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1. Why we design the integrated digitizer base for PMT

Central detector

Calibration
-ACU, ROV, etc.

Acrylic sphere
Stainless-steel truss

PMT
-18,000 20” PMTs
-25,000 3 PMTs

Liquid scintillator
-20 kton LS

VETO detector

Top Tracker
-62 Plastic scintillator
walls
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L>Water Cherenkov
-35 kt high-purity water|
-2000 20” PMTs
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PMT guide container scintillator
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JUNO (Jiangmen Underground Neutrino
Observatorywill consist of 20,000 tons of
liquid scintillator, now surrounded by
approximately43,000PMTs.

Reference: A. Giaz, Status and perspectives of the
JUNO experiment, [arXiv: 1804.03575]

The SuperKamiokandeneutrino detection
(mounts more than 11,000-tch PMTS)
é

Thelow-energy neutrino experiment is planr
at CJPL (China Jinping Underground
Laboratory) A kiloton scale neutrino detector
using the slow liquidcintillator will be
deployed.

TheEJ335liquid scintillator doped with
0.5% gadoliniunmand deployed in CJPlor
the fast neutron backgrounteasurement.

Reference: Q. Du et al., Measurement of the fast
neutron background at the China Jinping Underground
Laboratory, Nucl. Instrum Meth. A 889 (2018) 105
[arXiv:1706.06831v2]



1. Why we design the integrated digitizer base for PMT
CAT5 Cable
V Power supply > 10 W
l V Data throughout > 700 Mbps
V Synchronized precision ~ 50 n:
(in theory
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Fast (Current Sensitiy
Preamplifier

High\/oltage ChargeSensh

Power Supplypreamplifier
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& @ =74 mm h .
% Digitizer (~2.9 inches) @ =86 mm
Weight: 300 g (~3.4 inches)
" Weight:600 g
_ g 50 ohmRFCable (SY80-7-1)
PMT with socket Multichannel pulse d . stray capacitances:

amplitude analyzer @ ~1.0 pF / mm
Method 2 EnergySpectrometer Measurementiy ~ (~2.54pF / inch)



2. The design of the integrated digitizer base
2.1 Mechanical design

Board of User Interface ‘"
Board of POE power

Board of ZYNQ carrier

Board of ADC sub system

Board of Current Sensitive Preamplifier
Board of High Voltage

Aluminum
PMT Socket Cylinder 5



2. The design of the integrated digitizer base

2.2 Hardware design

High voltage Current sensitive ~ ADC subsystenfNo. 1) ADC subsystenfNo.2)
power supply preamplifier 500 MSPS 12 bit 1 GSPS 8 bit

M
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ADC subsysteniNo. 3) ZYNQ re"adout modul
1 GSPS 12 bit and its carrier

%oEpower management User interface



2. The design of the integrated digitizer base

2.2 Hardware design

High voltage
power supply

Current sensitive
preamplifie
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ADC subsysteniNo. 3) ZYNQ re"adout modul
1 GSPS 12 bit and its carrier

Boardto-Board Connectors:
FX23series from Hirose
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2. The design of the integrated digitizer base

2.2 Hardwaralesign(Current Sensitive Preamplifier)

Counts
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The rise time distribution under the
moderated 252Cf source.
It is measured by an oscilloscope
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2. The design of the integrated digitizer base |
Si3402 (from

2.2 Hardware design (Power and ADC performance) Silicon Labs)

35.0
. —~ 80 | ,,,!>! B . . 0-@-—9—0—0-9—¢_¢_. . .| = 32.5
Power consumption \{V) S ] ,\ PUTS * ]
: > ¢ = -4 30.0
(~5.6 W in total) g /./ i VAR =
User interf 0.4 §7o . 7 " 1275 S
ser interface = 70 |- / BENUCEIRREEEE RN -
POE power Eal | /] SRE 1702
[ W At e e et s o Ot s SO S S R S R S A o
ZYNQ readout module |- ? . / —e— PoE power supply efficiency} -] -5—?‘
S oo b M| __|—=—Ripple %0
AC subsyster DRI & -
AL r X x fox Of & o The Power efficiency is tested by the 1 20.0
[ dZNNBy @ m 2AUROBSK 'g 55 /\-/DC electronic load (IT8512), and the rippleis ™
high voltage supply o e Mmeasured by an oscilloscope (Tek. MDO4104B-3) < 17.5
I A S s s S St S o S S S S S S S S M S
0 0.5 1 1.5 2 A T S N N N S N T S T 15.0
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test power input (W)

DNL /INL |  ENOBTOM | oyop test | typical power

(bit) consumption(W)

ADC Name ADC datashee

test (bit)

(bit)

IS AVA A SISTOR STO RISt w2 ISR & 0.2 /= 0.8 11.27@30MHz 10.7@30MHz 0.823
HMCAD1511 (1 GSPS 8 BDI) g 0.2/a 0.6 7.9@125MHz 7.59@125MH: <0.71
AblenizhlenERets) v [suEse)li s @ 0.5 /2 2.0 10.1@125MHz 9.5@125MHz <0.8



2. The design of the integrated digitizer base
2.3 Firmware design (ZYN@oQ

—

PL: Artix7 FPGA v=un A |
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: throughput LUTRAM @
42
S0mm x42mm| - o MB/1066MHz Code Stored
0%  10% 20% 30% 40% 1O




2. The design of the integrated digitizer base

2.4 Softwaradesign

ZYNQ PS Embedded Linux (€+)C

IP initialized and
Connect server

’ Map GPIO ‘

Write  configuration data to GPIO
and UnmapGPIO

Map the AXI CDMA Register memory
Do the Register Setting

¥
Check status of BRAM 1 and BRAM2,
and do data transmission

!

’ UnmapAXI CDMA Register memory ‘

!

Map the DDRmemory
(start from  Destination address )

’ Copy destination buffer to Array ‘

,

’ Unmap destination buffer

'
’ Send Array  (64KB data)

UbuntuLinux
! N\ A
’ receive configuration data W (pythO nor C++)
e < e

Socket initialized
and Listen port

Y Y
Print client ip
v
\ Read configuration file
v

Send configuration data

Clear received buffer

P
<file__index < setting value =
Y
l¢

Write buffer to file
file _index ++;
I

/ <_Read 64KB completed

end

A 4

end

1. Connection established.
Thesoftware design includes the
development of the application program
(client) in Embedded Linux running on the
ZYNQ SoCand a program (remoted server
running on Ubuntu Linux or another
platform

2. Parameter configured.

After establishment, the server will read the
configuration file, including trigger
threshold, length of waveform record, DAC
tuning output, and pulse polarity

3. Triggering and read out.
Waveformdata over threshold will be
buffered into BRAM 1 at first. When BRAM
1 is full (64 KB size), it will be disabled and
BRAM 2 will be enabled. Then, CDMA will
transfer BRAM 1 data from PL teS.

Theaverage CPU usage thfe
embeddedinux on ZYNQ SoCis,
~10%.



3. Application: interfaced with a CLYC scintillator

3.1 Experiment setup &.2 Results \
Q —— with Moderator (5 cm PE) X
% —— No Moderator f
z ; *
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9000Bq 2 2 1 »Of
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5 Al il
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i - . ¢ - < 0.4ﬁ . ~\‘~, i
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e T
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3. Application: interfaced with a CLYC scintillator

PSD ratio

3.2 Results and Analysis FoM = 'Mewron” /Hhrnma
|:VVHMneutron + I:WHMgamma
800
10k Fast neutron l\élginly from thermal neutron e ELEEEEE Original data Neutron
%CI(n,p)**S or #Cl(n,a)2p LA 700 —— Guassian fitting ;
S $® e e 600 | Use the whole recorded events of A
RIS T | neutron and gamma ray.
' = +

I R 500 L FoM =3.00 +0.03

08 L S R g I Gam.r.na ray
> 400 o
: o
(_Samma ray O 1 FWHM;eutron
8 Neutron (No. of events: 17006, ratio: 37%) 300 -
0 Gamma (No. of events: 28371, ratio: 61.7%)
_ . |6 Noise (No. of event|s 200 -

06 === === ==& D - - - - oo oo _

O 100 A Myeutron = gafina

: Noise, mainly from PMT dark counts

| | | | | | | | | 0 Py |
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000 0.70 0.85 0.90 0.95

Energy (keV) PSD ratio

The thermal neutrons are detectedffbm ( n, U)t reacti on,
from either thé5Cl(n,p)3°S or the*C | ( #P, ré4dtion.

®Li (95% enrichment) haa thermal neutron capture cross section of 940 barns
a Gamma Equivalent Energy (GEE) of 3.2 MeV approximately

For the wholeecorded pulsef the neutron and gamnanay, thePSDFoM is ~3.0.
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3. Application: interfaced with a CLYC scintillator
3.2 Results and Analysis

THE FITTING RESULTS OF DECAY.

Amplitude (A.U.)

1h i Reference Particle CVL(ns) Ce’ (ns) Vi(ns) STE(ns)
Thi y Gamma-ray 49 668 1141 5929
osll —— | — P Neutron : 599 1339 6173
Neutron (No. of events: 17006, ratio:37%)
o Y| Gamma ray (No. of events: 28371, ratio:61.7%) [15] Gamma-ray 48 280 730 5240
E o6l Noise (No. of events: 623, ratio:1.35%) Neutron - 490 1420 6300
E St t o Gamma-ray 2 50 420 3400
: Yoeuron = 0-40€ 5% 40.21e 3% 9. 4% o17 [17]
2_ o4 Neutron - - 390 1500
I St t Lt t|
;! =0.53e ¥ +0.20e 8 H.07e4  B.1& 59% [15] N5 Qh f eelYalJaRulseshape analysis of CLYC for thermal
oot | neutrons, fast neutrons, angammarays
3 [17] KLi, X. Zhang, @Qui P.Jin G. Tian, " Characterization of the
e new scintillator CaiYGiCe*
% 5000 100;)0) 15000 20000 s Fourmechanisms are included:
Time (ns .
10° K | | A directelectronhole capture
AN e | (Ce)
1N \\\ s 1 A binaryV,-electron diffusion
%\ R . n (STE = -Gamma-ray | (V )
\ Tl T R k
10| e ‘) A selftrappedexciton (STE
RN | \__\ R E self-trappedexciton ( )
yete T \gm) | emission _
A Y NS e i S — A corevalenceluminescence
1072 ¢ : 1. Self-trapped exciton (STE) . ™ (_C_VL) _
; % emission |s the longest decay part. 1, Theﬂttmg dn‘ferencesmay be
' AN i . .
vies™ ) 2 Core-valence Juminescence 1 caused by the different signal
v (CVL RV (CVL) only exists in gamma-ray. Samp“ng rate or the @‘gjopmg
102 -
0 2 4 6 8 10 12 14 16 18 20 Concentratlon

Time (us)



3. Application: interfaced with a CLYC scintillator

3.2 Results and Analysis

1

o
o
L

A.U. Amplitude
o
o

I
~

021

Neutron (No. of events: 17006, ratio:37%)
------ Gammaray (No. of events: 28371, ratio:61.7%)
Noise (No. of events: 623, ratio:1.35%)

yneutron

-0.406 % 4020 9.4%

t t
=0.53e 49 +0.20e 668

t
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—A— Energy res. (FWHM @ 662 keV)
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60 7
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Energy accumulation (%)
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45 L
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Integral length (ns)

—— 20-ns integral
— 10-ns integral
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(6.0 £0.2) %

Use 40,000 pulse events.

(5.1 £0.4) % (4.6 £0.2) %

200k 300k

Hypothesis:

The pulsesnergy will

be collected

completelyif the

integral time is 2@ s

10.0

9.5

9.0

8.5

8.0

7.5

7.0

6.5

6.0

55

5.0

4.5

4.0

Energy res. (%)

(more than 3 times of

STE decay).
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3. Application: interfaced with a CLYC scintillator

3.2 Results and Analysis

:::i::i:Gamma Equwalent Energy 3180 keV30+01%)

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

: Energy Integral * 0 002503 + 13 84

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

***** —0— Energy calrbratron data**

- The 20 -ns pulse mtegral s used N =

57c:o (19.2 3.1 % @122 keV) B Llnear flttrng

,,,,,,,,,,,

,,,,,,,,,,,

,,,,,,,,,,,

,,,,,,,,,,,

,,,,,,,,,,,

Integral

0.0 2.0x10° 4.0x10° 6.0x10° 8.0x10° 1.0x10° 1.2x10° 1.4x10°

5

The20-¢s integralength is
used to obtain the pulse
energy.

Theenergy calibration is
done by the linear fitting
and the GEE of the therma
neutron is estimated to be
~3180keV.

Thecorrelation coefficient
R? is better than 0.9999.
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4. Summaryand the future work

4.1 Summary

, Design

V Thisintegrated digitizer base is designed for various applications w
PMTs coupled with different detectors.

V A single categonrp cable is used fgrower supply and data
transmissionThe power consumption of thetal system is ~5.6 VA
70 MHz bandwidth preamplifieb00 MSPS 1bit ADC board, and a
readout module baseti¥NQ SoCare designed.

., Application

V Theintegrated digitizer PMT base is tested with a CLatihtillator. -

V ThePSDmethod is used to discriminate betweenrthetron, gamma T p e o
ray, and noiseThedecay of the pulse shape of the normalized neutron - == ese:
and gammaay is fitted byseveral exponential formulas

V We assume thahe total energys collected bya pulse integral of 20 .

e swhich is more thaB times the STE (~6 5A12es pul s eE
can obtain more tha®0% of the total energgndthe energy
resolution is better thab at 66keV. The linearity is better than |
0.9999from 122keVto ~3.2 MeV Wiy

V ThePSDFoM is ~3.0for the wholerecorded pulsef the neutron and ol L

gammaray.

Energy res. (%)



4. Summaryand the future work

4.2 Thefuture work

Different ADC subsystems
ADCswith different sampling speeds and vertical resolution will be used in this integrated
digitizer base. The influences due to sampling speeds, resolution of ADC, the integral leng
PSDFoM, and energy resolution will be analyzed

ADC subsysteniNo. 1, this work  ADC subsysten{No. 2) ADC subsysteniNo. 3)
500 MSPS 12 bit 1 GSPS 8 blt 1 GSPS 12 bit

. Other detectors

Thisintegrated digitizer base will also be interfaced with the liquid scintillator with the dual
R591202 PMTs fromHamamatsu. It is a neutron detector deployed in CJPL (China Jinpinc
Underground Laboratory) for neutron background measurement.

| | | [ | | | [ & [
I copper light glass liquid

shell PMT guide container scintillator
v

| A FERREB L=

China Jinping Underground Laboratory

steel lead
plate shield A S

l T : CJPL AteX LB ITRBIRAE

& s




4. Summaryand the future work

4.2 Thefuture work
Clock synchronization based on IEEE 1588 and Synchrokitteztnets

A commercial IEEE 1588 grandmaster is used to generate precise timestamp to every sla
while a commercial Ethernet switch with IEEE 1588 support is used.

With the SyncEcapability, the recovered clock from Ethernet PHY chip is used for input of

dedicated PLL to generate the clock of logic unit implemented in the programmable logic «
ZYNQ SoCof the integrated PMT base.

About 50 nsaccuracy clock will be realizeahd it is adequate for the neut@amma
discriminationapplication, which needseveral microseconda®incident requirement.
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Appendix

Physics

5

Thelow-energy neutrino experiment (in plaat)CJPL (China Jinping
Underground Laboratory).

Goal: This project is aiming to buildikdoton scale neutrino detectat
Jinping underground lab, using the slow ligeaitillatortechnology to
separate prompt Cherenkov light and slow scintillation light. We hope to
provide precise measurement on solar neutrinos anrd@&0N0Ss

Energy

reS . —— Count
2500 I \ ------ Gaussian fitting @ 662keV
[ 1 T T T T T T T T 7
\ 2-n1s pulse integral is used to obtain the pulse energy
2000\ N N A W W
2 N (1, s2) = N (228.6, 8.62)
S \ \ Energy resolution (%)
8 1500 =FWHM/ m
I \ =2355s/m
‘\ \ =2.3553 8.6/228.6
1000 \ \ =8.86%
it
' Mmoo,
50 100 150 200 250 300 350 400 450 500 550 600 650 21

Channel



Boards

FMT_ADC_ISLAZ
Zhi, Iinfu gTHU

x: 1454.500 . dx: -575.000 mil
549500 dy- 85500 mil
| Snap: 0.5mal
Shift+ H Toggle Heads Up Display
i , Shift+G Toggle Heads Up Tracking
Shift+D Togagle Heads Up Deita Origin Display
Shift + M Toggle Board Insight Lens

Boardto-Board Connectors:
FX23 series from Hirose
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