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WCDA - Water Cherenkov Detector Array

& | 3 water ponds:
Gl > 78,000 m? in total;
S > 4.4 m water depth;
s > 3,120 cells, with an 8"PMT in each cell;
P > Cells are partitioned with black curtains.

Detect shower secondary particles:
» Electrons/positrons;
» Muons;

» Gammas.




Physics Goals

 VHE gamma sky survey (100 GeV-30 TeV):
 Extragalactic sources & flares;
* VHE emission from Gamma Ray Bursts;
» Galactic sources;
 Diffused Gamma rays.

* Cosmic Ray physics (1 TeV-10 PeV):
 Anisotropy of VHE cosmic rays;
* Cosmic ray spectrum;
* Cosmic electrons;
* Hadronic interaction models.

B R GeVE et e wr

* Miscellaneous:
* Gamma rays from dark matter;
* Sun storm & IMFE.
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Schematics of WCDA

Slow control system

k 3,120 cells /

DAQ &
Data storage

Water purification & recirculation system




WCDA Specifications

Item Value

Cell area 25 m?

Effective water depth 4 m

Water transparency > 15 m (400 nm)

Precision of time measurement 0.5ns

Dynamic range 1-4,000 PEs

Time resolution <2ns

Charge resolution 50% @ 1 PE
5% @ 4000 PEs

Accuracy of charge calibration <2%

Accuracy of time calibration <0.2 ns

Total area 78,000 m?

Total cells

3,120




Gamma/proton Discrimination

[ WCDA 150150 m? | Gamma, E = 1TeV | nPMT =142 | | WCDA 150x150 m? | Proton, E=2TeV | nPMT =212 |
Gamma
Gamma = = Proton R e Neae
— Co e Fitting: y2= 23.2/15
60 || u 60 2 ' Optimized Compactness
r g 3 C= 1573, Q= 23.00
" a o= : r z 10 : cq=55.971%, =, = 0.059%
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> f = > Im = 2
-20 e -20F 8o s @ T T
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60 60'. [ 2 | I |TL Ill
| RS EPEPETE BPETETE BT BTErErE AR A 0 20 25 30
-60 -40 -20 0 20 40 60 Compactness = nPMT/cxPE

X[m]

* Brightest “sub-core”:

Qmax

« Signal of the brightest PMT outside the
shower core region (e.g., 45 m);

I * “Compactness” can be employed to reject
cosmic ray background efficiently.

10T2 03 IHH1I 2 3 Al,ézla‘:'ll1|o 2030 100 o Q-factor: ~20 @ 2 Tev
E=E [TeV]
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Effective Area & Angular Resolution
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Angular resolution:
® Optimized bin size: 0.4° @ 2TeV

sensitivity ~ 1% crab@2 TeV



Sensitivity to Flares / GRBs

w0 0.1 second o 0.3 second
----- 1second = 3second
w10 second  wn 30 second
L 10'65_”,_ 1 -+« 1minute  ---3 minute
7)) E ==« 10 minute  ===30 minute
o 7L ««+1 hour ==+ 2 hour
£ 107 o= 1 day — 10 day
o 3 - 3 day == 1 month
> = .o|==3month  —6month
2 10%k
g’ 10'95
Q( 10 i i
w 1077 Terap
10—-11é~ rs 5
10_12%—._’ i
2] B = T
10 EIL I B ||i | | 1 .i.'f"'-i-Ll I ! i
0.1 0.2 0.3 1 2 34567 10 20 30
- E - Emedlan [ Tev ]
Requirements:
* 30 events;
« 5s.d.

Calculation bases on a power law

spectrum (A=-2.62).
Partly limited by statistics;

56 /day: the detector can be very well

calibrated by the Crab.

Duration Sensitivity
(Crab)

1year 0.0086

6 months 0.012

3 months 0.017

1 month 0.042

10 days 0.11

3 days 0.33

1 day 0.92

2 hours 2.6

1 hour 4.6

30 minutes 10

10 minutes 18

3 minutes 33

1 minute 57

30 seconds 81

10 seconds 140

3 seconds 270

1 second 520

0.3 second 1000

0.1 second 3000




“Hamamatsu PMT” ity

— A

Motivation of 20in MCP-PMT : co&i

1. 20,000 20in PMTs is required by JUNO experiment.
Japan Hamamatsu : R12860. The initial offer price is 60,000RMB.

Lower price is critical for JUNO.

1. Higher detection efficiency for measurement required by JUNO.
The traditional dynode PMT only has ~25%.

The development of 20in PMT was led by IHEP, and some other
domestic research institutes and manufacturers also involved, such
as NNVT, XIOPM, NJU etc.

10




20 inch Dynode—PMT
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CHANNEL .
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Wide 1st dynode

() Schematic structure of an MCP (b) Principle of multiplication Box & Line
MCP-PMT Dynode-PMT Test Mode
Cathode Bialkali Bialkali pluse
Multiplier microchannel plate dynode current

*By S.Qian



Conad

©O®0E

History of 20in MCP-PMT in China

2009: Start the design work and establish the collaboration group.
2010~2013: Pre-production of 5in & 8in MCP-PMT;

2014~2015: 20in MCP-PMT with high DQE successfully developed;
2016: Ready for mass production;

2017: 4000 MCP-PMT delivered to JUNO.

53898383:¢

1 f




Formally mass production of 20in MCP-PMT

NNVT supplies JUNO: 15,000.
The delivered period ~2.5 years.

Manufacturer supply capacity:
Yield: close to 60%:
Monthly production capacity: 500.

1, high detection efficiency: ~30%

The lower hemisphere has an aluminized reflective film;
There is ALD processing on the MCP.

2, Single photon detection capability:

Use two 50mm diameter MCP stacks;

Make the normal working gain to 10**7.

3, Low cost:
NNVT itself produces MCP.
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Discussion on the feasibility of using 20in PMT in WCDA

In No.2 & 3 pool of WCDA:
* Replace the 8in PMT with 20in MCP-PMT.
* Add a 3in PMT to ensure the original dynamic range of the detector .

Performance expectation:

* The effective area @50GeV, 7.9X improved.
* Threshold can be reduced from several hundred GeV to 50 Gevw.

* For a source with an energy spectrum index of -2.62, the integral significance can
be increased by a factor of 1.5.

* The source with a spectral index of -3.62, the integral significance can be increased
by a factor of three.

* Obviously improve the detection capability of GRB, etc., and significantly increase
the competition with HAWC.



Dynamic range of PMT

20inPMT || | 1-2,000PE, equivalent 8in PMT: 1/6.5 - 320PE

gin PMT [ | 1- 4,000PE
1-3,000PE, equivalent8in PMT: 7-21,000P

sinPMT  EEEE—

1, Ifonly 20in PMT is used, the dynamic range is only about
one tenth of the original design’s.
2, Increase the dynamic range by about 5 times with 3in PMT.

15



Quick Simulation

Crab Energy Spectrum(AE-%%2):

10° )
~ SRR ¢ 1.5ximproved!
< A -
% 10* i i P
o & 25F
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3 = 8inch g 2:_
c [ ] (=] -
:u% 102 4 20inch :l 1-55_
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1 1 Ll 1 1.1 L 1 L Ll 1 L.l 1 0 5 10 15 20 25 30
10™" 1 nFit
E, [TeV]
Effective Area -
E 8inch(m?) | 20inch(m?) | Ratio(20 § o
(GeV) /8) 5 sk
20 9.8 1714 17.5 g o
50 [(2302 18074 79 ) 8 25
100 | 1560.9 | 8373.6 5.4 E
200 | 68473 | 20836.4 3.0 o E
500 | 22675.8 |40588.0 1.8 T R R R
1000 | 31109.1 |43827.2 1.4 T s 2
2000 | 39154.6 | 45454.4 1.2

Other spectrum

% Possible 4x improved ¥




/NPMT3Z 4R

PMT’s requirement

+ 2,270(20in PMT+3in PMT)
« 2,220 (900+1320) + 3% spare

- 20in PMT (GDB-6203) | 3in PMT (XP72B22)

TTS
CTTD
Rise time
Linearity

Dark noise rate

Gain

After Pulse ratio

Stages

~6ns ~4ns
~2ns
~3ns ~4ns
>=2000PE. >400PE(anode)
<=10KHz <1KHz
5*%10**7 3*10**6
<1% <5%
2 10

g

17
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Special improvement for WCDA.

Different from the needs of the JUNO project:

1. High time performance : TN
®TTS (<7ns) , CTTD (<2ns) D%
:\_ ''''''''''''' IL
2. Low dark noise rate: s e
®<10KHz at <10 degree. MCP~ Hf 7~
o

3. Long term stability:
® Expected exposure is above 50C (JUNO:~5C)

® Reduce power supply costs: 200uA O}Berating current,
reducing body resistance of MCP-PMT.

—

fil AR

Structure of the first focusing electrode



TTS i m p rove m e n t(Measured by Hyper-Kamiokande.)

After impro

Before improved

ved

Scanned injected position . b Sl R a
from center to edge ' ' - :

Lotus shape focusing

spot light at center Transit Time Spread Relative Transit Time structure
o2 il & o 0atcenter L LE
il (42} F =t =ln i A
i oot -Before [After e 5’6} - Before / After <™
I +MCPPMT s gt = E10f o
| | before / after T 15f Gie L
Y improved = B = @ 5f
| || 10 =in. o
| f n © |
| Ll]' l': m -----
A S - PO ) s LA SN DR T SN DA 5 {Not peak but mean makes TT flats -
10 0 10 20 0 10 F?O "!(t) 40 50 6(i) 7?‘3]8” 90 0 1OP’20 3%) 40 50 E;CIJ 700 800 90
Time [nsec] osition angle osition angle [°]

Hyper-Kamiokande Photodetectors (Y.Nishimura)




Long term stability

]
) (M
14 « Ao

(,o1)uren

0.6

40 50 60 70 80

Charge(C)

The anode output current is 15uA, a total of 75 C,
and the gain is reduced by about 15%.
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Ten MCP-PMTs already provided.

» Average performance @Gain5*10**7: OB 03 AR EXRERR LM

¥
BIE| M s . \ ol
R I AT s AT
e TTS: ~6.3ns v Wl R|%| & xﬂf i m' s | Dise|  Ehdze ?E et I‘O%ﬁ the | geo| I A
+1l e [%e ngo Ve % | HPE:
_ o1 (B EE | < A N T i,
* CTTD: <zns e |zt ) a0 | oml | g | O] 810 OREMCEL
BERITHAES - m i 105 106 | 22C, $X10% ¥105a 106 N B RAE
* Nonlinearity of anode: >2,900PES PCISOSR08e | Jo| el Vo fof 32556 625 | 1370 WTle| 0940 | 18410 | 1947| 27| 00| S00e | Je| -0 | Jo| Bl
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ﬁ PCISOGINEC | ¢ o] o| o] 3gsn| 680 | 153| 21800| 10| 1043 | 1815 2300 | 000 | B | | | | Al
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 Dark noiserate: ~15KHz@22degree 5 AR RS
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Summary of 20in MCP-PMT's

specification
Advantages:
€ Small after pulse ratio: <1%;

€ Good linearity of anode output: >2,000PE;
@ The transit time has a small discrete value, good

time characteristics, and a large effective area;

€ Low dark noise rate

Some disadvantages:

€ Affected by geo-magnetic fields largely;
€ The high voltage coefficient(beta) is widely

distributed;
€ Mechanical ability etc.

Red line: MCP-PMT
blue line: Hamamatsu PMT

i 25
+H Il
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20in PMT signal

1000

Amp/mV
(=2}

peak mean =-0.0050V |

8t
peak RMS = 44.8412%
o7 area mean = -0.6205 ]
ey area RMS = 57.5083% | ‘ ' ‘
-14 -100 -50 0 50 100
-40 -30 -20 -10 _[;imem‘ls[) 20 30 40 50 Time/ns
Single P.E: 2000 P.E.:

* Average amplitude: ~3.5V
* Risetime: ~8ns, Falltime:~35ns

* Average amplitude: ~4.5mV
* Risetime: ~4ns, Falltime: ~12ns

PMT

One 30m coaxial cable

Slgnal/hlgh Pre-amp]ifier 1-133PE, Time - zﬁ H} it
voltage Splitter ' ’ i
. chip 30-2,000PE O T
+HV GiD =L

A

One high voltage supplies two PMTs simultaneously _ _ E E ;



Electronics system of 20in PMT
* Each channel of WCDA electronics board can handle the hits with 200 kHz.

E S HER Vop xA
Z0inches %m J—Wﬁ 1: 1/20 =30-2,000PEs
PMT MG —
ﬁg ] aunoce. | om
(e | 1000 ng 1: 1 =1-133PEs
VDD

Signal splitting is realized by the fan-out chip JUNO CC

Temprature Humidity
Sensors(4) Sensor | USB | | DDR3 | |EEPROM|
30 m || FEE2 Fanout 1 i Channel 1 FPGA Command & State
Cable Optical
Fiber
Peak TCPIIP
’Q JUNOCC 1 Detector| prad |sl D212 sl Protocol [« GTX |4 SFP [ ©@
PMT1 ™ 9 Stack
Start|
Clock Clock
TDC Adjust Adjust
Recovery Clock |
o= g JUNOCC 2 | | Channel 2 |
o= JUNOCC 3 | | Channel 3 |
@ O ranou s AL Crannel 46 | LHAASO WCDA FEE2
PMT4-6 -
*Q-—[ FEE2 Fanout 3 ]c Channel 7-9 |

PMT7-9
24

One PMT divided into two parts.



3in PMT: HZC XP72B22

1. P/V>2.0 @Gain 3*10**6;
2. Large dynamic range(0-3,000PEs)

Mass production ability of HZC: 1000/month

Bare PMT Testing Summary

Parameters Sampling data req. | Vender | Vender | ;;nq
(Mass) (sampling)

1. Diameter Of Glass Bulb (mm) 78<Dia.<82 v v v
2. QEXCE@420nm (%) >22 (Mean>24) 24.8 24.9 25
3. HV@3X106gain 900-1300 1097 1094 1098
4. SPE resolution (%) <45 (Mean<35) 33 32.9 32.8
5. P-V Ratio >2 (Mean>3) 3.2 3.2 3.2
6. Dark Rate@0.25PE (Hz) <1.8k (Mean<1k) 489 501 477
7. Dark Rate@3PE (Hz) <30 7.2 7.4 8.2
8.SPETTS (FWHM) (ns) <5 49
9. Pre pulse ratio (10-90ns ) <5 (Mean<4.5) 0.4
10 .After pulse ratio (50ns -20us ) <15 (Mean<10) 4.8
11. QE non-uniformity (%) <11 5.2
12. Effective Dia. Of cathode (mm) >74 (Mean>76) 77.1

QE320>5 13.4
13. Spectral response range (%)

QES550>5 8.8
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Electronics system of 3in PMT

®Gain: 3*10**6

®Two outputs: Anode and 8% dynode
®PMT dynamic range: 1-3,000PEs
®Data size: 1KHz~10Mbps (36 PMTs)

Performance of electronics board

Parameter
Channels 900*2
[use | [oors | [eeerom | Charge range Anode: 1.28pC-256pC
! i i
FPGA ._Mci&swe DB+08 Dynode: 0.64pC-128pC
2 +;>r: ar H Pa[;:;age I— B[lj.;::r H T:’?IP Charge measurement <10%@<12.8pc'
swich error <5% @>12.8pC

Charge error <5% @<12.8pC, <2% @>12.8pC
Stability of baseline FHe%iB/E<0.2mV/C

Uniformity of channels <3%

Time resolution <20ns
Average event 100Hz
Work temperature 0C—+60C

§)




Trigger and data process

Accidental coincidence noise rate of

20in PMT under different trigger

* Online trigger mode remains unchanged. conditions
—_ 6
L. - 2 150 ns, 90 KHz:m 2 12
x msghx s 200 ns, 90 kHz: m 2 14
o g e 250 ns, 90 kHz: m 2 15
T I N 300 ns, 90 kHz: m 217
o SN o 350 ns, 90 kHz: m> 18
% 107 \\“\ \,\ ?
g I AR
o 10°F
— R} ~
W i . S b
LEEFEERE T T e Rl & -
" 60m L
.
107 N \\
If multiplicity >=14, then the entire array is triggered I P R B BN
8 10 12 14 16 18
Multiplicity

* 128 bit/hit, Includes header information, channel number, charge, time, identifier, etc.
Simple estimation: Raw data ~29.0Gbps, and 115 PB/year data (estimated by single
channel 87.5KHz) .

» After partitioned online triggering, the amount of data that needs to be transferred

and stored can be compressed to: 12Gbps. .,



PMT waterproof

e 20in PMT’s uses JUNO technical solution
* The manufacturer is responsible for 3in PMT'’s.

Sealing putty
—

' ABS plug

pouring
sealant

structural adhesive ‘

structural support L

Waterproof work is expected to begin in January 2019.
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Summary of 20in PMT optimization design.

— ¢ | Signal /HV splitter
One-two signal splitter

3in Electronics More work need to do:

pur system PMT waterproof

WR switches due to more data
PMT cable, HV system

Crates for the electronics
Installation structure.

SRR
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Cost control

. The unforeseen factors of project implementation are
well controlled.

* No.1 pool of WCDA and the other three detectors of the LHAASO project
(ED, MD and WFCTA) have completed the bidding and procurement of
major equipment

* The budget : about 20 million RMB
* Mainly caused by 20in PMT, HV system, cable and electronics.



300 m, 60 cells

.......................................................
'
i\

......................................................

......................................................

-------------------------------------------------------

110 m, 20 cells

......................................................

Q) 80 == i a)|leleie; ... )

C e u e PMT G i e o |1 ks
-------------------------------------------------------

[ ] PSR T 4 b aitacy e

.......................................................

150 m, 30 cells

150 m, 30 cells 2 150 m, 30 cells

December, 2019, Start detector installation of No.3 pool.
June,2019, Start detector installation of No.2 pool.
May,2019, 950 20in PMTs and 3in PMTs prepared.
November 2018, 150 20in PMTs and 3in PMT delivered.

~a

—_ N W D

~a

According to this plan, in the beginning of 2021, the detector
installation tasks of the 2nd and 3rd pools will be completed.



Status of WCDA

v Infrastructure of No.1 pool is almost finished.

v'All of detector parts have been already transported to the site
and are ready for installation.

v'We will start detector installation soon.
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Brief Summary

®

The successful production of 20in MCP-PMT brings much
help for the detectors. For Baikal-GVD?

The performance of WCDA using 20in PMT will be improved
lots. The optimization design of 20in PMT for WCDA has no
much technical difficulties.

This optimization proposal has already internal approved
officially. And the project cost and schedule are generally
controllable.

The 20in PMT will be delivered by NNVT from the next month.



Thanks.



VHE y-astronomy: Two Techniques

* [ACTs: H.E.S.S., VERITAS, MAGIC, ...
Good angular resolution (~0.1°);
Fair background rejection power;
Short duty cycle (~10%);

Narrow FOV (<5°);

* Low energy threshold (~100 GeV);

=» Mainly focused on deep observation.

¢ Ground particle array: ASy, ARGO-YBJ, Milagro, HAWC, ...
# Not-so-good angular resolution (~0.5°);
¢ Poor background rejection power (but much elaborated in water Cherenkov);
¢ Full duty cycle (>95%, ~10x IACT);
¢ Wide FOV (»>2/3n, ~150x TACT);
& High energy threshold = improved by construction at high altitude (~1 TeV);

= Good at sky survey, extended sources and flares.
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Possible methods on optimization

1, Increase detector area:
 High cost: 0.27B €=» 78000 m?
 Already surrounded by other detectors, no room for expansion

2, Change detector layout :
* Reduce water depth while increasing the number of cells: reducing

optimal sensitivity (~2 TeV)
3, Using more PMTs:
* Increase PMT and electronics (15%, high cost)

4, Increase the PMT’s photocathode area:

* PMT itself (excluding electronics) only accounts for ~8.5% of the total
cost, the most cost-effective.

* Candidate : 20in PMT, provided by NNVT & Japan Hamamatsu.
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LT SRR I

* 90KHz or 200KHz?
- BRAER:

- WRIEEIRE 1 SKIMEITHI, £ EME—720in PMTH8in
PMT, i#{TSEFRMEZ

- HAl:
« JUNOZB N1 £ 479 20in PMT,



VPR RES

. BFFRB400nsFEAFE],

. 1us dead time, 100KHz, 9.5%
. 1us dead time, 200KHz, 18%

. 400ns-200KHz-7%
. 400ns-100KHz-4%



B 7K 2

1, 20in PMT
« JUNOZES B EERI7KE 4, Z7E2019F 1AM iaHtEHIME.
e 2, 3in PMT

« JUNOTES B i A7k Et %, AEI10R S, H=H1E.
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