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LArASIC Requirements and Specifications

 https://edms.cern.ch/document/2397298/1
« System noise < 1000 e" [SP-FD-2]
* FE peaking time adjustable from 1 to 3 ys [SP-FD-13]

 Signal saturation level ~500,000 e- (80 fC) [SP-FD-14]
- Gain of the front-end amplifier ~ 10 mV/fC [SP-ELEC-2, 2284]

» Dead channels < 1% [SP-FD-28]
« Cold electronics power consumption < 50 mW/channel [SP-FD-21]
« Two baselines in the front-end amplifier [SP-ELEC-1, 2283]

 Input capacitance to front-end ASIC should be optimized for 120 to
210 pF [SP-ELEC-12]

* Channel-to-channel crosstalk < 1% (goal of < 0.1%) [SP-ELEC-11]
« Monotonic saturation recovery [SP-ELEC-10]
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LArASIC Developments

Goal of P4 LArASIC

Eliminate the ledge effect shown on P2 LArASIC in ProtoDUNE operation (Success)
Fix the bandgap cold startup issue to improve cold yield (Success)

Add Single-Ended to Differential Converter (SEDC) for differential interface to ColdADC
(High current draw with SEDC)

Improve uniformity of output DC baseline by introducing 16x RQI (reset quiescent
current) subtraction in the second stage (CA2n) of the charge amplifier (Random non-
operational channels observed in LN2)

Goal of P5 LArASIC

Remove RQI subtraction to fix a few non-operational channels in LN2 (Success)
Modify SEDC buffer for stable and low noise operation (Success)
Modify Test Charge Injection Pulser DAC in terms of its linearity (Success)

Retain improvements achieved in P4 (ledge effect elimination, bandgap cold startup)
(Success)

Goal of P5A LArASIC

Explore different ESD protection schemes (Success)
Further investigate the RQI subtraction issue (Success, issue located)

Goal of P5B LArASIC

Apply ESD scheme with higher discharge tolerance (Engineering run)
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Measurements of P4 LArASIC (1)

* LArASIC checkout test setup
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Measurements of P4 LArASIC (2)

P4 LArASIC: Eliminate the ledge effect (Success)

Trig'd Tek Run Trig'd

P4 LArASIC (Die#3) ~ Q=5581fC | P2LArASIC - Q=558fC |
cHO o . o | cHo T o ]

Ledge effect suppresses signals

1,400,

<
<

1

: : )|
2 ][100;45 HwOMS/q M 2 75 572va value Mean Min Max 5td Dev ]{200;.‘5 Mso.or\nyls M 2 s 864mVJ

Impedance Invert

100k points 2 100k points
M

OL:ADC”"E,};, Label J a’e W}
LN2, 200 mV BL, 14 mV/fC gain, 1.0 ps t,, 500 pA Izq,

Bandwidth 2
20MHz

2

00 || on

* No ledge effect is observed with P4 LArASIC even injected charged > 2pC
— Large charge pulser is injected through LArASIC input directly
— ASIC internal calibration pulser is enabled as well to monitor ledge effect
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Measurements of P4 LArASIC (3)

« No BGR startup issue is observed at LN2 (Success)

— 10 dies, 30+ packaged chips

« Baseline measurements of P4 LArASIC at LN2
— 900 mV BL setting: 915 +£ 10.1 mV (vs. P3 900 mV BL setting: 898.9 = 12.9 mV)
— 200 mV BL setting: 216 = 7.6 mV (vs. P3 200 mV BL setting: 243.8 + 16.0 mV)

— A few non-operational channels observed in LN2

« The large variation of RQI at LN2 may cause the 16x RQI subtraction in the second stage
(CA2n) of the charge amplifier to become larger than available current in the circuit, so the

preamplifier is disabled

« The large variation of RQI at LN2 temperature unfortunately cannot be

simulated with available models

Woltage LArASIC channel

SORIFCE

A SMU (source measure unit) is used to measure the RQI of
the input channel. channel. When V,, > V,,, the feedback
network of the first stage (CA1) of the charge amplifier is
switched off, RQI is measured with the picoammeter.

Die#2

|_RQIEB0O0pA

CH#

RT

LN2

480

260

480

250

480

300

480

170

480

330

470

400

460

380

470

200

470

80

480

150

480

170

480

350

480

370

500

330

480

130

489

Green: channel alive

-: channel damaged

Empty: channel non-operational

RT  479+8pA
LN2 276+ 97 pA
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Measurements of P4 LArASIC (4)

""""""

Oscilloscope measurements of P4 LArASIC differential output with
SEDC buffer turned on. Blue trace of oscilloscope channel 2 has
150 mV/div, is the measurement of single ended output OutP from
the analog monitoring pin. Green trace of oscilloscope channel 4
has 300 mV/div, is the measurement of differential output with a
differential probe.

High Current Draw with SEDC (Fixed in P5)

Issue observed: The P4 LArASIC
with SEDC turned on consumes a
large power of ~16 mW/ch instead
of ~12 mW/ch due to insufficient
phase margin.

—> The lab test shows this could be
mitigated by adding decoupling
capacitors and using a reduced
VDDO power rail.

- The problem was reproduced in
simulation by adding a few Q
resistors on VDDO (buffer power)
and VSSO (buffer ground).
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Measurements of P5 LArASIC (1)
e Same test setup as P4 LArASIC

Power cable

| Mon or Cali
7 test input

Y/ A\

EEEEEEELALEE

National Lahoratory
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Measurements of P5 LArASIC (2)

P5 LArASIC: Eliminate the ledge effect (Success)

The ledge effect observed in ProtoDUNE operation has been addressed in P4
LArASIC. The P5 LArASIC has been tested to confirm the ledge effect remains solved.

LN2, 200 mV baseline, 14 mV/fC, 1.0 us, 500 pA

Tek Run - Trig'd

Tek stop

h P5 LArASIC (Die#1) Q=1pC P2LArASIC | q=558fC

.

Ledge effect suppresses signals

—
T

2 )R : . . . .
value Maan Min Max std Dev 200us 50.0M5/s 2) S Bodmv
100k points

2) Label o~
15 Nov 2020
J More 18:05:32

Ledge effect is not observed even with input charge > 2 pC
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Measurements of P5 LArASIC (3)

« No BGR startup issue is observed at LN2 (Success)
— Many dies, 10+ packaged chips
« Baseline measurements at LN2 (Success)

— Baseline variation is comparable to P4 with little impact on 1.4V dynamic range
900 mV BL setting: 922 £ 7.3 mV (vs. P4 900 mV BL setting: 915 + 10.1 mV)
200 mV BL setting: 244 + 7.1 mV (vs. P4 200 mV BL setting: 216 + 7.6 mV)

« All channels alive at RT also survive at LN2 (Success)
— Alive with 4 RQI (leakage) current settings (100pA, 500pA, 1nA, 5nA)

« The SEDC buffer works as expected (Success)

— No excess current draw. The power consumption is ~5.5 mW/ch without buffer, ~9
mW/ch with single ended buffer turned on, and ~10.5 mW(/ch with differential buffer

turned on
— No need external filtering circuit between LArASIC and ColdADC

— Similar noise performance w/o SEDC

Brookhaven
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DNL/LSB

Measurements of P5 LArASIC (4)

« DAC works well (Success)

DAC, RT DAC, LN2
R0 T T - ng_ TR > e g
1000 4 1000
~ 56 fC
NP gl - | CHNSSIN I PSS i i R 1o WO R o,
800 - 800

> >
E ~ 100 fCE_ e
T 1 I N N . S I E— i R ) I e i ——-. *S .~ — ——
3 e00 g
3 2
13 £
< 400 < 400

—— SGP =0, 4.7 mV/fC ~ 180 fC <A

200 4. —— SGP=0.7.8mv/fc 200 1 —— 5GP = 6, 78 mV/IC
—— SGP = 0, 14 mV/fC —— SGP = 0, 14 mV/fC
—— SGP = 0, 25 mV/fC < —— SGP = 0, 25 mV/fC
od = sep=1 |2238fC _ e 5GP EL S .
0 10 20 30 % 50 60 0 10 20 30 Py 50 60
DAC bins DAC bins

Cover different dynamic ranges, and configurable through SGP bit

When SGP = 0, the DAC conversion slope follows the gain settings of channel 0, covering
~56 fC @ 25 mV/fC, ~100 fC @ 14 mV/fC, ~180 fC @ 7.8 mV/fC and ~238 fC @ 4.7 mV/fC

366 DAC DNL, LN2 g DAC INL, LN2
—e— 5GP = 0, 4,7 mWiC —— SGP = 0, 4.7 mW/fC
—— SGP =0, 7.8 mVJfC g . —— 5GP =0, 7.8 mWiC

0.75 4 = -
SGP = 0, 14 mVJfc 5 INL{i} = DNL{O} + DNL{1) + ... + DNL{i SGP = 0, 14 mV/fc

DNL(i) = (Wi} = Vii-1) - LSB) f LSB

S S —w-"""| The DAC has DNL below =
N i , | st |01 LSB, and INL below +
0.5 LSB measured at LN2

0501 temperature

=0.75

INL / LSB
o

=1.00 == T T T T T T =3 T T T T
o 10 20 30 40 50 60 4] 10 20 30 40 50 60

DAC bins DAC bins
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Measurements of P5 LArASIC (5)

Non-linearity < 0.1% in 90 fC range at LN2 (Success)
- Gain = 14 mV/fC, peaking time = 1 ps or 2 us

Waveforms Overlap of CH1 Residual Plot of CH1 Linear Fit of CH1
150
i Gain = 9 (e-/LSB)
60000 0.04 4 INL = 0.06%
100
50000 4
‘E 0'02 7 L]
Z 40000 A 3] r Q  sod
5 -~ -~
s L 0.004 z
= o o
5 30000 5 5
S = 04
8] =] []
g ~0.02 -
< 20000 - :
_50
10000 + —0.04 +
0 T T T T T T T T T T —100 T T T T T T
0 2 4 6 8 10 0 100002000030000 4000050000 60000 0 10000 2000030000 4000050000 60000
Time f us ADC counts / bin ADC counts / bin
Waveforms Overlap of CH1 Residual Plot of CH1 Linear Fit of CH1
150
| 0.06 A L Gain = 9 (e-/LSB)
60000 2 ‘ INL = 0.07%
o
- . 100
50000 A “ S 0.04 1 e
.
£ .
£ 20000 4 g 0027 ’ g 501
£ w o w
= o o
5 30000 5 0.00 4 : g
8] 5] G 0
[a]
< 20000 - —0.02 45w
_50
10000 + —0.04 -
0 T T T T T T T T T T —100 T T T T T T
0 2 4 6 8 10 0 100002000030000 4000050000 60000 0 10000 2000030000 4000050000 60000
Time f us ADC counts / bin ADC counts / bin

Signal generator Keysight 33600A is used to inject calibration pulses with precise amplitude. Voltage resolution of
33600A is 14-bit and the accuracy of amplitude is = 1 mVp-p. Previous measurements with P2 LArASIC in 2019
show that the non-linearity of 33600A output is < 0.05%.
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Measurements of P5 LArASIC (6)

« Peaking time meets design specification
- The peaking time doesn’t change significantly before saturation occurs
- The peaking time is independent from the gain configuration
- The peaking time is independent from the baseline setting

Peak time measurment at room temperature Peak time measurment at LN2 temperature
141 — RT,Tp=05ps 141 — N2, Tp=05ps
— RT,Tp=1.0pus ; — N2, Tp=1.0p
12 (_,273 Us. — RT,Tp=2.0ps 124 4—)293 s LN2, Tp=2.0 us
IR /) RT, Tp = 3.0 s ' - — N2, Tp=3.0ps
1.0 1.0
> >
$ 08/ 3 081
2 2
3 3
€06
g 0.61 06
0.4 0.4
0.2 0.2
0.0 . 1 ‘ | 0.0 ‘ — . ‘ |
0 2 4 6 8 10 12 14 16 0 2 4 6 8 10 12 14 16
Time [ us Time [ us

Peaking time measurement with data collected by oscilloscope. Each waveform is averaged 64

times, and a lowpass filter with 10 MHz cutoff has been applied offline. The peaking time is calculated
from 5% to 100% peak amplitude.

National Laboratory
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Measurements of P5 LArASIC (7)

« Calibration capacitor measurement
- MIM capacitor (Metal-Insulator-Metal) stable at RT and LN2

Chip# Channel | C_cali (RT) C cali (LN2)
eeeeeeeeeeeeeeeeee Caan 1 0.18714 0.184761
p Ve | S R, ANG 2 0.186065 | 0.184628
T e | [ e P5 Chip 20 : :
ref 4 0.18611 0.184037
5 0.186805 0.184264
_ 1 0.190428 0.18995
C,ef = 1.023 pF (calibrated P2 Chip 3716 2 X 0.188295
by standard 1.0 pF capacitor 15 X 0.190759

and LCR meter)

» Channel to channel dispersion on the same

_ chip is small (~ 1%)
« [If AV is constant

- Ccali : Cref = Acali : Aref P5 Chip# Channel C_cali (at LN)
— LCR and precise 1.0 pF standard 3 10 0.134623

capacitor are used to calibrate C 163 155 8'12:?3;
* Creris always put in room 14 10 0.186519
environment 16 10 0.187015

» Chip to chip dispersion (even same batch) can be > 2%
* QC test should include calibration capacitor measurement
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Measurements of P5A LArASIC (1)

 Even 8x RQI subtraction can’t guarantee all channels alive

LN2, Die# 01/02/03/04/05/06/07

#ch 100pa 500pa 1n& SnA ESDr Ral
16x, 1Y reduced
0 |ADIAAADIA ADIAAADIA | afDfadafa/D 0| s/ alafaofa] 15 W/L{1.5x input
RQl}, matched
1 [2/0/afD/D/0/D|D/D/AD/D/D/DD/D/AD/D/O/MO/O/A/0/0/0/0|  Sx 16w, LY P4
2 (ARSI | AR | afadndnfafadn | adadadafadada] 30w Bx, matched LY
3 | AASAAIAIRR | AR | afafafalalaga) afafadafadada] 30 By, matched LY
4 | AASAASAIASA | AR | afaSaalala A Afasalalalala] 15K 8x, matched LY
5 | Diafadadafall | alafadaiaiaia | afaiaiaiaiaga) adafadadalada 5x 8x, matched LY
6 |AAAAADID| AMAASATAIDID | afafafafaiDgl | Afasaiafalafa) 15k 12x, matched LY
7 |D/ADAADIAA) IJATDAASATAA | afafDiafafalaafafalaiaiaie | 30x 12%, matched LY
8 |AD/AD/D/ADIADAD/DMAD A/DfAD/D A A Afaialafalala 15K 12w, matched LY
g OfaAD A B | DA ASASA AR | DIASABTASASA | afniafafainga Sx 12x, matched LY
10 | AASD/DN /DA [A/A/D/A/D DA AfAD D DA AfAASAD/ /A Sx 16w, matched LY
11 |2/afa/D/D/afa|D/afa/D/D/ASA (DfA/A/D/D A A | Dfa/ DD A Al 30x 16x, matched LY
12 |AD/D/D/D/D/D AD/AD/DAD | AD DDA Dl AfAAD/D/AD| 15k 16x, matched LY
13 |AADD/ DDA A A D A DDA a8 D AT D A | A A D A DD A Sx 16x, matched LY
16x, 1Y reduced
14 |AD/O/O/AAS A LA/D/D/D A ASA | A/DDD A AN AD/D/D A A A 1x W/L{1.5x input
RQl}, matched
15 |2/0/0/D/0/0/0D/D/D/0/D/1/D O/D/D/D A AD| D/ADD A A0 1x 16x, LY P4
A= alive
D= dead

I = Intermittent (alive/dead)

Another ~10 P5A dies have been
tested shows similar result.

RQI subtraction doesn’t help minimize
the baseline dispersion in LN2

P | Ps | Psa(exRa) __

248 + 13.05 mV (all)
nﬂ::ff:z'}“" 244+713mV  250.0 #10.12 mV
P (30x ESD only)
915 + 10.05 mV 914 + 15.05 mV (all)
(Chip#13) 922 +7.33 mV 916 + 4.95 mV
{30x ESD only)
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Measurements of P5A LArASIC (2)

« ESD protection measurements

im
Pulse

o T With a pulser to generate 10 V 20 ns pulse and
inject to the P5A LArASIC input, then check how

FEMB

Protection diode is removed

many pulses the channel with different ESD
protections can tolerate before damage occurs.
, Input leakage current measured by SMU can be
|/ lf\\ used to characterize the level of damage, and it can
[ - detect minor deterioration before the channel

et "\/V\o-'-— behaves completely abnormally.

If FE is not presented (RT)

e Tolerance of discharge duration

Channels with 1x ESD protection can survive 1 or a few pulses
Channels with 5x ESD protection can survive more than 900k pulses
Channels with 15x ESD protection can survive more than 1,500k pulses
Channels with 30x ESD protection can survive more than 2,500k pulses
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Measurements of P5A LArASIC (3)

« ESD protection measurements

e Tolerance of discharge amplitude

W i RT LN2
HV MLA'Z;
Power Suppy LArASIC B\ +HV -HV +HV
Discharge Circuit (+Pulse) | (-Pulse) [ (+Pulse) | (-Pulse)
" hv = 300v 1 P4, 1x  [FRURY, 459V |-76V
‘(':ZGF; Eoo:::cgte d; When FE presented
) 1 WJ , PS5, 1x  |EXIAVARNNEVYAY +59 V 91V
45V |\ ~sng | I SO 0. )
R P5A, 1x [E¥LRY +45 V -83V
P5A, 5x  EXIAY 53V +75 V -83V
e e e SN 62V |86V [+103V  |-140V
<5 pls
With a HV power I ner n
It a q powe SuhppI)D/ tz %i 2 ;tg 5 > P5A, 30x EX:1RY 143V [+154V  |-172V
pulse and inject to the P5 r input, <100 pls | <5 pls <25 pls

then check how large of the pulse amplitude
the channel with different ESD protections
can tolerate before damage occurs. Three
different P5A dies #03, #03_02 and #03 03
were measured with a consistent result.

Note: Noise measurement confirmed 30x ESD has
little contribution to noise. The dominant noise is
from detector capacitance.

It is decided to implement 30x ESD in P5B.
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P4 LArASIC + P2 ColdADC Full Chain Test (1)

Achieve expected noise and gain performance

ENC Measurement

1500
—+— RT
12907 1130 —— N
= i 133
~ 750 , 695
; ] 615 T
Y oty t = -_‘_‘__———Sﬂ
‘ b : } £ 500 - 529 534
P4 LArASIC with 150 pF
v 250 1
Note: adding a 1 GQ resistor at the input of P4 LArASIC
D T T T T T T
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5

Peak time [/ (us)

900 mV BL, 14 mV/fC gain, SE output w/o buffer, 16-bit ADC mode
ENC~ 600 e @ t, =1 pus with C; = 150 pF and stable gain

Gain (e-/LSB)
16-bit mode — RT

— LN

40

30 4

20

Gain (e-/LSB)

10 4

Evaluation in LN2
Wlth P2 COldADC 0.0 0.|5 l.IO l.|5 2.|0 2.|5 3.|0 3.5

Peak time / (us)
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RMS Noise / (bin)

P4 LArASIC + P2 ColdADC Full Chain Test (2)

» Configuration
— LArASIC: Single-ended, 14mV/fC, buf off, 200mV BL
— ColdADC: Single-ended, default reference, auto-calibration
— COLDATA: Enable LArASIC internal calibration

200 T T
—— 14mV/fC, 1.0 us

175 |
150 { |

-
NN
[

=
o
o

~
v

Inverted Gain (e-/bin)

v
o

Mezzanine FEM
(8x P4 LArASIC + 8x P2 ColdADC + 2x P2 COLDATA)

N
o)

Gain Measurement

o

0 20 40 60 80 100 120
Channel number
RMS Noise Measurement Noise Disctribution of FEMB (150pF Toy JBO .
10 14001 RT, 14mV/FC, 1.005
—— RT T ENC=891z64
—— LN 1200 1 LN, 14mV/fC, 1.0us
h 7.670 ENC = 505 + 17
1000 1
o 6.265 o WWWW
5.423 ., 5323 g
=
Y600
4] 3.783
3783 o WMW'""W
429 L 3277 , 3.319 400 ]
2 200 |
0 : : . . : : 0 10 20 30 40 50 60 70
0.0 0.5 1.0 15 2.0 2.5 3.0 3.5 Channel Number
peaking time / (us) . . o
Noise is comparable with ProtoDUNE and SBND FEMBs
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P5 LArASIC + P2 ColdADC Full Chain Test (1)

ColdADC Die

P5 LArASIC and P2 ColdADC full chain
test board assembly

 P5 LArASIC single chip test board

« P2 ColdADC test board
 ProtoDUNE FPGA mezzanine

LArASIC PS5 + ColdADC P2 full chain test board assembly 150pF Caps |
. LArASIC Die
14mV/fC, 200mV BL, ADC 16-bhit mode
ENC Measurement ENC Measurement
d —— LN, 150pF, SDD_OFF, BUF_OFF
1400 4 I E ﬁgpi'zgg—g:' Eﬁ:—gff 1400 —— LN, 150pF, SDD_OFF, BUF_ON
193 con J —— LN, 150pF, SDD_ON, BUF_OFF
1200 —H RT, 150pF, SOD_ON. BUF_OFF 1200 —— LN, OpF, SDD_OFF, BUF_OFF
—— RT, OpF. SDD_OFF, BUF_OFF —j= LN, OpF, SDD OFF, BUF ON
—}— RT, OpF, SDD_OFF, BUF_ON 1000 - L ==
1000 1 _939 s — RT, OpF, SDD_ON , BUF_OFF - —+= LN, pF, SDD_ON, BUF. OFF
- @« |
_IP' 800 4 ??1 728 "_:__' 800 B
S 2 Sy
600 - i 3
Z 600 502 {477 ag7 519 w © 480 463
l — p—
T 400 4
400 7 220 215 214 222
200 - 200 A
0 0 T T T T T T
' J ' ' ! J 0.0 0.5 1.0 1.5 2.0 2.3 3.0 3.5

0.0 0.5 1.0 15 2.0 2.5 3.0 3.5
Peak time / (us)

« With 14 mV/fC gain and 200 mV baseline settings, the P5 LArASIC has ENC ~930
e- at room temperature, and ~530 e~ at LN2 temperature
» Very small difference is observed with different output buffer configurations

Peak time / (us)
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P5 LArASIC + P2 ColdADC Full Chain Test (2)

* The first version of the monolithic FEMB
- 8x P5 LArASIC + 8x P2 ColdADC + 2x P3 COLDATA
Current at 300 mV BL (mA) Current at 200 mV BL {mA)
Env sMu OFF SEON |SEDC ON OFF SEON |SEDC ON
VDDP = 1.8V 31.5 ‘ 31 31.5 315 31 31.4 I
RT vDD = 1.8V 20 | 47 50.6 18.5 43 49.8
VvVDDO = 1.8V 0.1 6 12.4 0.1 6 14.2
Power per ch. (mW) 5.8 ‘ 9.5 10.6 5.6 9.0 10.7
VDDP = 1.8V 3l.3 31 31.3 313 31 31.2
VDD = 1.8V 17.1 44 50.1 15.5 42 51.4
LN VDDO = 1.8V 0.1 . 6 12 0.1 5 13.2
Power per ch. (mW) 5.5 9.1 10.5 53 8.8 10.8
Measured at RT with the P5 FE + P2 ADC + P3 COLDATA
RT LN2 Power Rails Measured Measured Current / mA for
Power rail / V CMOS Reference | CMOS Reference Voltage /V_ | 2x COLDATA chips on board
Current / mA Current/ mA CD_VDDIO (2.25V) 2.236 111
2.25V (VDDA2PS, VDDD2P5) 128.0 132.4 CD_VDDA (1.20) 1.197 19
1.1V (VDDD1P2) 1.3 1.2 CD_VDDD & CD_VDDC |1.095 64
2.25V (VDDIO) 15.3 14.5 a1
Total Power Consumption /mW 323.9 331.8 Power Consumption per chip | 171 mW
mW/CH 20.2 20.7 Power Consumption per CH | 2.7 mW
The power consumption is ~29 mW/ch with single ended output without buffer, and ~34 mW/ch with
differential output and SEDC buffer turned on. Considering the power consumption in voltage
regulators, with ~300 mV voltage drop of voltage regulators, the total power consumption of a
monolithic FEMB is less than ~45 mW(/ch, or a total ~5.8 W.
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P5 LArASIC + P2 ColdADC Full Chain Test (3)

Noise performance of monolithic FEMB with P5 LArASIC, P2 ColdADC and P3 COLDATA
at both room temperature and LN2 temperature. Input is loaded with 150pF C, or floating
(0O pF). Uniform inverted gain 160 e’/bit is used for room temperature data, and 154 e’/bit
used for LN2 data.

1400 —— RT, 150pF Cd
—— RT, OpF Cd
12007 — LN, 150pF Cd
1000 - 936 —+— LN, OpF Cd
< 805
g 800 - 717 695
8 ¢ —
> 565
i 600+ — %7 496 498
| — 511
400 ol e 464
200 ’ . . S
192 197 219 243
0 | | | | | |
0.0 0.5 1.0 15 2.0 2.5 3.0 3.5

peaking time / (us)

ENC is ~520 e~ with 1 ys peaking time and 150 pF detector capacitance at LN2 temperature.
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P5 LArASIC + P2 ColdADC Full Chain Test (4)

Crosstalk < 0.2% with differential interface between LArASIC and ColdADC

- With external ~70fC injected on CH4 among CHO - CH15, waveforms displayed for all 16
channels of a LArASIC

- External charge: 72fC = 60 mV from Signal Generator * 1.203pF reference capacitor
- Slightly larger crosstalk level with single-ended interface between LArASIC and ColdADC at LN2

- The measurement shows the crosstalk of the full readout chain is < 0.1% at LN2.

222.5 1 v # ¥
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© a8/ - | © 18951 I ' ° — ° ; y ° 462.0 : : ° . | © 30104 . : © 2405 v = -
0 20 40 0 20 40 0 20 40 o 20 40 0 20 40 0 20 40 0 20 40 0 20 40
Time / us Time / us Time / us Time / us Time / us Time / us Time / us Time / us
0 ~ : = 0
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- 217.0
= =
£ 290 xtalk = 100.03% 09.50 5 £ 2000 —— xtalk = 100.01% z 2 Z
=% a a Q a 270.0+
£ 1000 _oozn| 3 — 0.0 £ 1000 El El
3 200.25 4 —— xtalk = 0.02% & 21654 —— xtalk = 0.02% 3 3 Mol 269 1 a
; : . —_— — T ; ; ; ! , : 269.5 .
0 20 40 0 20 40 0 20 40 0 20 40 0 20 0 20 40 0 20 40
Time / us Time / us Time / us Time / us Time / us Time / us Time / us Time / us
214.59 268.0 { * ] » X
£ 238.0 £ € 1065 c 243.51 € xtalk = 0.02% | ¢ —— xtalk = 0.02% | < 19801 talk = 0.03% c 322.5{ —— xtalk = 0.02%
2 < 2140 S < Q2610 = S 1075 =
X S S 267.5 5 197.51 =
5 5 E S 2430 5 5 E 5 322.01
82375 g g g 2 260.5 I g g
_ ] _ 196.0 - = 5 _ 5 5 267.0 5 197.0 4 5
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; ; — y —_— — y 260.0 : y . . ; . ; .
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Time / us Time / us Time / us Time / us Time / us Time / us Time / us Time / us
205 4 = 207 | = 258.5 { = =
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o 185 8 205 o o o a a a
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184 4 — - — | — — | | ] I I ! I 320 4 1 -
0 20 40 0 20 40 0 20 40 0 20 40 0 20 40 0 20 40 0 20 40 0 20 40
Time / us Time / us Time / us Time / us Time / us Time / us Time / us Time / us

At room temperature At LN2

Note: The crosstalk plot shown in “LArASIC Development and Characterization Tests” in EDMS was generated with the internal
calibration pulse. The periodic test pulse from COLDATA has a visible impact on the channels even if the calibration circuits are disabled.
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Content

LArASIC Requirements and Specifications
Measurements to confirm design changes
Full Chain Measurements

System Tests

- Integral System Design Concept
- 40% APA integration test at BNL
- ICEBERG

Summary
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Integral System
Design Concept

A necessary (but not sufficient!) condition to
achieve a good performance, the integral
design concept of APA + CE + Feed-through,
plus Warm Interface Electronics with local
diagnostics and strict isolation and
grounding rules will have to be followed
BNL: 40% APA test stand (LN,)

CERN: Cold box test stand (Cold N, gas)
Fermilab: ICEBERG test stand (LAr)

Cold electronics module
and its attachment to the

APA frame
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Performance of the ProtoDUNE-SP

High yield
- 99.74% (15,320 of 15,360) of TPC channels are active

«  Only 4 inactive cold electronics channels when
commissioning started

« 2 more inactive cold electronics after > 1 year running
Low noise

- 92.83% TPC channels are good with excellent noise
performance

« Raw data: Collection ENC ~560 e-, Induction ENC ~670 e-
Good stability

« No measurable degradation is observed over a year
«  MicroBooNE LArASIC < 0.2% over 3-4 years

APA: Inverted Gain Distribution (e-/LSB)

» APA: 09/23/2018
«  APA:12/17/2019

Inverted Gain (e-/LSB)

0 2000 4000 6000 8000 10000 12000 14000
APA Channel Number

2000

APA3 Noise Distribution(Raw data after ADC stuck code removal)

1500

1000

ENC/e~

500

—— XPlane, ENC=543 + 44 e~

Noise distribution — Yperenc-eo=soe

—— UPlane, ENC=623 + 47 e

500 1000 1500 2000 2500
APA Channel Num

—

Arbitrary Units
o
[02]

o
o

o©
N

0.2

U Plane, Raw
== \ Plane, Raw
=« Collection Plane, Raw

U Plane, Noise-filterd

V Plane, Noise-filterd

s Collection Plane, Noise-filterd

SNR

¥y
HE B A
; ~ .dﬁﬁs.__. . '.—hﬁ}“""- I GR T TET w2 17
40 60 80 100 120 140
Angle-Corrected Peak Signal-to-Noise Ratio

DUNE:ProtoDUNE-SP Run 5770 Event 59001

Charge/tick/channel (ke)

Wire Number

A 6 GeV/c electron candidate
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40% APA with FEMBs |

' COLDATA Mezzanine
Analog Motherboard (P2 COLDATA)
(P2 LArASIC + P1 ColdADC)

Cold box with 40% APA

40% APA: 2.8m x 1.0m, 1,024 wires
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40% APA Integration Test at BNL (2)

APA ENC vs. Tp(Raw data, 14.0mV/fC, FPGA DAC)

2000 2000
LN2, APA Loc#B2 1 47X pires 36656 34246 35618 384212
17501 3 ASiC FEMB ==sal e 1750 1 508+15  473+16 478+13 50614
14 mVI/fC 1 35Viyes 485+11 44949 47011 51014
1500 —4— 13 Open CHs 1500 4
X: 336 327 368 412
12501 v 488 432 476 538 1250 1 LN2, APA Loc#B2
U: 538 470 556 667 ) SBND FEMB
1000 (R 236 244 286 311 (: 10004
2
750 2501
500 W 500 1 ey —— *
,‘.’/6——’-"+ — — * 9 —4— 51 Xwires
250 —_— 250 - 35V wires
- 33U wires
%0 05 10 15 20 25 30 35 40 tJo‘o 05 10 15 20 25 3.0 35 4.0
Peak time / (us) Peaking time / (us)

 Noise levels measured in the 40% APA are In line with those
obtained with SBND FEMBs (COTS ADCs)

* Promising noise projection
- DUNE-SP U/V plane : ENC ~ 600 e~ w/o offline filtering
- DUNE-SP X plane: ENC ~ 500 e- w/o offline filtering
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ICEBERG Test at Fermilab (1)

=

Inside of ICEBERG

COTS-ADC FEMB in Run4 3-ASIC FEMB in Run5
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ICEBERG Test at Fermilab (2)

Run4 (COTS ADC) 7080-7210

Run5 (3-ASIC) 8898-8947

losBerg Cosmics Data Most probable value , Coenics Deia | Mostprobablevalue |
J’_ Raw data Noise-filtered [ Plane u (Raw) m Raw data Noise-filtered
a8 | Induction U 21.2+0.0 242+0.0 o8- Pl u ol Serec)) Induction U 214101 23.9+0.1
[ Induction V 24.8+0.0 283101 . Praney (i Induction V 24.8+0.1 273401
£ 0 ] o Collection Y 51.9£0.1 56.7£0.1 £ ool Collection ¥ 51.9+0.1 54.7%0.1
FE L | L y g N Plane y (Raw)
R | meayputetns e e
Hild ) m Raw data Noise-filtered IR . m Raw data Noise-filtered
A : Induction U 238200 27.2£0.0 b 1Y Induction U 243101 27.1201
Pt e S _ Induction v 28600 32.8£0.0 E R o Induction V 27.640.0 30.6+0.1
) J:W' o E‘w S Collection ¥ 59.5 0.0 64.8+0.0 e ., 5 = i mg;* R T Collection Y 59.6+0.1 62.4+0.1
IceBerg Data, planey st Data, piane v Jeotery Data, piane y iceBerg Data, plane u IceBerg Data, plane v iceBerg Data, plane y
‘4. Noise sigma. Signal size I Noise sigma Signal size ' Noise sigma Signal size " Noise sigma Signal size Noise sigma Signal size " Noise sigma Signal size
T i |} f T | I ! i 1 ' ‘ |
. 1 o t o i ok ;ﬂl 4 l it f,]
ise-titefed £ Nose-fterbd En- Noise-fitered g ».W»mm I‘ l‘ i o8 ;;u-ﬁnmd I‘ ‘. 5 o8 se-fitered J |
| o ’1 I o |

N L

i |
o IR o \

1 \ | [ I |
a1 | o il ! o | ‘ of ‘

. FERN Il )\ \ / ' J

- £ = L " I { " L - "

\ 0 v “ ‘ . v v ‘ . v v : —— v

« FEMBs with 3 ASIC solution have same level 800 [T
of noise compared to ProtoDUNE FEMBS, '

few % higher than SBND FEMBs based on  « * MorbUp (E-s50
COTS ADC % 2001 After CNR VX =52 ¢ :
 As in ProtoDUNE removal of coherent noise £ 1s] :
reduces overall noise level at the 5-10% level -: - DUNEfcebers |

Run 9613-9637

» Coherent noise mostly concentrated at low
frequency (< 200 kHz)

50F

i L | PP RTINS ETTET A AP e
300 400 500 600 700 800 900 1000
Frequency [kHz]

- Continuous effort to mitigate the coherent noise %0100 200
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Response to Charge Questions for LArASIC

* Have the issues with the baseline shifts been addressed by the latest
iteration of this chip? (Yes)
- Baseline distortion caused by Packaging has been fixed in P3 version
Modify DC circuits for collection mode similar as the induction mode
- Presented in DUNE PDR: TPC electronics ASIC/FEMB (02/2020)
https://indico.fnal.gov/event/22423/

 Initial operation of ProtoDUNE-SP has indicated some problems with
baseline restoration that in principle had been addressed in the version of
the ASIC being used. Is the source of these problems understood? (Yes)

- Ledge effect has been eliminated
* Was there any improvement in the ESD protection of LArASIC? (Yes)
- A promising ESD protection scheme shown in P5A

- P5B will use the best ESD protection scheme in P5A
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Summary

« System noise < 1000 e- [SP-FD-2] (Achievable)
* FE peaking time adjustable from 1 to 3 us [SP-FD-13] (Confirmed)

« Signal saturation level ~500,000 e- (80 fC) [SP-FD-14] (Confirmed)
- Gain of the front-end amplifier ~ 10 mV/fC [SP-ELEC-2, 2284]

* Dead channels < 1% [SP-FD-28] (Achievable)

 Cold electronics power consumption < 50 mW/channel [SP-FD-21]
(Confirmed)

« Two baselines in the front-end amplifier [SP-ELEC-1, 2283]
(Confirmed)

 Input capacitance to front-end ASIC should be optimized for 120 to
210 pF [SP-ELEC-12] (Confirmed)

* Channel-to-channel crosstalk < 1% (goal of < 0.1%) [SP-ELEC-11]
(Confirmed)

* Monotonic saturation recovery [SP-ELEC-10] (Confirmed)
- No ledge effect up to 2 pC
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Lifetime Study

» LArASIC is designed for long lifetime at cryogenic temperatures, with minimum

gate length of 270 nm in TSMC 180 nm technology.

- To alleviate the lifetime risk, custom ASIC should be designed for one or two orders of magnitude
longer lifetime than 30 years, by selection of Vdd and L, essentially to get out of the region of
degradation measurable after 30 years

« LArASIC lifetime measurement will be performed with the single chip test

board.

- In the exploratory phase, we have to define criteria of lifetime from the stress test
with elevated supply voltage.

- After that, in the validation phase, we need to collect data by testing more chips to
validate what we would have learned in the exploratory phase.

* Itis expected that the lifetime measurement will be completed before the PRR

+ CMOS in DC operation i Tl

> ALT at any temperature (well-established by foundries) transistor is ——,
placed under a severe electric field stress (large V), to reduce the ’ ‘

lifetime due to hot-electron degradation to a practically observable range.

ALT is widely used by industry

Lifetime is projected by empirical equation l0g1oT ¢ 1/Vy,

« CMOS in AC operation ——

- Lifetime of digital circuits (ac operation) is extended by the inverse duty - ,\
factor 4/(f, . tise) COMpared to dc operation. This factor is large (>100) - > |
for deep submicron technology and clock frequency needed for TPC —
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Appendix

Accelerated Lifeti‘me Measurements (180 nm)

Measurement Type I: “Stress Plot” ln[ d J o Py e 1
10° w q/‘!' E m Va’ - Va’sm‘
F 1 gy 17V
AN ol [Woe—— P
™, I I )a 1E9 /
AN (o / L Ve
N Vds=28v LT g e O
107 L \ # 1E7
— -\\ 300K Slope ~3.10 100000
% T Vds=3.0V g o
5=3.
W 10 T ey T 1w ASIC design:
= FVds=2 8V N o ' 2 Vds<1.5V
= \\., Vds=3 2V I -
10° L vas=aov —* \\ oo P
E — . i '
F77K Slope ~2.94 ea b
I 32 31,3028V
i Vds=3.2V \\ e :-m:
107 . e S o 1E-5 T T T T | ' | A
1072 10" 10° 0.1 0.2 03 0.4 0.5 06
Isub/ld (V)

* If the measured points at both 300K and 77K are close to the characteristic slope for the

a:‘%/‘ﬂ ~3

interface state generation,

, it confirms that the degradation follows basic

relations for interface state creation. Substrate current must be measured for this stress plot.

* The lifetime prediction plot (right) can be derived from the stress plot (left), or from
direct measurements of tvs. V, , without measuring the substrate current
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Appendix

Measurement Type IlI: Substrate Current Density/ , /W vs 1/V,

10*
107
107
107
10*
10°
107
107
10™
107
10™

Isub/MV [Afum]

NMOS L=180nm, W=10pm (5x2pm), Vgs=1V
T T T T T T T
i “—Stressed lifetime=798s at Vds=3.2V, TTK ]
r \ ~Stressed lifetime=8506s at Vds=3.2V, 300K |
r . 1
[ i Lifetime ~ 5500 yrs at Vds=1.8V, 77K
S < 1
r rec ] | ——300K 1
i ' sb | 77K 3
] ! !
[ i 1
F ] i s
r : i
[ <«—ASIC design:[___3}
r ! Vds<1.5V L
E 1
--------- 1 M L L M 1 M L L M
t 1 2
Vds=1.8Y
s 1vds [1V]

1E-8
L=270 nm; Vds=1.5V; Ids/W=2.4pA/um
1E-9 -~ 1=360nm; "= ;lds/W=1.0pA/um
! L=9 pm
1E10 ! F<L=27r‘t‘.l nm
1E-11 % e L=9um
1E-12 o
E_ B3] | a%.
< 1E-14 |
L
3 1E-15 . .
2 1E16 . '
1E-17 . 5
1E-18 ! . .
1E-19 ; : ., -
1E-20+—— — . .
7 2 4 6

1.5v 10v 0.5V 1/Vds (1/V)

* One order of magnitude in substrate current /_ , corresponds to three
orders of magnitude in lifetime. At 77 K, V.= 1.8 V projects a lifetime of
~5500 years.

* I.,/W and 1/V,_ distribution for all transistors in the analog front-end ASIC for
LAr TPC (TSMC 180nm, 1.8V node) shows that all transistors are well below
nominal voltage of 1.8V and at low /_,; Reduced V, < 1.5 V results in essentially
making HCE negligible and a very long extrapolated life time. BROOKHAVEN

Brookhaven Science Associates

ATIONAL LAB
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