁ____—;— W/L = 100
100 S ——— \//LL = 1000
D L] ] L L} L) L] Ll ] ¥ || L] || L] | L ]
0 200 400 600 200 1000 1200 1400 1600
ts (ns)

Shaping time 38
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UsB
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count

5e+04 1e+05 1.5e+05

HV =2650V
1510 events

gain
Tt T

2e+05 2.5e+05

Measured MCP pulse gain distribution at 2650 V due to charges of an MCP illuminated by an electron beam.

=

bias voltage)

Average gain of 36.4 k (for a 2650 V MCP
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System linearity

Vg, theoretical [V] Vs, simulated[V] == Vg, measured[V] ==

3

2,5

/

O 8 & & & & & & & & & . & . Qnlf
N S S R O T X SO S S S Qu [fC]

Gain,, =165 mV / fC
=1,65 mV / fC
=194 mV / fC

Gain

Sim

G al nTest
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(v)
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Simulated CPA (left) and PS (right) transient response
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(v)

(v)

(v)

(v)

Analog-digital front end simulation

Vs cpa
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| . L
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I
I
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I
| " PN, 1
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- A i’ ! 1 1 1
990 198n 280n 3800 480n 580n

tme (8 )

42



.._arged Particles Detection in the Space Environment

Charge Amplifier (CPA)

— Transfer function:

|
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Charge Amplifier (CPA)

t

Transient response: V, () = Cge i
f

Vsi [V] .

WS (v}

t [ns] v Vsimax [Vl

7T T T T L]
(=] S50 100 150 Z00 Z50 F00
t{nE)
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CPA analysis

Folded Cascode architecture:

gmzvgsz
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1.'“'ll-CflUT YIN E l V '.?;:/ VDUI
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Vin M1 M2 }:I_ L 1
J— CD _— R R, ——
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Noise analysis

Noise Power Spectrum Density:

Thermal noise

v ?(f)=4kTR

1/f Flicker noise A M w2
v2(F) = +
" f
Shot noise (MCP)
i, (f)=2ql,
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Pulse Shaper

______________________

_____________________________

Ts : Shaping time = T4 =7

Hz(p) —

1+(RsCy +RC) p+RyR,CyC; p?

AZTsp

fCL

| Ri | .
| — | Ransfer Function:
: L | !
; Ci i
i 1 e
| R Cd %( p) =
— 1 Ay
VS‘ i 'A\/PS |
i P Vep
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E - o ------
3 p 5 & 7 g a o 11
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Bruit du pré-amplificateur et du shaper

| |
|

Miveau du signal

A

i i

La valeur quadratigue moyenne en sortie du shaper vaut:

v2, = [ Vs (527 )" [H ps (j2t )" df

ENC : Equivalent Noise Charge

ENC =

2
S2 rms

Val?
S2|piCc

due a un électron
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Bruit du pré-amplificateur et du shaper

2
ENC produite par le bruit thermique : ENC? e C/ 2
3 0, Q7
ENC produite par le bruit en 1/f : 2 Ki 2 €
- ENC},; == Cl—
CixWL ~ 2q
. . . 2 Itotz-s e2
ENC produite par le bruit de grenaille : ENCg,, = 4 E
ENC total :

ENC,,, = = JENCZ +ENCZ, +ENCZ,

2 2 2
\/VSZ (Thermique) +V82 1/ f) +V82 (Grenaille)

2
VS 2MAX
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Performances de la partie analogique

Diagramme de Bode

50.04 galn_amp _galn_shap L

25.0 —
4, L —————— \ -
~——_ T

g /

s -25.0 /
-50.0 — \
-75.0

o

-3 phase=hap 1

I \
—

//ﬂ
1

=

%ﬁ]sz —5Tw ::): 104 105 h‘1‘o:| " 107 108 109 101¢
Parametres Valeurs
Gain de plateau 41,6 dB
Fréguence de coupure basse des asymptotes 0,458 MHz
Fréquence de coupure haute des asymptotes 2,56 MHz
Fréquence de résonance 1,5 MHz
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Le discriminateur

VDD VDD VDD
Comparateur J
| M5 :I
| M7
ISS
Vbiﬂsn | IJ VOLT2
! v,
M1 M2 REF
CLz
Vour=Vixs St
ouT= VIN H: M6 —
M3 M4 <
N
figure 1V-28 : Comparateur composé d’une paire différentielle de type P et d’une source commune de type N et
polarisé par un miroir de courant de type wind swing.
Monostable

Ve vion Re
E_MONO N Vs mono
| |
INV

NOR Cc

figure 1V-30 : Structure du monostable qui est réalisée par une porte NOR, un inverseur et une constante de

temps RC.
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2,5

Si A chain gain and linearity

Vs _peak [V]

Qin [fC]

20

30

40
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Si B chain gain and linearity

Vs_peak [V]

" ENC=1356 ¢
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Mass Spectrometer: time-of-flight analyzer

m Isotopic Composition of Elements of an environment
m Principle :

Post- Time-of Energy
acceleration Flight Section (Solid State o e oo i " s ‘
Clem ety 5 e NaMg AISi PS IAr KCa Ti Cr MnFe Ni
{_‘_ 1ﬂ cm] Detectnr] Isotopes: . I\Ic o \1.11 .,\1' [ ‘: .(:I.Ar. (Iial L .‘:F.Fc‘ . NII
— - fen Fe
) c o Mg 2
o 1000 i | e il
g Mg I
o ’ N Mg
g Mn Y Ni N
"":' Ni E
100 4 Ti L7
p =
K v
g §
llllllllll 3‘4 T3 a2 ‘IIE ' SI!J Ta s g B

Mass (amu)

Calculation of the mass m: m=2E,__
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Optimisation of the ENC (AMS 0.35um)

1 62 2 Kf 2 62

C? ENC, = C 2 _ |
9, o, VOTCIWL 27 ENCo.=
For a shaping time ts of 60ns

2000 7

tot TS

4

ENC2 = kT e’
3 q

EMCt ws i

—— ENCy,

1200

i ENCry iy fOF L =2 um
| |
|I I

L=5um

ENC (ne-)
n
]
i

L=0,5um
T T T T T T T T T T T T T T T T T 1
) 100 200 200 <00 S00 ! (=]n]u} oo 200 =1nln} 1000
M pm

M1 = 556 /2 pm 56



Process (um)
Power supplies (V)
Intégrateur
Consumption (mW)
Noise ENC (e") pour
C,, = 5pF

Detector max
capacitor (pF)
Peaking Time (ns)
Silicon area (um2)
Count rate (MHz)
Radiation tolerance

Performances

AMPTEK Al111l

4.7

3312

0-250

2.5
> 100 krad (C060)

[Noulis, T., Circuits,
Devices & Systems,
IET, 2008]
AMS CMOS 0.35 pm
3.3
2

0.165 (CPA)
321

0-10

1000
4212
0.8

[Kaplon, J., Nuclear
Science, IEEE ,
2005]

CMOS 0.25 pm
2.5
3

1.5
< 1500

0-25

22
84000

10 Mrad (X-ray)

] _ for Charged Particles Detection in the Space Environment

CDIC16

AMS CMOS 0.35 um
3.3
1
1.73

954

0-25

55
77000
2.6
> 360 krad (C060)

57



	A CMOS Instrumentation Chain for Charged Particles Detection in the Space Environment
	Low power CMOS instrumentation for Solar system Exploration
	Slide Number 3
	Slide Number 4
	Top-hat electrostatic analyzer 
	Slide Number 6
	Slide Number 7
	Slide Number 8
	Slide Number 9
	Slide Number 10
	Slide Number 11
	Advantages and drawbacks of full custom integration (ASIC)
	Slide Number 13
	Slide Number 14
	Slide Number 15
	Slide Number 16
	Slide Number 17
	Slide Number 18
	Slide Number 19
	Slide Number 20
	Slide Number 21
	Slide Number 22
	Slide Number 23
	Slide Number 24
	Slide Number 25
	Slide Number 26
	Slide Number 27
	Slide Number 28
	Slide Number 29
	Slide Number 30
	Slide Number 31
	Slide Number 32
	Slide Number 33
	Slide Number 34
	Future Work (Taranis)
	Slide Number 36
	Slide Number 37
	Slide Number 38
	Slide Number 39
	Slide Number 40
	Slide Number 41
	Slide Number 42
	Slide Number 43
	Slide Number 44
	Slide Number 45
	Slide Number 46
	Slide Number 47
	Slide Number 48
	Slide Number 49
	Slide Number 50
	Slide Number 51
	Slide Number 52
	Slide Number 53
	Slide Number 54
	Mass Spectrometer: time-of-flight analyzer
	Slide Number 56
	Slide Number 57

