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Fig. 1

Schematic diagrams of preparation of high temperature photocathodes. (a) Mono-evaporation technique; (b) co-evaporation

preparation technique
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Fig. 2 Performance comparison for high temperature PMTs prepared by two different techniques. (a) Quantum efficiency; (b) cathode

integral sensitivity
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Fig. 3 Energy resolution and quantum efficiency uniformity for high temperature PMTs prepared by two different techniques.

(a) Energy resolution curves; quantum efficiency uniformity comparison of (b) mono-evaporation and (c) co-evaporation

preparation techniques
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Table 1 Dark noise comparison for high temperature PMT's prepared by two different techniques before and after removing cathode

Noise after cathode Cathode noise

Parameter Voltage /V Gain /10° Total noise /Hz removal /Hz atio /%
Mono-evaporation 1750 6.77 120 0 100
Co-evaporation 1645 6.79 1150 0 100
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Fig. 6 Comparison of high and low temperature curves for high

temperature PMT's prepared by two different techniques
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Thickness comparison at three different positions in light window of high temperature photocathode window. (a) Mono-

evaporation preparation technique; (b) co-evaporation preparation technique
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Surface morphology comparison at center and edge of high temperature photocathode window. (a)(b) Mono-evaporation

preparation technique; (c)(d) co-evaporation preparation technique
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Fig. 9 Test results of high temperature PMTs in practical applications. (a) Energy resolution varying with temperature for high

temperature PMTs from NNVT and similar products abroad; (b) plateau characteristic comparison at 25 ‘C and 175 °C for high

temperature PMTs from NNVT and similar products abroad

4 2 s

AR T B 2% R ) 2% 7 o BH AR ) A T2 v R
PMTs 7 B8 59 52 Wi, IS 45 S o] LA M [l 28 1T 20
R PMTs 2 80 0000 5 i M BB L A EL TR 28 T
il A PMTs, 1 FROCR$E S 7 55. 4%, D10 R 8%
PR T 88. 3% e A HERIETH T 15. 7%, iHERR e
PEFET T 29 56. 9%, X Su 45 J R A AR SO [ 28 T. 25
T A Tl A PR RE Y i PM Ts. 38 2 23 B O 1%
Wi 07 £ R e G IR i £k, Kk B TR 28 T2 4 9 PMITs
P 8 IR 2 T 1 7S T 2 [R] 28 T 204 £ 1 Na-K-Sb = &
St BB LA A L R SRR T RN 55 1 AR T R
SHRE 1o A SCE I O R AR 2 — 4B 7R T T P
T 5t e J1 A T & B RE T 22 S B SO AL, BRI [)
7% T. 25 4% 119 Na-K-Sb 1 TR0l B B A 19 J2 B T8 15 4
IS 2 B % TR SR B AT MR A AL T )T R
FHF At 25 78 0 5% 1 B AR 4%, 7 B T 48 = s PR R
PMTs (Al o 76 52 BRI 3 5 v, AR SOl 45 19 e i
PMTs 5 [ AMEZE 7= A fF e 2200, HAR R B b 1

175 “CF i i PMTs B 3F 808 8 TR 22 S 45 A BUR
W 58 ) AR, DR IR ISP R e e B B R S5 T AN
HE— A e, DLk 2 [ B e #EKF-

2 £ x #t

[1] March S D, Jones A H, Campbell J C, et al. Multistep staircase
avalanche photodiodes with extremely low noise and
deterministic amplification[J]. Nature Photonics, 2021, 15(6):
468-474.

(2] B % . o A5 b A (1], 3, 1986, 15(10): 625-626.
Chen X Y. High temperature photomultiplier tube[J]. Physics,
1986, 15(10): 625-626.

(3] A=Wl Z2Mesr, AU, % . Na,KSbtH I 5 GaAs St H ]
B EWEFE[T]. LL5M R, 2013, 35(3): 173-179.

LiX F, LiY H, Shi F, et al. Study on the difference between
GaAs cathode and Na,KSb cathode[J]. Infrared Technology,
2013, 35(3): 173-179.

[4] Musumeci P, Navarro J G, Rosenzweig J B, et al. Advances in
bright electron sources[J]. Nuclear Instruments and Methods in
Physics Research Section A: Accelerators, Spectrometers,
Detectors and Associated Equipment, 2018, 907: 209-220.

(5] aHe=sC, sREBKR, XUMEf, &5 . BOLIK 3 iy B4 80 86 Ot He BT 19
T VRS [T). o EHOG, 1996, 23(3): 255-259.

Liu Y W, Zhang G M, Liu W M, et al. Investigation on the

2304001-6



&5 43 % % 23 H1/2023 4 12 B /R340

(6]

(7]

(8]

(9]

[10]

[11]

[12]

[13]

stability of Na,KSb photocathode stricken by laser pulses[J].
Chinese Journal of Lasers, 1996, 23(3): 255-259.

Zhang F, Li X P, Li X S. Development of preparation systems
with K,CsSb photocathodes and study on the preparation process
[J]. Chinese Physics Letters, 2019, 36(2): 022901.

Karkare S, Lillard B,
characterization  of sodium

Cultrera 1, et al. Growth and
antimonide

Applied

rugged potassium
photocathodes for high brilliance photoinjector[J].
Physics Letters, 2013, 103(10): 36-44.

Xiao D X, Pany Q, Wang H B, et al. Design of multi-alkali
photocathode preparation system for CTFEL facility[C]//9th
International Particle Accelerator Conference, April 29-May 4,
2018, Vancouver, Canada. Vancouver: IPAC, 2018: 1571-
1573.

B, AR, ARV, A 206 I I Cs-O BOE FORAT 5
[J]. £o4h 4R | 2018, 40(7): 695-700.

Zhao H, Chang L, Li T T, et al. Study on Cs-O activation
technology ~ of  multi-alkali ~ photocathode[J].  Infrared
Technology, 2018, 40(7): 695-700.

W, R AR e U] R TR S, 2014
(13): 114.

Yang 1., Wang H. Selection and use of photomultiplier tube[J].
China Chemical Trade, 2014(13): 114.

VLW, TRANE, WACHE . R AR A e ol TR ADE R
A A 2R B S [T, a2 i, 2010, 30(5): 1492-1496.

Fu J T, Zhang S C, Chang B K. Study on the quantum
efficiency for non-uniform doping negative electron affinity
photocathode with reflection mode[J]. Acta Optica Sinica, 2010,
30(5): 1492-1496.

B SO BB B 5T R D). 204 R 2022, 44
(8): 778-791.

Zhang Y J. Progress in research on semiconductor photocathodes
[J]. Infrared Technology, 2022, 44(8): 778-791.

Ding Z H, Karkare S, Feng J, et al. Temperature-dependent
quantum efficiency degradation of K-Cs-Sb bialkali antimonide
photocathodes grown by a triple-element codeposition method
[J]. Physical Review Accelerators and Beams, 2017, 20(11):

[14]

[15]

[16]

[17]

(18]

[19]

[20]

(21]

[22]

113401.

Schubert S, Ruiz-Osés M, Ben-Zvi I, et al. Bi-alkali antimonide
photocathodes  for high brightness accelerators[J]. APL
Materials, 2013, 1(3): 032119.

Ruiz-Osés M, Schubert S, Attenkofer K,
observation of bi-alkali antimonide photocathodes growth via in
operando X-ray diffraction studies[J]. APL Materials, 2014, 2
(12): 121101.

Schubert S, Wong J, Feng J, et al. Bi-alkali antimonide
photocathode growth: an X-ray diffraction study[J]. Journal of
Applied Physics, 2016, 120(3): 035303.

Yusof Z, Attenkofer K, Demarteau M, et al. Development of

et al. Direct

an alkali transfer photocathode for large area microchannel plate-
based photodetectors[J]. Physics Procedia, 2012, 37: 733-739.
AR, Bl EAR, B30, 4 . Na,KSb 2 4 1) 35 2t 0 22
91 A 2R BB () 5 R BT 58 (. O e 4l 2012, 41(10): 1171-
1175.

LiXF, LuSL, Yang W B, et al. Component uniformity study
on Na,KSb film of multi-alkali photocathode[J]. Acta Photonica
Sinica, 2012, 41(10): 1171-1175.

LWL, R, NI EE, AF L 206 i BT R O B
[J]. 241, 2014, 34(3): 0331001.

AnY B, Xu X Y, Sun Q X, et al. Simulation of multi-alkali
photocathode sensitivity[J]. Acta Optica Sinica, 2014, 34(3):
0331001.

Erjavec B. Activation of the Na,KSb photocathode with Cs and
O, at lowered temperatures[J]. Applied Surface Science, 1996,
103(4): 343-349.

BRI, BN, B ZHE06H BRI B SRR, 1992
(1): 11-13, 10.

LiC M, Li G C, Jia W. Multi-alkali photocathode[J]. Vacuum
and Cryogenics, 1992(1): 11-13, 10.

B ERAR, RIS AR, ARG . 22 0 B A B R L I 3 1 Ak BEATE Y
U] e 5404h . 2005, 35(7): 508-511.

Zeng G L, Zhou L W, Li X F. Research on surface treatment of
multalkali photocathode glass substrate[J]. Laser &. Infrared,
2005, 35(7): 508-511.

Influence of Photocathode Preparation Techniques on Performance of

High-Temperature Photomultiplier Tubes

Yan Shikai'®, Si Shuguang"*, Wang Xingchao'’, Ren Ling"*, Jin Muchun'?, Jiang Tao',
Wang Liang"’, Wu Kai"*, Jin Zhen"’, Huang Guorui'*, Tu Yunchao'
'North Night Vision Science & Technology (Nanjing) Research Institute Co., Ltd., Nanjing 211106, Jiangsu,

China;

“Science and Technology on Low-Light-Level Night Vision Laboratory, Xi'an 710065, Shaanxi, China

Abstract

Objective

High-temperature photomultiplier tubes (PMTs) play an important role in oil logging. Till now, there has

been a lack of their research and manufacturing capabilities domestically, and a significant gap in their performance

compared to the world's advanced level. Therefore, it is urgent to develop independent and controllable technology for

achieving domestic alternative high-temperature PMTs.

performance of PMTs.

The photocathode quality exerts a decisive effect on the

It is necessary to optimize the photocathodes preparation techniques for high-quality

photocathodes. To develop a Na-K-Sb high-temperature cathode that can be applied to high-temperature PMTs and

further improve its photoelectric performance, we compare the performance of high-temperature PMT's fabricated by mono-

evaporation and co-evaporation techniques and reveal the inherent mechanism affecting the performance. Additionally, we
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also test and evaluate the performance of the prepared high-temperature PMT's in practical applications.

Methods Quantum efficiency and photocathode sensitivity are tested to explore the effects of preparation techniques on
the properties of high-temperature PMTs. The ability to distinguish energy peaks is studied by measuring the ’Cs energy
spectrum after coupling PMTs with Nal (TI1) scintillation crystals using a multi-channel analyzer. The plateau
characteristic curves of high-temperature PMTs prepared by different techniques are measured. To explore the underlying
reasons for different performances, we test spectral response curves and high- and low-temperature curves on the two high-
temperature PMTs. Meanwhile, the film thickness and surface morphology information of the Na-K-Sb high-temperature
photocathode prepared by the two techniques are analyzed by scanning electron microscope, which can reveal the
microscopic mechanism. The high-temperature PMTs coupled with high-temperature scintillators are placed in a chamber

at 175 °C to study their performance in practical applications.

Results and Discussions The test results show that the high-temperature PMTs prepared by the co-evaporation
technique exhibit better performance. Compared with the PMTs prepared by the mono-evaporation technique, the
quantum efficiency is increased by 55.4% and the photocathode sensitivity is enhanced by 88.3%, with the energy
resolution increasing by 15.7% and counting stability improving by 56.9%. This indicates that the proposed co-
evaporation preparation technique is more suitable for preparing high-temperature PMTs with high performance. The
analysis of the spectral response curve and the high- and low-temperature curves shows that the essential reason for
significant performance improvement of PMTs prepared by the co-evaporation technique is that the Na-K-Sb high-
temperature photocathode prepared by the co-evaporation technique has better photoelectric emission ability and weaker
thermionic emission ability. The microscopic mechanism of different photoelectric emission ability and thermionic emission
ability for the high-temperature photocathode is further revealed by microscopic characterization. It reveals that the Na-K-
Sb high-temperature photocathode prepared by the co-evaporation technique has a more uniform thickness, a denser and
smoother film, and better morphology uniformity. In practical applications, the prepared high-temperature PMTs show

relatively poor energy resolution, plateau characteristics, and gain at 175 °C compared with like products internationally.

Conclusions We study the effects of photocathode preparation techniques on the performance of high-temperature
PMTs. The two preparation techniques for preparing high-temperature Na-K-Sb photocathodes are introduced, and their
effects on the performance of PMTs are compared. The test results indicate that PMTs prepared by the co-evaporation
technique have better quantum efficiency, cathode radiant sensitivity, energy resolution, and plateau characteristics. By
analyzing the spectral response curve and high- and low temperature curves, we can conclude that the photocathode
prepared by the co-evaporation technique has stronger photoelectric emission capacity and weaker thermionic emission
ability, which is the fundamental reason for the performance improvement. Combined with the microscopic morphology
characterization analysis, it is found that the photocathode film layer prepared by the co-evaporation technique is denser,
smoother, and more uniform, which reveals the underlying mechanism for the different photoelectric emission and
thermionic emission abilities between the two techniques. This mechanism can be applied to prepare other photocathode
types, which helps promote the development of high-performance PMTs. In practical applications, the prepared high-
temperature PMTs still show relatively poorer performance than like products internationally. Thus, advanced research on
noise reduction of photocathode and CuBe sensitization technique is needed to improve the performance of high-

temperature PMT's to the international advanced level.

Key words detectors; photomultiplier tube; high temperature; photocathode; preparation technique; oil logging
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