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Why dN/dx - and the Scope of This Work S
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= dE/dx saturates at high momentum, where the resolution stops
improving

= Counting primary clusters (dN/dx) cuts the ionisation-fluctuation term
that dominates there

(i
I

= Adrift chamber is a back-up option
for the TPC of the CEPC detector
L

» Scope: R&D on the dN/dx readout 0o '20'{,0' : '40'{,0' : 5000 '1In' '2|n' - 'aln' L '4In' T

method, carried out on a 12-layer, 120- Total energy loss Number of clusters
channel prototype

dE/dx: total charge dN/dx: clusters per unit length
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The Drift-Chamber Prototype

€ SNS
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Layer 12 tlinlri“; T E R EEEEEEEErEE
Layer 11 ® 9 9 9 0 000000000000 e 0
La;:e.rz .:::::"il!----oo-.-oc
» 12 layers x 10 cells = 120 sense wires (20 um gold-plated A2 8 A3 B RS B §A R B R RN RCE S
tungsten); 416 field wires; 18 x 18 mm? cells Ljerk SRS RS Te SE R S S SR T S
= He/iCs Hi o 90/10 at 1840 V, gas gain ~10°, drift velocity 25 ® e o ® e ® & o e e o

Mm/ns, max drift 9 mm

= 60 cm active length; the prototype exists to develop and verify
the dN/dx readout

» Field Wire (Cathode, 70 um) e Sense Wire (Anode, 20 um)
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Signal, Detector Interface and Specifications " sws
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:
targt I 2.5 -—P____,.-" 20 l Rise Time = 2.1 :15];

Channel count 12 layers x 10 cells 120
channels
. . . low-Z +
Front-end architecture avoid C_det broadening :
wideband
Transimpedance gain signal amplitude vs noise > 1000 Q at
P g g P the ADC
o :
Full-chain bandwidth = 10 % added rise, 2 s > 400 MHz
edge
Linear dynamic range MIP to large deposits = 50 A
Equivalent input noise resolve clusters (loaded) <1.6 JArms
ADC 2 2 samplesacrossa2ns =1 (_38/3, >
rise 12 bit
Electronics time jitter < 3 % spatial degradation <1ns

120 built; 40-
ch crate tested

e
o=
)

,_.
w

‘ i 0.5

0.0

365 3'."'0 3;3' Jéo 3‘55 3;0 35‘5 460_;1(’)5'-;;10
\ Il J
NNN\;IQ L
i
| RY
200 200

4
600 800 1000 1200 1400
Time (ns)

implemented

Amplitude (a.u.)
=

o
in

chain

2232 Q full L\J

0.0 Py’

550 MHz

0

~ 700 uA detector

0.83 uA Cp™
HATMS i(t) = A

e Vot

1.3 GS/s, 14
bit

0.80 ns within-
channel

Cp and the front-end input impedance form an RC low-pass

Induced pulse (~2 ns edge) and the detector/front-end
equivalent circuit

= 120 channel waveform capture with a window ~ 1.6 us, with fix trigger to window latency
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System Composition and Scalabilit € SNS
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L
] |
T&C E Scintillator Detectors | |
e P | o e
1 L rigger ontrol !
Fos==eees y : Fhannel 81-120 ' [{Fd"*""z , i :
_ 12Layers — : |Channel 41 - 80 : @‘_i___j;______________________-__-___'
Drift Chamber Prototype SMA Cabl : : 120 x : Channel 1 - 40 —1"’ﬂ"*ﬂulz f_"_- ___________________________ 1 E;---- -----':
120 x ——e¥ SMA Cable! ) | | : '
Sense Wires : —_— ADC [ Readout : : = B — Sw"rc_h_ _________ 10G pr— :
.............. h Tl | Mezzanine |  Board 1| 1|8 Control ! Dpata DAQ |
! g : : ; i £ o Fo ey = My s s X —
""""""" x [l [l | | -_——
.............. - BE T e | L LBk ., ;
Drift it . ! g ! [ Mezzanine |  Board __: [ g ‘.g TP | TCP | 1cp :
Chicakoer wes www Vollage : Eé }l-- e : i E Ti - ot | s :
.............. Capacitors| ™~ ¢ It 'Fr‘ i : ADC Readout | [ [ L || uoP uop | uop -
““““““““ ' S | ! . Mezzanine |  Board L] . .
______________ —> : : ; : 3+ MPOILC Fibef E
N > ESmm— ADC Readout : : 12 * 10G UDP :
' 1 | | | Mezzanine | Board | = = |
: | : i : :
RN St ! R e el e B e e e |
FEE Pt Data Acquisition

MMCX connector

» 12 units x 10 channels = 120 channels; the
BEE is built from three standardised 40-channel
subsystems

= FEE at the detector end (12 pre-amplifier
boards); 120 x SMA to the BEE

= The 120-channel system uses replicated
units; full-detector integration remains future
work

Ethernet Switch

Logic Unit

40-Channel
Preamplifier Mod

40-Channel

Pre-Amplifier i3 Readout Electronics

Control Board €—

Negative LDO Regulator

10-channel pre-amplifier board (left) and the 40-channel crate in the lab (right)
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The Analog Front End: Current to ADC TSNS

detector FEE board (at the detector end) ADC mezzanine
f " o5 i
?nejﬁzzzr 50 Q Voltage Inter-stage Voltage Output Single-ended ADC input
. 1 > . ;
current i{t) b termination | amp | 20Q/50Q | amp | 20Q/50Q || - differential L network
source x 50 O x 10 x 0.5 x 10 x 0.5 X 2 x 0.893
1233 Q 2500 Q 2232 Q calculated 2248.7 Q measured
FEE board alone (24.66 V/V) after x 2, at the ADC driver output including the ADC input network full chain, single channel
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One 10-Channel Readout Unit € SNs
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4 x JESD 13 Gbps
CH1 Input > ADC »  ADCH#1 > R
CH2 Input p| Driver S ECE | 1-5G CK MGTCLIG N GTCPLnk RJ45 ‘—’Qi Slow Control PC
Clock
...... oo FPGA
R B | 1.3GCLK | LMK04828 | RefCLK RSO < —>| SFP+ [&— > UU DAQ Server
CH11 Input > ADC ™ apcis [ < 10G UDP Link ~—]
CH10 Input »| Driver »| AD9695 >
4 x JESD 13 Gbps -
Ref. CLK, Trig.

AD9655 with 2 inputch, _ LMKO4828 Clack Genrator = One ADC mezzanine (5 x AD9695) + one ZU15EG
- f ] L e e board = 10 channels

= ADC: AD9695, 1.3 Gsps, 14-bit, 1.6 Vpp DR, JESD
output

= | MKO04828 clock generator;

= Analog front end on the FEE board in front of the
mezzanine: two LMH6629 gain stages

Pwer Module . ZYNQ MPSOC ZU15EG SFP+ for 10G UDP . 8 x 25 Cm y 1 2 V DC, 30 W

10 1.3 GS/s 10 GbE 1 GbE
channels per unit ADC, 14 bit UDP waveform data TCP slow control
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Control and Data Acquisition TSNS

CHINESE ACADEMY OF SCIENCES

12 units x 10 channels = 120 channels

) 1 GbE TCP Slow control
Readout unit 1 > . . | Slow-control PC
config / monitor
Readout unit 2 ol NIC 1
- NIC 2
12 x 10G UDP
Readout unit 12 > 10 GbE switch —b DAQ server —> | NIC n

one ZU15EG per board: PS for control, PL for the data path . ; .
destination IP per unit:

the 12 links spread over
several 10 GbE NICs

= The ZU15EG processing system (PS) runs the control firmware on every board: configuration and monitoring over 1 GbE
TCP

= All waveform data leave over one 10 GbE UDP optical link per board

= Each unit instantiates two IPs - one control, one data; the data IP's destination address is configurable, so the 12 links can be
received by different DAQ NICs and acquisition is not limited by one port

12 x 1GbE 12 x 10 GbE 3 x MPO/LC 2 IPs [ unit

TCP control UDP data links fibre per crate one control, one data
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Crate Characterization: Noise and Response SNS
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Baseline and noise of the 40-channel crate under no load (36 channels, 129 events x 2000 samples each) A
' 664
o< 07 ] ® e ? ® Py 2 ¢ “
> ® ®
= ® L4 ° ® (] ® L@
g T B e e | e e e e e .'"':'"-"'—""-'-"—'-""'. """"" o el é’rsu-
[}
— ® @ ® [ ] ® L 584
9 : ® 5 ] 4 A=
B —~2 o -=- mean = -0.82 mV |
® ® per-channel median (min-max span) 1
e quuenz‘?\-(.\‘lHL) .
— 0.48 = B per-channel noise RMS -==- mean = 0.470 mV n +1lo=56uVv
> ’ 800
£ u | n " - 2 . . 70
0 | | | | | | ] 15.0]-90%
g 047 Hm R R R e i i e - / \\
o | [ | 2 £ 50
P | L | - ] g §,|n‘n ] \\ ;:7400
n u n £ 15 | &
2 0.46 EW ar, L1 s i EM C A f127ns
[ | 259 1% / 1009 1905
5 10 15 20 25 30 35 40 = i v S : s
Crate channel number 15 1o -05 0.0 Ai_,fme(':;(j 15 2.0 25 30 15 L0 05 0.0 (_)r:meu:;; 15 2.0 25 30
channel-to-channel rms spread = 5.57 uV (1.2 % of the mean); worst channel = 0.483 mV
0.470 mV 5.57 uv ~ 550 MHz 0.82 %
mean noise RMS, 36 ch channel-to-channel sigma (1.2 %) full-chain -3 dB (target 400) gain dispersion, 120 ch

= Crate, no detector load: 36 baseline channels x 129 events x 2000 samples; the 4 channels carrying the 10 MHz test signal are excluded
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Position Comes from the Drift Time TSNS
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Position from the drift time inside the acquisition window

The leading edge marks the arrival of the first drifted electron. Its position measured from the window start gives t_drift, and x = v_drift x t_drift.

trigger
;tixed, calibrated delay
: i first electron arrives acquisition window (1.5 ps)
| é
! :
! 5
1
t_drift Hme

This is only well defined if the window start sits at the same physical time after the trigger in every event:

any jitter & there becomes a position error v_drift - 5. Hence the fixed-latency requirement.
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Fixed Latency for the Position Measurement g sws
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Trigger-to-ADC-edge latency of the 40-channel crate (197 events over 40 channels; error bar = per-channel rms)
89.5 -

——— Al _ T } Latency stability after re-powering the crate
a!l Icrllannel Wigal =BT.000 ¢ d!g!t!zer boa}_rd 6 (e 21-30) (4 boards x 1 channel, 56-60 events each)
@ digitizer board 2 (ch|1-10) ® digitizer boalrd 8 (ch 31-40)
89.0 4 e T ® digitizer board 4 (ch|11}20) _ 89.5 1
89.0

_ 88.5 1 ®
(0]
2 ® ® N ¢ o0 T 3 885
> ® £
gsso (T I L1 L 1 1 L e | | | [_|._ 0 PO 1| Y | A s . Lo [ | A (| S | T >
s .. i @ v ® 2 88.0
= & P ® 0 s
-1 87.5 A o ® ® ® ~ 875

87.0 87.0 i

A = = mean of the 4 channels  —{il- cratech 11  -@~ crate ch 31
e — = ~@- cratech1 —&— cratech 21
86.5 - overall =87.90 + 0.90 ns | channel-mean range = 87.21-88.79 ns (spread 1.58 ns) | mean within-channel rms = 0.80 ns 8651 . ;
power cycle 1 power cycle 2 power cycle 3
0 5 1'0 1'5 2'0 2'5 3'0 3'5 4'0 cycle-mean over the 3 power cycles: 87.96 / 88.03 /88.05 ns -> drift 0.09 ns
Crate channel number
87.90 ns 1.58 ns 0.39 ns 0.09 ns
trigger to ADC, 197 events range of channel mean latencies range of board mean latencies cycle-mean range, 3 cycles

= Position comes from drift time (25 ym/ns, i.e. 1 ns = 25 pm), so timing is important for dX reconstruction
= The 1.58 ns channel-to-channel spread (= 40 um) must be calibrated out;

= Those offsets stayed put over the three power cycles tested (0.09 ns) - that stability is exactly what makes a fixed per-
channel calibration valid
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SNS
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Data Throughput and Link Headroom

Data-packet event rate vs. random-trigger rate

@® no packet loss (pass)
b4 packet loss observed

5

]

S
sl A B, S ", = = The observable is the event rate reconstructed from
I | ideal (100 % acceptance) ..+ 10 GbE nominal K . .
= N . c the received packets, not the trigger rate
il measured UDP ceiling 461 MB/s (3.7 Gbit/s) it %

% 104 _:_" _________________________ ________‘,— __‘__f'.'.‘ ﬁ
@ ] o . ..
p e ¢ - No event with a missing packet, up to a 70 kHz
© T ¥ input trigger rate; missing packets at higher rates
5 10° 1 e -
= . L Q
g ] e © = At 4008 Byte per event (10 channels per event) the
=5 (O] . . .
£ i — e e 015 left axis converts to the right axis: 10 kHz needs 3.2
C no packet loss U (0] Z (reproauced twice); © - A .
o 73 kHz loss-free once%ut not repro%ucible; loss a'?all higher rates. = Gblt/S, and the measured 461 MB/s Celllng is reached
W 102 4 @ 10 kHz would need 3.2 Gbit/s; the measured ceiling (461 MB/s) is ©
| e reached at 11.5 kHz: the ceiling is attributed to the IP core, not the link. = at 11.5 kHz
_ ._.-‘ 0
T T T =>
10? 10° 10 3
Set random-trigger rate (Hz) -
70 kHz 11.5 kHz 31 kHz
formats with no missing packets max reconstructed event rate 10 Gbe nominal payload limit
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Cosmic-Ray Operation { SNS
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30000 . — = .
| Hiean: 210,33 e as | ] Hteon: 15046 = Two-layer scintillator
25000 - Sigma: 82.42 80000 Sigma: 0.18 00 Sigma: 57.21 3 Hit Cell . . .
250 T Conectad Con coincidence gives the
| 2 Unconnected Cell .

e g 20000 . 1. 1. ] ] moiwe global time reference
Elsuuo EISUOB et 21 3 1 o4 1 O |- Reconstructed Track = Chamber at 1840 V gas

10000 1ooao c:ua c;a I {r:Fs I I‘.P.1‘J . l:h'w ; gain ~105; 8 Iayers

5000 5000 . I B . instrumented, 40

ghil | ChiZ Chl3 Chl4 Chis
o 200 400 6060 800 3 4 5 0 * « | o+ | . readOUt Channels
Amplitude (mV) Noise RMS (mV) Chif | ch17 | chis | Ch19 | Ch2o | connected

» ~300 K cosmic events
i‘i | l = _ Plastic Scintillator ¥ ana|ysed

" . B o . T T ] = Mean noise RMS 1.4
i |- L —— | e e e g B mV, mean SNR 150.46

L { " { N | -
Chag | Cha? Chad ChZ% Ch30

- . \ . { = .
Ehdl | Ch32 | Ch33 | Chdd | Ch3s |

DAQ soﬁware

Chap | Tn37 | Cn3d Ch33 | Ch4D

—*‘i
,+
= ,{.t_ ‘ '_'} ; _1|—“_. = Bk g > Pestic Scitilstor
W40\ . r' ; N 1
P' f X -50 -15 0.0 25 50 15 10.0

X Coordinate {cm)

~300 K 1.4 mV 150.46 40

cosmic events analysed mean noise RMS mean per-pulse SNR, cosmic readout channels connected
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Beam Test at the CERN PS T9 Line

SNS
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Noise Distribution

Amplitude Distribution

Signal to Noise Ratio Distribution

Charge Distribution

Rise Time Distribution
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Schematic diagram of
the beam test system

30.12 mV

signal amplitude

1.89 pC

collected charge

19.04

mean per-pulse SNR,

.......
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1

Trigger

- R e i e

__________________

or I Cherenkov Detector |

Control

' Control Board |

60-ch Drift Chamber
— 4 E—
/ L
Beam
E—

10-ch Preamplifier

Board x 4

. Preamplifier

Board

. Preamplifier .

Board

Preamplifier
Board

Preamplifier
Board

Channel 1 - 40
ADC Readout
Mezzanine = Board
ADC Readout
------ Mezzanine = Board
- ADC Readout
Mezzanine Board
ADC Readout
Mezzanine =~ Board

]

DAQ

106G 10G
TCP ubP

Switch

Switch

| Configuration | Data

beam

Entries: 4590389
Mean: 1.12
Sigma: 0.63

Single pulse risetime
based-on peak-finding

4 6
RiseTime[ns]

1.12 ns

mean rise time, + 0.63




Online Cluster Counting: Why and How ( SNS

= At 5 % occupancy one full-detector trigger is ~7 MB, i.e. ~7 GB/s at 1 kHz if every waveform is read out - so peak finding and

clustering have to move into the front-end ASIC
* Per pulse: 2nd-difference candidate positions, then a CNN suppresses the noise peaks. Per event: the cluster count is regressed

from the peak count, times and intervals

per-pulse processing per-event aggregation
Digitised waveform Peak count, time
. é . - - -
1.3 GS/s, 14 bit distribution and intervals
v v
2nd-difference Auxiliary
candidate positions feature vector
v ¥
CNN suppression _
, CNN cluster-count regression
of noise peaks
v v
Selected peak positions Primary-cluster count estimate

and arrival times
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Online Peak Finding on 10 GeV Data

SNS
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ADC counts
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Trigger 35969, board 9, channel 1
noise=14.8, max excursion=939.0 ADC counts

Trigger 32791, board 10, channel 2
noise=13.3, max excursion=1007.0 ADC counts

ed waveform

—— Baseline-subtracted waveform

— B i bt 1
- D?:-emrx:::luve;‘:i (n=12) 1000 1 e Old-model peaks (n=20)
|
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200 400 600 800 1000 1200 1400 0 200 6500 800 1000 1200 1400
Sample index (1.3 GS/s) Sample index (1.3 GS/s)
Trigger 35181, board 11, channel 8 Trigger 27293, board 12, channel 6
noise=14.8, max excursion=1001.0 ADC counts noise=13.3, max excursion=1040.0 ADC counts
—— Baseline-subtracted waveform — Baseline-subtracted waveform
* Olg-model peaks (n=28) 1000 4 * Oid-model peaks (n=36)
800 4
v 600
| c
\ ]
! g 400
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0 600 ]000 1200 MOD

Sample index (1 3 GS/s)

600 500 1000 1200 1400

Sample index (1.3 GS/s)

0 200 GDD

= Preliminary: the peak-finding model
applied to a 10 GeV event sample
(Data0040)

= 12, 20, 28 and 36 peaks in the four
example events, from four different boards
and channels

= The per-pulse stage returns the peak
positions; the per-event stage turns them
into the cluster count

4

events shown
(boards 9-12)

12 - 36

peaks per example
event

Red markers show where the peaks were found. The per-pulse stage outputs the position of each peak and the count n is carried in
the legend; the per-event stage converts them into the cluster count. Offline model result, not the RTL implementation.
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Online Cluster Counting: RTL Implementation @ sws
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(a) Per-event processing time (b) Total utilisation on the ZU15EG (c) On-chip power, total 12.37 W
g 73.2 x faster 2 mm existing readclnut Ioglc. ADC to UDP link _ s 5o i
— 0 Emm cluster-counting algorithm
- 15.612 ms o 63.2
c u :
% 15 4 g 60 4
@ $ event pipeline - 2.468 W
()] =
o
g 107 § 40 -
- S 29.8 cluster ch 1 - 2.471W
2 N
@5 5 20 17.6
g 0 . I 149
L2 o || cluster ch 2 2.448 W
o 0.213 ms i m m
0 T T 0 - I T T T
Python / NumPy RTL cluster LUT FF BRAM DSP 0 2 4 6
(CPU) counting Power (W)
0.213 ms 73.2 x 100 29.8 % /63.2 %
RTL simulation, per event faster than Python/NumPy events, final count agrees total LUT / DSP, two channels

= Over 100 events the final cluster count from the RTL implementation agrees with the offline Python/NumPy reference event by event

* The two cluster-counting instances account for 4.919 W of the estimated 12.37 W on-chip total, and the CNN inference occupies 63.2 % of
the device DSPs - that DSP cost is what the accelerator work targets

* These are RTL simulation and implementation results on the ZU15EG, not yet detector measurements
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Summary, Challenges and Outlook TSNS

CHINESE ACADEMY OF SCIENCES

Q Established

= A modular chain: 10-channel unit -> 40-channel crate -> 120 channels of readout capacity, on one clock and trigger
= Noise RMS 0.470 mV with a 5.57 yV channel-to-channel sigma; 550 MHz full-chain bandwidth; 0.82 % gain dispersion
= Testbeam run this summer verified the system’s stability

° Challenges

= The dN/dx analysis is ongoing: peak-finding efficiency, the wire-to-electronics interface, noise and shielding are still
under study

= The 10 GbE link is estimated at ~30 kHz against 11.5 kHz measured; the ceiling is understood to sit in the IP core
= The wideband front end is sensitive to ambient HF interference and shielding was incomplete early in the run

° Next steps

= |Improve the chamber-electronics interface and shielding, and commission the full 120-channel readout
= Optimise the network IP core and take online cluster counting towards detector data
= Hardware-accelerated algorithms and scaled-down models to cut power and resources, towards an ASIC
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Thank You ( SNS
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Thank you for your attention

Hongbin Liu - hbliu@ihep.ac.cn

Institute of High Energy Physics, Chinese Academy of Sciences
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