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Introduction

« PMT, one of the candidate as a photo
sensor for the future low BG
experiment

« Used in many experiments.
* Old but stable and well understood technique.

* [n many cases, it is one of the largest Rl
source.

« Large volume and material amount.

« Some parts are difficult to change to keep
performance.

 Lowering Rl is very important issue.

« Ultra low background PMT, R13111
« For LXe detector
 Low RI




Development of R13111

* Developed for future liquid Xe detector based on
R10/89 with Hamamatsu

« R10789
e 2inch
« Hex shape photo-cathode to cover the area efficiently.

« Low RI PMT developed for XMASS-I.
« ~mBqg/PMT amount of radioactivity for each R

« Still one of the largest BG source in XMASS-I.
e 3 inch diameter, concave photo-cathode

e For effective surface event identification.

e Good TTS
« 2.11+0.31-0.18 ns
 large improvement from R10789 6.87+/- 0.31ns
 Photo cathode shape and optimized dynode structure.

* Rl reduction
 in following page

R10789 N




Rl reduction

« Done based on R10789

« Listed items which has large contribution in R10789
 Main target to reduce Rl

* All components of PMT were screened and selected by Rl
measurements.



Rl in each component of R10/89
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Large contributors in R10/7/89

 From each component measurement
* Glass beads
« Kovar metal
e Aluminum seal

e From assembled PMT measurement

« photocathode production was identified as largest 40K source.
« >~6mBqg/PMT and largest contribution for 40K.
« cannot be fixed by each component measurement.

Samples 226Ra 228Ra 60Co
contamination Assembled PMT (R10789) 1.240.3  <0.78 2.840.2
during (
assemble Sum of the PMT parts (R10789) 1.6+0.3 1.1+£0.3 3.440.2




Rl screening

All components of PMT were screened and selected by Rl measurements.
Rl measurement were done by HPGe and mass spectrometer

HPGe
« 0.01 mBq/PMT

* Increased sensitivity from R10789 development
« Increase amount of samples in one measurement.
« New low BG Ge.

« systematic +30% -10%

e calibration data and simulation difference

Mass spectrometer

« HPGe has less sensitivity for some Rl such as upper stream of decay chain, 238U and
232Th, 40K.

 For those RI, mass spectrometer often has better sensitivity

« |f the volume of required material for one PMT becomes large
« 72 types of mass spectrometer was used

« ICPMS, systematic +/- 10%

« GDMS, systematic +/-30%



HPGe detectors

e« Ge detectors used for this
screening.

3 p-type detectors
« 1.9 kg, 100%, relative efficiency

e 2.5 kg, 120%, diameter 83mm,
height 86mm

« 1.7 kg, 80%

e Specially prepared for low Rl
measurement.

« Large sample chamber to measure
large sample and large amount,
such as assembled PMT.

* n-type

« 1.9 kg, 100%, diameter 80.5mm
height 80.bmm




Components, amount of measured samples tor R13111
Samples Materials | Weight for | Weight per | Ratio .
‘ HPGe () | PAIT (o) » Measured as possible as
Body Co free metal 4450 84.9 | 524 large amount to increase
Stem Co free metal 3557 62| 574 I
Stem pin Kovar alloy 92 1.6 58 SenSItIVIty'
Glass beads Made from high-purity glass 186 23] 808 .
Quartz window Synthetic quartz 2610 82.1 31.8 * N ce d = d num b eris R l/ P I\/l T
Quartz dynode support Synthetic quartz 360 11.8 | 30.5 ] T h e | m po rta nt fa CtO r iS h ow
Quartz spacer Synthetic quartz 37.5 0.75 50 many PMTs th e measure d
Al Seal Aluminum 109.6 0911218
Kovar ring Kovar alloy 196 33| 594 amount Corresponds to.
Antimony for evaporation Antimony 1.6 0.022 [ 727 ¢ Ratio ||Sted
Al for evaporation Aluminum 19.9 0.064 311
Hermetic glass, Kovar 103 0.19 542 ) Amount fOI’ BONSOO PMTS were
Lead wire, Ribbons Nickel 189 1.88 101 measure d :
Screw, nut, washer, getter stopper | Non-Magnetic (NM) stainless steel 115 1.2 05.8 Quartz Al sealing, Quartz
Cathode NM stainless steel (0.25 1) 133.5 24| 556 window Kovar ring géf;f;gf support, Getter
Dynode |st stage NM stainless steel (0.3 1) 212 5.1 41.6 - Glass
Dynode (2nd to 12th stage) NM stainless steel (0.2 ©) 375 75| 50 Elies(ftm w _ beads
Shield NM stainless steel (0.3 1) 331 6.6 | 50.1 | pisk stop'pe?,_- [ Stem pin
Spring, number plate NM stainless steel 324 0.34 | 95.3 | Hermetic, _ ). Copper
Anode mesh NM stainless steel (0.25 1) 15.6 0.1 150 ggﬂ:i{s Dy 1 mesh exhaust tube
Disk stopper NM stainless steel (0.18 1) 41.4 0.87 | 47.6 | Washer 5 Lead wire,
Dynode 1st stage mesh SUS304 (0.05 1) 8.1 0.16 | 50.6 . . Ré‘%gfn”
Disk NM stainless steel (0.5 1) 654 126 1 51.9 Cathod’; Sh|e|d Dy 12 \ “Anode mesh
Getter Zr-Al alloy 7.0 0.07 100 Sprmg Body 10
Exhaust tube Copper 86 1.4 60




(3lass beads

Used as electrical insulation for the feedthroughs.
« This type of insulation was used in low BG PMT from R10789.

Though the amount is very small ~2g for each PMT, it has

largest contribution for 226Ra.

To reduce RI, we synthesized it from high-purity regents

with the cooperation of the company.

« With low Rl regents and also with low Rl tools (milling tools).

Resultant reduction
.« 226Ra 810uBq/g -> <15uBg/g (<~1/50)
« 40K 1,400uBq/g -> 170uBq/g (~1/8)

R13111

R10/89

Samples component 2%Ra 28y
ratio || (34Th)
Si0; 5N grade 64 <11 <15-100 | <1.1- <1.5-
B>0; 4N5 Grade 3 <45 <1.8-100 | <46 . <45-
Nar B4y 4N5 Grade 24| (1.8 £0.6)- 10? <39-100 | <1.3-10° <74 <1.1-100 | <25
Al(OH); 4N grade 9 <25 <23-100 | <1.5-10° <42 <20-102] <76
Sum 36+£15 <13-100 | <65-10% <19 <26-10% | <6.6
Glass after synthesis 12 +4 57+ 26 < 61 <94 (1.5+05)-102 ]| <25
Glass after milling 24 + 5 <97 < 99 17+4](13+£06)-10°] <40

R10789 glass beads

Glass beads

(8.1 +0.1)-10¢

(3.3 +0.6) - 10°

107

(1.7+0.7)- 107

(1.4+0.1)-10°

<23

uBq/g
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Photo cathode

 Photo cathode
e Most of the 40K in R10789 is come from the

Quartz Al sealing, Quartz

photocathode material. windoy Kovar ring  dynocde support gy,

« Chemicals used to make photocathode Disk I
material contain potassium, which contain e ] F—_Stem pir
40K with a natural abundance of 117 ppm. e . Copper

. Bis, Nuts, Dy 1 mesh ex aU_S ube
 \We cannot remove potassium, so 39K Washer ' S Lead wire
enriched material was used to make the N TR e U
athode \ y \ node mes
photocathode. Cathode Spring Body

« 40K in a material reduced to ~1/100.

Samples ] 2R, RIS 2T0pp, PR, 20 Co
(334Th)

without enrichment <82<3.0-10* | <88-10* | <3.4-10°| (1.0+£0.1)- 107 g}< 9.9 - 10

with enrichment | <2.2-10° [ <1.3-10° | <89-10° [ <1.9- 10>\ (8.4 +0.4) - 10* <52

uBag/g HPGe measurement with 20g material -



Aluminum seal

« Aluminum seal
e Largest 238U contributor.

« Sealing between the quartz window
and body. This position makes this
material as large BG source in the
XMASS-I.

Quartz

Al sealing,

Quartz

windoy Kovarrlng dynode support, Getter

Disk

Electrode,

Disk stopper,
Hermetic,
Number,

Dy 1 mesh

Spacer

Glass
VZ beads

. :
—Stem pin

:l,_____Copper
exhaust tube

° i i i Bis, Nuts,
Higher purity material was used for Bis, Nut b cad wire,
0] “Ribb
R13111, changed from 98.5% for — Ribbon
Sf |d \
R10789 to bN for R13111. Cathode ) S D“za éﬂmdemegh
Spring ody
« <~1/100

Si-lm[.ﬂl.‘.‘i 26Ra [ 28y 210pp HRa WK 0Cq 28y BITh Method for
28U and 22Th
used in 2015 Production (5N purity) < 10 < 51 < 1.0 - 107 135 <1.8.10° < 3.8 2.5 | 411071 GD-MS
used in 2016 Production (SN purity) | < 2.8 < 37 < 60 = 2.5 <34 | <96-107! 25 41107 GD-MS
used in R10789 PMT (98.5% purity) [ < 36 \(3.3 £04)- 10°0)7.7 £6.0)-10° | (1.0+£03)-10% | <7.1-10? <18 3.9.10° 74 ICP-MS

13
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Rl of d@\/@k}ped R13777] - Riforassembled PMT

mBq/PMT
W
o1 (@)

N
o

1.0
0.5

R13111 2015
R13111 2016

0
2206Ra 238U 228Ra

« By measuring 13 PMTs in one
measurement, achieved high
sensitivity.

226Ra ~0.4mBq/PMT

238U <1.6mBq/PMT

228Ra 0.3mBqg/PMT

A0K ~2mBq/PMT

60Co ~0.2mBqg/PMT

« Two production lots at 2015 and at
2016 version uses same parts.
. « Consistent results.

AOK 60Co « We can control difference due to
different lot in this error level.

[mBq/PMT] 226Ra 238U 228Ra _

R13111(2015) 0.38£0.07
R13111(2016) 0.44+£0.06

<1.6 0.29x0.06 <14 0.22%0.05
<14 0.2x0.06 2.0£0.5 0.13+0.04

14



Comparison to Other PMTs - Large reduction from

R10789
= 15
= R13111 2015 . 226Ra ~1/3
S R131112016 . 228Ra ~1/3
M., R10789 . 40K ~1/5
= R11410 « 60Co ~1/10
e Sensitive area difference
; is not considered.
« R10789 2 inch
I « R13111 3 inch
______ L l] « Another factor of ~1/2
Q iwmwm el | | | e
226Ra 238U 60Co

Sinaymen 1 2z | g o o
R13111(2015) 0.38%£0.07 <1.6 0.29%x0.06 <1.4 0.22x0.05
R13111(2016) 0.44+0.06 <1.4 0.2£0.06 2.0x£0.5 0.13+0.04

R10789 1.2%+0.3 1.9 (Parts sum) <0.78 9.1£2.2 2.8%0.2
R11410-21

0.52x1.0 <13 0.39%+0.1 12+0.2 0.74=0 .1 15

Eur%l;ysq ;5 (2015) 546 [arXiv:1503.07698[astro-ph.IM]]



RIflmBq/PMT]

Contribution from each component

0.20

0.15

0.10

0.05

0.00

226Ra

W —

ield m——————

Dyl =— «

Al for evaporation *

Sb =

Disc —+
Lead line, ribbon

quartz ms—F—

support board m—

Stem . — mamm

Getter -
Body —
Dyl2 =+

number, spring -
stem pin -+

spacer

bis, nut, washer m-«
Kovar ring s
Hermetic m«
glass beads mmi+
Al sealing -
< Dynode?2-1]1 m———— o >

Disk stopper mm=—

Dyl mesh, anode mesh =+
Copper pipe —

« 226Ra
« Basically error becomes small

for component whose amount
used for one PMT is small. We
can measure large amount at

one measurement.

e Contributions from glass

beads reduced largely.

« 1.6mBqg/PMT(R10789)
->0.016mBq/PMT

« Some stainless steel parts

have large contributions,
 Dynodes and shield.

e Stem’s contribution is not
significant, it has large error.

16
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« Contributions from glass beads and Al sealing became negligible.

« 238U and 228Ra, no significant contributions were identified.
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Contribution from each component
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« 40K

 Glass beads contribution reduced from ~3mBqg/PMT(R10789)->0.6mBqg/PMT.

« Though still significant and major contribution.

« 60Co
« Body and stem changed from Kovar metal to Co free metal.
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« Largest contribution comes from stem pin made from Kovar.



R| reduction

* Achieved Large reduction
 The lowest level available at present

« For further reduction
e Stainless steel
e Glass
« Kovar
« Higher sensitivity of measurement

R13111(2015) 3 inch 0.38+0.07 <1.6 0.29%0.06 <1l.4 0.22+0.05
R13111(2016) 3 inch 0.44+0.06 <1l.4 0.2x0.06 2.0=x0.5 0.13£0.04
R10798 2 inch 1.2+0.3 1.9 (Parts sum) <0.78 9.1£2.2 2.8+£0.2
R11410-21 3 inch
0.52£1.0 <13 0.39+0.1 12£0.2 0.74%£0 .1
(XENONI}T Phys. J. C 75 (2015) 546 [arXiv:1503.07698[astro-ph.IM]]
R12699 vl 2 inch 0.45%0.11 <1.03 <0.40 30.83x2.14 <0.07

“Low background control for PandaX” by Ke Han at TAUP2023
19



Study of Xe leak problem



Study of Xenon leak problem

Line focus PMT structure

 We found that many R13111 shows Xe photo cathode 15 Dynode
after pUlS@ electric
e ~1/3 (16 in 58) | pote field
« Xe leak inside PMT g o_o)
 lonized residual gas inside PMT makes
after pulse \L' \"

« Large BG source

e |f leak continues to increase, it Afterpulse in R13111

becomes impossible S normal PMT g i leaked PMT ]
n E:..e.+ K é.-ha!+ _Rla
to apply HV. P ched n L ;
« We studied cause and @& 57 0 L FHe  CHEE
countermeasure. Ii0 RO

i0

e
500 1000 1500 QD _ZR00 =000

b ety o b e
500 1000 1500 2000 2500 2000 3500 4000 4500 5000
Time from main peak jns]



l[dentification of the cause

e Xe leaks in other similar PMTs

e R1141 O cfJINST 12 P01024 (2017) XENONLT PMT paper

« similar Xe after pulse
e 8in44d
 many structures are common with R13111 and R10789.

« R10789

* no such after pulse
e 0in 642 during XMASS-I| operation

e The structure causing the leak is common with R11410 but different
from R10789 N Sealing

Quartz Al sealing, Quartz w\indow// Getter
8) Flange of window Kovar ring dynode support, Gettor — ]
faceplate | 7 Spa cer P Q ua I’tZ \
10) Flange = ' Glass \
3) PMT body of stem EIiSkt ] _ beads
ectrode, _ g X ) 5,
11) Getter Disk stopper, ¥~—_Stem pin Flectrode =
1) Quartz faceplate 7) L-shaped insulation Hermetic ass
(PMT window) Number ’ : :lv-..._COhDDer ; beads
AL GHSI Gl Bis, Nuts, Dy 1 mesh exhaust tube

disk

~I°X Lead wire,

\ ’5\]’]5\3;1;.‘333;"\’\ Washer NRibbon
\-’\-“\-’\‘-’\-’ fm- lI :.\ ““nh_nStem / / \Stem
9) Stem /. Shield Dy 12 \ ode mesh Bod
Cathode _\ y Body, hex Y
2) Aluminium athode Spl’]ng Bod O ree m eta | y

seal R14110 Ceramic R13111 cylindevR]_()Tg'gjer “Kovar



l[dentification of the cause

e Different from R10789 and Common with R11410

e HhN aluminum seal

[t was found that the seal surface of the R13111 PMT had many tiny scratches
compared to that of the R10789 PMT by microscope study.

e To confirm, we prepared PMTs with two different aluminum seals.

e 23 R11410 with 4N Al seal
« 28 R11410 with bN Al with special care

* Applied cooling cycles inside Xe

e
Ll Qetter

Quartz dQuarEiZ . W\indOV\f///
8) Fl f window Kovar ring dynode support, = __/
faceplate : - Spacer Getter Quartz \/ Lead
10) Flange L = Glas X -
ot ) ass d q .
3) PMT body of stem I:E]I|5|-( ] _ — // heads yno et ‘l;“':'”??:...Wl \e‘
ectrode, __ _ or
11} Getter Disk stopper, —Stem pin lectrode
1) Quartz faceplate 7) L-shaped insulation :
(PMT window) Hil'ir';”bit:c’ / ._Copper
4) Electrode 6) Shield Bis Nut;; cch exhaust tube
disk ’ ' . )
° AR Washer ~J Lead wire,
) Dynodes )
L\_}\_l\_/\._,\_/ \\ _%
9) Stem (N Shield py12\ /tode esh Bod
Cathode _\ y Body, hex Ys
2) Aluminium Spring Bod O Tree metal y

R14110  Germmic R13111 oindeR] OTHG  Kovar

seal




| eak check with different Al seal

Example of Xe leak during cooling cycle

after pulse probability

 Check after pulse probability

B e B o oS e 5 « Probability for one single pe signal by LED.
;§Xe jafter pulsq: o] T _ _
— | oo TR | » For many cases Xe leak increased with

T i, M every cooling cycle.

-~ mw; }%gy‘.’fﬁi « All first leaks were made during 1st or 2n¢
AL *ﬁ + All exceed 0.1% probability

N 100 Lroont 100 | « We named this “large leaks”
! deg itemp de i .
TS .| »In some cases leak were not increased.

} K B TR I 1 L T I I I

* Probability for those PMT were not
exceed 0.1%

e named this “small leaks”
24



Study results

Tested number Large leaking Small leaking Large leak
probability

R11410 5 16+/-7%
chINST 12 P01024 (2017)
XENONIT PMT paper
R11410 4N Al 23 0 0 <10%
R11410 5N Al with 28 0 0 <8%

special handling

e Large leaking
« R114105N 16+/-7%
« R11410 4N <10% (90%CL)
« R11410 5N with special handling <8% (90%CL)

 We confirmed that
« 5N aluminum seal is the cause (at least one of the main causes) of Xe leak.
« Surface status of seal is the matter
« Exchange this bN to 4N Al or 5N but with special care can solve the problem.

25



Summary

« PMT is one candidates for future low BG experiments.
e Ultra low background PMT R13111

 Developed for future rare event search experiments

« Achieved Rls are
« 226Ra ~0.4mBqg/PMT
« 238U <1.6mBqg/PMT
« 228Ra 0.3mBqg/PMT
« 40K ~2mBqg/PMT
« 60Co ~0.2mBqg/PMT
e the lowest level available at present

« Xe leak problem
« Cause was the bN Al seal
« AN Al or bN but with special care can solve the problem.
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