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e HKROC (Hyper Kamiokande Read-Qut Chip) is a high-performance ASIC, originally designed for the PMT read-out of the Hyper
Kamiokande experiment (2027).

~ 65 M

Atmospheric neutrinos

Solar neutrinos

MeV GeV TeV Energy

\4

e Hyper Kamiokande is a multi-purpose Cherenkov-based experiment with:
= Real time measurement of vertex, direction, energy of impinging particles.
= Multi-channel read-out of the Cherenkov signal of interacting particles, with ~20k PMTs.
= Wide energy range, from MeV to TeV.
= Event rates up to 1 MHz (close supernova burst, e.g. Betelgeuse).

Hamamatsu R12860-HQE
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I. Physics motivation

From Physics program to Electronics specifications
Tp.e. < 2pC

Physics constraints Electronics requirements

Low power consumption <1 W/ channel

Detect synchronous & asynchronous events , | .
. . Auto-triggering capability
(accelerator/atmospheric/solar/supernova neutrinos, p decay)

Detect close supernova without event loss Dead time < 1 ps

Low energy events detection ,
5 . Detection threshold: 1/6 p.e.
(e.g. solar/supernova neutrinos)

Detection of events from MeV to TeV Dynamic range up to 1250 p.e.
Electronics time resolution < PMT time resolution (1.3 ns) Time resolution < 300 ps for 1 p.e.
Excellent energy reconstruction capability Charge linearity & resolution ~1%

While HK physics has driven the design, HKROC will not be deployed there.
Yet, its performance exceeds HK requirements and it is very flexible by design.

HKROC : a modern front-end ASIC for the
PMT readout of Cherenkov-based experiments

Rudolph Rogly - TIPP 2023

September 5, 2023



: ’ '0 POLYTECHNIQUE
: “Y@V: DE PARIS

I. Physics motivation

II. ASIC design

HKROC : a modern front-end ASIC for the
PMT readout of Cherenkov-based experiments

Rudolph Rogly - TIPP 2023

September 5, 2023



= -
® , S @y, INSTITUT
g g'.ﬁ POLYTECHNIQUE
s V@V DE PARIS
% POLY

HKROC building blocks

Main charasteristics
e ASICin TSMC 130 nm node.

e 36 channels < 12 PMTs / ASIC. [ PLL } e e e 2 e
= High gain : up to 35 p.e. (70 pC) ok and contral o l l cofi‘;ﬁgls clocks .«
AOCK and COIIIrol pati
= Medium gain : up to 350 p.e. (700 pC) Hamamatsu R12860-HQE e - N
= [ow gain : up to 1250 p.e. (2500 pC) 2bF —@—b ADC | —wif stency Event ™ Readout
i i handler »  buffer 1 e Ls
e Low power: 10 mW / channel. | TDCros | y —>
. ™
Rl HIGH GAIN 9 chn ADC ;
Measurements % | 2pF - _. D _’Iﬁﬁfgg b :} manager 2 :
e Slow path with shaper: 10b SAR-ADC for charge I \ HIDCaos™® Y Diital processing 1.28Ghys
. . 4 I = =
measurement @ 40MHz, dynamic range defined R, | R 9 chn _@_. aDC |yl — s Readout
. . . ale1c J
by the voltage divider and pre-amp. gain. § | _2pF — ._TDCW)_._hmldlg > buter 3 L manager
e Fast path: 10b TDC for time measurement, LSB = ” > <
R, LOW GAIN 9 chn e
25 ps. —[%—P — Latency Event | ™ Readout
=1 1 = M TDe > handler > buffer4 | manager
N : /
Readout .
o/ dout / ASIC : 1 dout & 3 PMTs. i 9 On board ana/og DAC Reference voltages w TSIOW control path Configuration port j«¢——
hrea cl)u S . 1 readou S, I.€. input Signa/ Thresholds Tunings J 2C -
channels.
e High speed links (1.28 Gb/s). o
s oP ( ) HKROC digitization

Control
e 320 MHz fast commands.
e |2C protocol for slow control.

HKROC : a modern front-end ASIC for the
PMT readout of Cherenkov-based experiments
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I1. ASIC design

HKROC key features
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Full snapshot

e HKROC has 3 operating modes for hit rate optimization: ":2"[2” Mit‘;e b 0 U C%bc
= Normal mode:;O \]ivords of Eé bitsl. - e go o oatme  10b Time  [10b Charge HG| 2>

- i.e. low energy): 4 wor its. -
- flt;z‘z’:;;szamn:;ee(éhc;cr[;itc;r;izaticc)): r»:\odee)?l V\e/ofdggf) 32 bi(’zs. o S neacer| QsT | 100 Time  |10b Charge MG/ grg
h:gdgr e gt}‘ap 10b Time | 10b Charge LG CZF:’C

e HKROC is a low-power waveform digitizer: for each trigger, N points are sampled @ 40 MHz (= 25 ns timestamp) and saved
in memory. N is tunable by slow control (1 to 7).

PMT input signal ot 1 p.e. Digitized output (red points)
1 | 1 1 ] 1 1 1 ] 1 1 1 [ 1 1 I ] 1 I 1 [ 1 1 | IR LT T l I 1 T l T T 1 ] T I I I I I T I T T T l 1 I I ' I T 1 ] T
- . 20 -
: m - ~  |—— Shaper output
1 = = Z ® Digitised points
— 'F : 15[ =
E : - [ ]
E - 2 o E
.8,—2 - 1 § 10 '_ _—
© -3 .:_ _: 8 B ]
: - i -
e a Q I
Q 4 — S5 -
EF E 5 g
i 3 E of - -
6 i - Trigger (time info)
i e B I N A s . VS0 ST B VT W AV TGS A G o 00 R W G STV RO
-20 0 20 .40 60 80 100 —-20 0 20 40 60 80 100 120
Time [ns] Time [ns]

= Time + shape information (peaking time of shaper output ~30ns) give pile-up discrimination capabilities
for events separated by ~30ns (can go even lower if needed).

HKROC : a modern front-end ASIC for the
PMT readout of Cherenkov-based experiments
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Test bench

HKROC : a modern front-end ASIC for the

LI_I

Mother board v1

Sensors
T/H/P

12C_ss

Buférs

Levels

translators

Power supply

DEBUG

Mezzanine board

Analog
HKroc Probe

Injectbn

RJ45
SR
KCU105
Eval. board
Ethernet RX/TX
Switch
address
I B
Data_out S S
(4x1,28Gb/s) . & &
FPGA
. _ CLK/SYNC /RST
‘ I I Data_in
(4x1,28Gb/s)
(|FMC|  conrol
" Switch
= [2C
i |
Block diagram

September 5, 2023
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[TI. Characterization measurements “i>

Trigger performance

| I | I I I I I
1.0 100 &——o——o—a o e o S
0.8 - -
> Injected signal o, 80 -
“C’O e e 1/5p.e. cc>>‘
ov e 1/dpe. S gol- —e— Normal mode |
® e  1/3p.e = Supernova mode:
O 4 R o only HG gain channels registered
8 ' * 04p.e. O 40 _
- e 05p.e. ko2
0.2 _ =
20 —
0.0 | | | o o .I o @ I' o—o0—0 i | | | | | | i
0.1 0.2 0.3 0.4 0.5 0.6 0.7 00 250 500 750 1000 1250 1500 1750
Threshold [p.e.] Frequency [kHZ]
e Trigger threshold = 1/6 p.e. — > 90% efficiency for signal as * Maximal hit-rate with 100% efficiency:
low as 1/5 p.e. = Normal mode — 415 kHz.

= Supernova mode — 950 kHz.

* Noise amplitude < 1/22 p.e.
e Automatic switch between the two modes, when the

memory is almost full (tunable).

HKROC : a modern front-end ASIC for the
PMT readout of Cherenkov-based experiments
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Time resolution

350

300 p=

Threshold: 1/6 p.e.

250 -

TDC resolution (1/6 p.e. threshold):

)
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S
|
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Charge reconstruction performance

—1 II | | | L II I I | | Ry I B | II I | | L L I =
40 f_I | | | | I | | | I | | | I II//;-L\\I\ | | | | | | | | | | | | I—f 1 -0 ;— < 1.2% _;‘
E Il \\ E 'o\?' : :
o0 - = 05f :
u / \ _ N B =
(2 i / Q\ - O = 8
S 20F 1 : - E o0 g
o B - = 0.0 EH
o - - O - -
CO) i ’ % [ — i
10F = I ]
< 10¢ - G-0.51 B
of - . ; :
- Reference waveform N i 1.0+ -1
_10__| N N TR N Y R .. . I.:)I.gmlse.d .2 F.)e. V.valve.forml [ I |\\| |_— Charge Iinearity: I1IIOO l e IE.il(yI | |I.] . I11]02 | o I‘llloe
20 0 2040 [ng]o 80 100 120 < 1.2 % for all charges xpected charge [p.e.]
Charge reconstruction in 2 steps (FPGA-compliant) . | — —
Charge resolution: 61 -
1. Build a reference waveform to calibrate each channel: < 0.1 p.e. for charges < 10 p.e. .—,5: i
= High gain channel: g, =1.p.e. < 1.2 % for charges > 10 p.e. 2 L ]
= Medium gain channel : g,., = 20 p.e. S4l &
= Low gain channel: g, = 200 p.e. :g - -
2. Given a digitized waveform, find the associated charge g: 53:— =
2 P )
N B 6
V. — aw; D i
)= [ —— Tl =
i=1 Oi o s i
N YW 1 :_ —:
d)(z Zi:lﬁ_iz HER 1 SRR SOR FEeY D O | | RS Eorl R P I 1 | RS M G LY I b B B
—»——=0 = a= T > 4= 0q,y 100 107 102 10°
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HKROC : a modern front-end ASIC for the
PMT readout of Cherenkov-based experiments

Rudolph Rogly - TIPP 2023

September 5, 2023



n INSTITUT

I1I. Characterization measurements X | @ e

ECOLE
POLYTECHNIQUE

Pile-up & dead time

2 ;30 — e Charge reconstruction achieved with a jointfit:  aw;, « aw, + pw,_

et ﬂ? TELEDYNE LECROY

dt

..... AN S .............................................. .ACCurate Charge reconstructlon O-F plle_up:
. = Charge linearity < ~1%.

= Charge resolution: < 0.1 p.e. for charges < 5 p.e.
<0.17 p.e.@10 p.e.

ey
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e Acquisition window dynamically
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extended (N = 3 points / event).
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Capability to reconstruct events

(mean-exp)/exp p.e (%)
L
=
ro

ADC counts [a.u.]

20 40 60 80 100 120 140

Trigger time [ns]

separated down to 30 ns (intrinsic dead time).

HKROC : a modern front-end ASIC for the
PMT readout of Cherenkov-based experiments

Rudolph Rogly - TIPP 2023

September 5, 2023



Outline

I. Physics motivation
II. ASIC design
III. Characterization measurements

I'V. Latest upgrades and prospects

HKROC : a modern front-end ASIC for the
PMT readout of Cherenkov-based experiments

Rudolph Rogly - TIPP 2023

September 5, 2023



n INSTITUT

IV. Latest upgrades and prospects “! X | @

ECOLE
POLYTECHNIQUE

HKROC R &D HKROCO HKROCO-BGA HKROC1b-BGA HKROC production
2021/12 (x80) - 2022/06 (x80) - 2022/12 (x4000) - 2023/09
-
4 versions of the packaging ASIC + Mezzanine Acquisition . Acquisition board
o one . daughter board board P with reconstruction
acquisition board so far, with: ()=

N/
%

ASIC versions:

KROCO.

2
1
2. HKROC1b.

. H
. H

) i ¢ : g-..', -‘(o)-i:': : . '| |
S .-(o)-* (°)‘.'9;(-‘{,' |

[, e (o)m (oﬁ|
(oﬁm ]
(o)jmx.‘ (o)4 ’

% 2 board versions:
1.

Flip chip on mezzanine

daug h.t er board (one Naked HKROC e L L .(w
conductive layer).

au T_’,"t L’

on mezzanine Packaged HKROC with
acquisition board

-
-
-
,"." ". L4
>
-

Package_d HKROC WIth Cha rge
reconstruction FPGA

2. BGA package on mother
acquisition board (two

One-Picce Cavity Lid Thermal Grease

conductive layers). v, \ T/

Structural BT Substrate

— For cross-talk mitigation e
(2023).

HKROC : a modern front-end ASIC for the
PMT readout of Cherenkov-based experiments
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Close cross-talk coupling suppression

Positive coupling — Importance of the board stack-up.

100 Readout: Pin 6 (Injection: Pin 7 -- 800 p.e.) 100 Readout: Pin 6 (Injection: Pin 7 -- 800 p.e.)
— HG
80 80 MG
— LG
00 00

N
=
N
e

Amplitude [ADC]
N
o
Amplitude [ADC]
N
o

—20 —20-
—-40 —40
—60 . . . , . ——— — 60— . . , , .
100 200 300 400 500 0 100 200 300 400 500
Time [ns] Time [ns]
One-Picce Cavity Lid Thermal Grease
Flip Chip
: Underil Board v1 - BGA
Board v0O - Mezzanine 5 \ = ,/
(HKROC1b) (HKROC1b)
. - .
-1 COﬂdUCtIVG |ayer. Structural BT Substrate 2 CondUCtlve |ayers.

Adhesive

HKROC : a modern front-end ASIC for the

September 5, 2023
PMT readout of Cherenkov-based experiments cpremuer
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Close cross-talk coupling suppression

HG immunity to coupling — Fake triggers due to coupling can be vetoed by FPGA.

Close cross-talk matrix B} i
100 _ Close cross-talk matrix 100
pmra T
_________________ mM
----------------- 80 80
................. O -
r U O -
= 60 c 60
© ©
g S ' S - &l@ @)
4 [ + a
- < = <
O = _8 Te) —_
- . 2 1 IEI?I:I .
i i &Iﬁ:l
(|
-20 ~ &i 5 —1 -20
< &§
) N
0 3 6 9 12 15 18 21 24 27 30 33 ™. 0 3 6 9 12 15 18 21 24
L Injection channel
Injection channel PMT12
Board vO - Mezzanine . MG Board v1 - BGA
(HKROC1b) (HKROC1b)

In acquisition board v2 (2024), coupling fully suppressed with splitting into more layers.

HKROC : a modern front-end ASIC for the
PMT readout of Cherenkov-based experiments
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—— ch. 00
ch. 01
ch. 02
ch. 03
ch. 04
ch. 05
ch. 06
ch. 07
ch. 08
ch. 09
—— ch. 10
ch. 11
ch. 12
ch. 13

Diffuse cross-talk coupling mitigation

Negative coupling:
= Comes from the bias, reference voltage shared by all channels.
= Significant work on the ASIC design (decoupling capacitances) from HKROCO to HKROC1b.

— Diffuse cross-talk divided by a factor 3.

ch. 14
ch. 15
ch. 16
ch. 17
ch. 25
ch. 26
ch. 27
ch. 28
ch. 29
ch. 30
ch. 31
ch. 32

Amplitude [ADC]
A

160 s HG mm HG —4 ' e
s 200 MG 0 100 200 300 400 500 600 700 2‘03(5)
140 el |G =G Time [ns]
120
150
100 HKROCO HKROC1b
o> 80 Q
O O 100
60 q

40 50
0 . — — ——

-14 -13 -12 -11 -10 -
Amplitude [ADC] Amplltude [ADC]

Charge reconstruction performance not impacted.

HKROC : a modern front-end ASIC for the
PMT readout of Cherenkov-based experiments

September 5, 2023
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Conclusions

Physics constraints Electronics requirements HKROC features
Low power consumption <1 W/ channel 10 mW / channel
Detect synchronous & asynchronous events Auto-triggering capabilities v
Detect close supernova without event loss Channel dead time < 1 ps it rate with 1002:2%22:(:;:3823 Hz (SN mode)
Low energy events detection Detection threshold: 1/6 p.e. v
Detection of events from the MeV to the TeV Dynamic range up to 1250 p.e. v
Electronics time resolution < PMT time resolution (1.3 ns) Time resolution < 300 ps for 1 p.e. ~150 psfor 1 p.e.
Excellent energy reconstruction capability Charge linearity & resolution ~1% v

Paper in progress, based on HKROC v1b performance.

HKROC is an extremely precise & versatile waveform digitizer.
We provide a full HKROC-based ASIC + board to the community, adaptable to large PMT-
based experiments.

HKROC : a modern front-end ASIC for the
PMT readout of Cherenkov-based experiments
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Hyper Kamiokande PMTs

PMT Properties Super-K Hyper-K

Dynode structure Venetian blind Box & Line

Quantum Efficiency

=~ 22% =~ 30%

(at 390 nm) L
Collection Efficiency =
o N =73 ~ 95
Hit Efficiency 729, ,
(at 1/4 p.e. threshold) 7 Hamamatsu R12860-HQE
Detection Efficiency

~ 129
(QE x CE x HE) %

Time resolution ~ 6.7 ns (0= 3.4 ns) ‘ Better vertex reconstruction '
(TTS for1 p.e.)
Charge resolution =~ 60% ‘ Better energy reconstruction '

Dark rate ~4 kHz
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Hyper Kamiokande PMTs

Time resolution
(TTS for 1 p.e.)
~6.7ns(0=34ns) = =2.6ns (0=1.3ns)

Hyper-Kamiokande Design Report [arXiv:1805.0416302] Hyper-Kamiokande Design Report [arXiv:1805.0416302]

Charge resolution
=~ 60% — = 31%
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HKROC performance using PMT
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From single-layer to multi-layer front-end board
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Close Crosstalk Matrix - HKROC v1b + BGA
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Linearity measurements - Close cross-talk

Close cross-talk matrix

40 Close (+ diffuse) cross-talk signal
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Diffuse cross-talk matrix
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Ditfuse-cross talk signal

Injection: {'833.0 p.e.": 'ch. [21, 22, 23]'}
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Diffuse XT impact can be removed/corrected
thanks to waveform digitizer opportunities
The same linearity and resolution as without XT
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Noise trigger rate

Trigger rate [HZz]

Noise trigger rate (acq_time = 60.0s)
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