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Abstract

In this study, we present the large photomultiplier tube (PMT) afterpulse measurement results obtained from the Jiangmen
underground neutrino observatory (JUNO) experiment. A total of 11 dynode-PMTs (R12860) from the Hamamatsu company
(Hamamatsu Photonics K.K. (HPK)) and 150 micro-channel plate PMTs (MCP-PMTs, GDB-6201) from the NNVT company
(North Night Vision Technology Co., Ltd. (NNVT)) were tested. Subsequently, an afterpulse model was built according to
the afterpulse time distribution and the probability of occurrence for these two types of PMTs. The average ratio of the total
afterpulse charge with a delay between 0.5 ps and 20 ps to the primary pulse charge is ~ 5.7% (13.2%) for the tested MCP-
PMTs (dynode-PMTs). The JUNO experiment will deploy 20,012 20-inch PMTs; this study will benefit detector simulation,
event reconstruction, and data analysis regarding the JUNO experiment.
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1 Introduction

Jiangmen underground neutrino observatory (JUNO) is a
reactor anti-neutrino experiment designed with multiple
physical goals, including determining the mass ordering
of neutrinos and high-precision measurements of neutrino
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comprising 5,000 dynode-PMTs and 12,612 micro-channel
plate PMTs (MCP-PMTs) [1, 2]. Additionally, 2,400 20-inch
PMTs were positioned in the water pool veto system. The
pulses generated by 20-inch PMTs for one event will be used
to reconstruct the information about the detected particles
[4-6].

Afterpulses are undesired signals that follow the light-
induced photoelectron signal (called the primary pulse)
of PMTs. Its mechanism has been studied for a long time
and is known to have a negative effect on the timing of the
PMTs [7-13]. Afterpulses are mainly caused by positive
ions emitted from the ionization of residual gases inside the
PMTs [7], which are difficult to distinguish from the actual
light-induced signal. The afterpulse signals mimic the signal
and worsen the PMT time resolution, thereby affecting the
particle identification and event reconstruction in the JUNO
experiment. Consequently, the JUNO experiment requires
the total afterpulse ratio to be less than 15% for 20-inch
PMTs [1]. The 20-inch dynode-PMTs manufactured by HPK
use traditional dynodes as an electron multiplication system,
and there have been many afterpulse testing results for this
type of PMTs [14, 15]. However, the afterpulse character-
istics of newly developed 20-inch MCP-PMTs are not well
understood because of MCP’s special electron multiplica-
tion mechanism [16]. In this study, we focus on ion-initi-
ated afterpulses that occur hundreds of nanoseconds after
the primary pulse, while light-induced late pulses (arising
from photoelectron backscattering) are not covered [17-20].
The afterpulse measurement is part of JUNO’s PMT charac-
terization test from 2017 to 2021, during which 150 MCP-
PMTs and 11 dynode-PMTs were sampled for afterpulse
measurement. The testing data and operational notes were
managed using the JUNO PMT testing database [21]. Sec-
tion 2 describes the experimental setup and waveform data
analysis, and Sect. 3 describes the time and charge distri-
bution of afterpulses and a simplified afterpulse model of
JUNO PMTs.

2 Experiment setup and afterpulse testing
method

2.1 Experiment setup

The JUNO PMT instrumentation group built two independ-
ent testing systems for the performance characterization of
20-inch PMTs: The scanning station, which is designed for
precise PMT photocathode characterization [22, 24], and a
container system that is appropriate for PMT mass testing
[23, 24]. Both facilities were capable of measuring after-
pulse signals of 20-inch PMTs.

A block diagram of the measurement equipment at
the scanning station is presented in Fig. 1. During each
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Fig. 1 Schematic overview of the testing system in scanning station

afterpulse test, the tested PMTs were installed by an alu-
minum holder and connected to the JUNO official PMT base
[1]. The PMT base provides a positive high voltage (HV) to
PMT and couples the PMT signal to a waveform digitizer.
A 10-bits fast ADC (analog-to-digital converter, CAEN
VMEI1751) was used for waveform digitization. A 420-
nm light-emitting diode (LED) was mounted immediately
above the PMT, and absorptive ND filter from ThorLab was
mounted between the LED and PMT to attenuate the light
intensity [25]. The LED has an internal light intensity moni-
toring and feedback control system to achieve a 1% level of
intensity stability. The light intensity can be adjusted using
an LED controller from 0 photoelectrons (p.e.) to hundreds
of photoelectrons per pulse during one afterpulse measure-
ment. External trigger signals from the pulse generator were
used to trigger the LED and digitizer at a frequency of 100
Hz. A previous study has shown that large-size PMTs are
sensitive to the Earth’s magnetic field (EMF) owing to its
influence on the motion of electrons inside the PMT [26].
To avoid the influence of EMF, a dark room was designed
with an Earth magnetic field shielding function using three
independent groups of Helmholtz coils [22]. The residual
EMF can achieve a 0.5 pT level (~ 1/10 of the local EMF
intensity) at the center of the dark room where the PMT is
mounted.

The container #4 system adopted JUNO electronics for
waveform digitization [1], which can capture a 10 ps-long
PMT waveform frame. Instead of using LED as the light
source, the container electronics operate in the self-trigger
mode for the afterpulse measurements. A relatively large
trigger threshold (with an amplitude approximately 15 times
higher than a single p.e.) was used to select events with large
primary signals. The possible sources of these large signals
(serving as the primary pulse in the afterpulse measurement)
in the dark environment could be cosmic rays, radioactive
background, etc. [27]. The container afterpulse measure-
ment has independent light source and electronics with the
scanning station and thus can double-check the afterpulse
timing results.
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Fig.2 (Color online) The two-dimensional contour plot constructed
by stacking 20,000 tested raw waveform frames. The top panel is
from one dynode-PMT with SN “EA7269”, and bottom panel is from
one MCP-PMT with SN “PA1804-1066"

2.2 Afterpulse test method

It has been confirmed that the afterpulse rate and charge
depend on primary pulse intensity [8, 29]. Accordingly, for
each afterpulse test, we used three different light intensities
with average intensities of ~ 40 p.e., ~ 80 p.e., and ~ 120
p.e. to evaluate the final afterpulse level of PMTs. In addi-
tion, another test under the same condition but LED turned
off is performed to evaluate and subtract the contribution
from PMT dark count signals. During one afterpulse meas-
urement, the electronics of the scanning station recorded
~ 20,000 waveform frames (21 ps period) for each LED
light intensity.

As shown in Fig. 2, the two-dimensional contour plot
obtained by stacking all 20,000 waveform frames from one
measurement displays the general characteristics of after-
pulse signals such as time and amplitude distributions.
The bottom panel of Fig. 2 shows the afterpulse measure-
ment results from one MCP-PMT with serial number (SN)
“PA1804-1066”. For this PMT, the primary pulse signals
arrive at approximately 300 ns, and three afterpulse signal
groups (arriving at ~1.2 ps, 3.7 ps, and 5 ps) can be clearly
identified. The top panel of Fig. 2 shows the test results of a
dynode-PMT (SN: “EA7269”). The primary pulse signals at
~ 300 ns and afterpulse signals can be identified at ~ 1 ps,
~ 4.5 ps, and 15 ps.

The pulses generated by LED light injection are marked
as primary pulses. The pulses arrive 500 ns after the pri-
mary pulse are marked as afterpulses. Some previous after-
pulse measurements of the 8-inch PMT demonstrated that
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Fig.3 A tested waveform with 21 us length

the H;—induced afterpulse arrival time is ~ 200 ns, and this
time delay is the shortest compared to the time delay of
afterpulses caused by other ions [9, 10, 30]. For the 20-inch
PMTs, the drift time of ions is much longer than that of the
8-inch PMTs. It is reasonable to address the first group of
afterpulses (with a time delay of approximately 900 ns) to
an H;-induced afterpulse [8, 9, 29, 31-33]. The pulses after
the primary pulse but with a time delay of less than 500 ns
(late pulses) were ignored in this study because they are not
generated by residual ions.

Afterpulses of different populations are caused by ions
with different time delays; therefore, it is convenient to
divide them into groups according to their different time
delays. Four groups of afterpulse are confirmed for 20-inch
MCP-PMTs, tagged MO, M1, M2 and M3; three groups of
afterpulse are confirmed for 20-inch dynode-PMTs, tagged
DO, D1, and D2. The time windows for the searching of
these afterpulses in data analysis are summarized in Table 1.

The method to classify afterpulses into groups by their
arrival time is not perfect because, in one time window,
there could be multiple sources of afterpulses with differ-
ent amplitudes or charge distributions but with similar time
delays [9]. In this study, we only focused on the dominant
afterpulse signals in one selected time window and ignored
the non-significant components that may occur when a much
higher HV is applied to PMTs.

2.3 Afterpulse waveform analysis

Figure 3 shows a typical single waveform captured for after-
pulse analysis. The primary pulse arrives at approximately
280 ns on the time axis; subsequently, two afterpulse sig-
nals appear at ~ 1300 ns and ~ 3100 ns. In the zoom-in sec-
tion of Fig. 3, it is shown that the baseline around primary
pulse is distorted by the pre-pulses, late pulses, and potential
EM noise [18]. Therefore, the baseline of primary pulse is

Table 1 The time windows

X . PMT model MCP-PMT Dynode-PMT
of different afterpulse signal
groups Afterpulse group MO Ml M2 M3 DO D1 D2
Searching region start (ns) 500 2500 4000 15000 500 1500 10000
Searching region end (ns) 2500 4000 7000 20500 1500 10000 20500
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Fig.4 Gaussian fitting of afterpulse time distribution for one dynode-PMT, SN: “EA7217”
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Fig.5 Gaussian fitting of afterpulse time distribution for one MCP-PMT, SN: “PA1906-2539”

calculated as the mean value of waveform from 10 ps to
20 ps where the waveform is less affected by LED induced
signals. The charge of the primary pulse (afterpulse) is inte-
grated from —25 ns to +50 ns from the peak position of the
primary pulse (afterpulse). A 3 mV threshold is used to seek
afterpulse signals; the charge of one afterpulse signal must
be larger than 0.25 single p.e. charge to exclude negligible
signals or low-frequency noise.

For each primary pulse, all afterpulse signals in the time
range [Tpp+500, 21000] ns were recorded for analysis, where
Tpp is the arrival time of the primary pulse. For the baseline
calculation of afterpulses, we used the average value over
a 50 ns time interval before the threshold-cross time of one
afterpulse signal. The arrival time of one afterpulse (pri-
mary pulse) signal T,p (Tpp) was calculated based on the
threshold-cross time of its leading edge. If one afterpulse is
detected at T;, we search for the next afterpulse from 7; + 50
ns. Accordingly, the minimum time interval between two
adjacent afterpulses belonging to one primary pulse is 50
ns in this study.

@ Springer

3 Afterpulse characterization results

The timing features and charge distribution of the afterpulse
signals are two of the most critical parameters for the after-
pulse measurements in JUNO 20-inch PMTs. Previous stud-
ies have demonstrated that both the charge and rate of the
afterpulse depend on the primary pulse intensity, HV (gain)
of the PMT, and EMF shielding [22]. Before each after-
pulse test, the working HV of one candidate PMT is tuned
to achieve PMT a gain' of G = 10, which is limited within
the range [0.95 X 107,1.05 x 107]. Then, for each PMT test,
the EMF shielding is turned on and three different LED light
intensities are applied to characterize the afterpulses.

3.1 Timing of afterpulse signals

The afterpulse time is defined as the delay between one
afterpulse signal and its corresponding primary pulse signal,
tap = Tpp — Tpp, Where Typ (Tpp) denotes the arrival time of
afterpulse (primary pulse). For one PMT, the afterpulse time
of each waveform is filled into a histogram and then fitted

! MCP-PMT’s typical working HV is approximately 1750 V and
dynode-PMT’s HV is approximately 1820 V.
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Fig.6 (Color online) The two-dimensional waveform stacking con-
tour histogram of dynode-PMT “EA1500” (top panel) and histogram
of afterpulse arrival time (z,p) distribution (bottom panel), measured
using the container system

using a Gaussian function. Accordingly, the fitted mean
value tgp is referred to as the time for a group i (i = DO,
D1,...) of afterpulses.

The afterpulse time distribution histograms and fitting
results of one dynode-PMT (SN: “EA7217”) are plotted in
Fig. 4; the afterpulse time distribution histograms and fitting
results of one MCP-PMT (SN: “PA1906-2539) are plotted in
Fig. 5. For the MCP-PMT, the fitted afterpulse times of MO,
M1, M2, and M3 are tlxg =906 + 1 ns, tk’lpl = 3209 + 3 ns,
tk’lg = 4669 + 2 ns, and tll\fs = 16.57 + 0.13 ps, respectively.
For the dynode-PMT, the fitted afterpulse times of DO,
D1, and D2 are /20 = 837 + 1 ns, 2} = 3651 + 14 ns, and
22 = 13990 + 14 ns, respectively. The uncertainty of 7., is
estimated considering both the contribution from the pri-
mary pulse and afterpulse.

As mentioned in Sect. 2, the container #4 PMT test sys-
tem is also used for the afterpulse timing study to cross-
check the scanning station measurement. Owing to the limi-
tation of the hardware configuration, the electronics of the
container #4 system can only record a 10 ps long waveform
for afterpulse measurement [28]. Figures 6 and 7 plot the
testing results for one dynode-PMT and one MCP-PMT,
respectively, obtained using the container system. The top
panel is a two-dimensional stacking contour plot of 20,000
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Fig.7 (Color online) The two-dimensional waveform stacking con-
tour histogram of MCP-PMT “PA2003-1034” (top panel) and his-
togram of afterpulse arrival time (f,p) distribution (bottom panel),
measured using the container system

waveform frames, and the bottom panel is the histogram of
the afterpulse time distribution and fitting results. There is
some extra noise in the self-trigger mode afterpulse meas-
urement of the MCP-PMTs. This type of signal-induced
pulse starts near the end of the primary pulse signal and is
distributed exponentially.

An exponential background and three Gaussian func-
tions were used to achieve a global fitting of the afterpulse
time histogram for the MCP-PMT; two Gaussian functions
were used to fit the afterpulse time histogram of the dynode-
PMT. For MCP-PMT (“PA2003-1034”), the fitted afterpulse
time of MO, M1, and M2 are 896 + 2 ns, 3259 + 8 ns, and
4705 + 9 ns, respectively; for dynode-PMT (“EA1500”), the
afterpulse time of DO (D1) is 1018 + 8 ns (3879 + 26 ns).

The results obtained from the scanning station and con-
tainer system confirmed the timing features of the three
groups of MCP-PMT’s afterpulse and two groups of dyn-
ode-PMT’s afterpulse. These two PMT testing systems
have independent light sources and electronics and thus
can exclude potential flaws in light sources or electronics
problems.

The afterpulse timing features of JUNO 20-inch dyn-
ode-PMTs are similar to the results obtained with smaller

@ Springer
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Table2 The arrival time PMT Model MCP-PMT dynode-PMT
of each group of afterpulse
averaged over all the tested Afterpulse group MO Ml M2 M3 DO DI D2
PMTs 2 910 3134 4579 17731 1067 4239 15081
1,p (08)
14 61 87 600 132 1957 2791

Uncertainty of ;;P (ns)

dynode-PMTs [10, 11]; the afterpulse timing results of
MCP-PMTs are consistent with data published by vendors
[35]. For each afterpulse component, a weighted average
over all tested PMTs (150 MCP-PMTs and 11 dynode-PMTs
) is calculated as the final afterpulse delay time ?AP and their
uncertainties are listed in Table 2.

3.2 Charge distribution of afterpulse signals

Afterpulses with different time delays are caused by differ-
ent types of ions, each of which having a different capability
of generating secondary electrons from the photocathode.

Figure 8 plots the typical charge distribution of each
group of afterpulse when the primary pulse light intensity
is ~ 120 photoelectrons. The top panel is obtained from one
MCP-PMT (SN: “PA1804-1066"), while the bottom panel
is obtained from one dynode-PMT (SN: “EA7269). The
afterpulse charge of each event is normalized to the primary
pulse charge with 100 photoelectrons in the histograms,
assuming that the afterpulses’ charge is proportional to the
charge of the primary pulse.

The charge distribution histograms of MCP-PMT show
that afterpulse MO contains more average photoelectrons
than the others, which could be a feature of hydrogen-
induced afterpulses [30].

The charges of afterpulses M1 and M2 are approximately
at the level of tens of photoelectrons; however, most of the
M3 afterpulses are single p.e. signals. For dynode-PMT,
afterpulse DO has more average photoelectrons than the oth-
ers; D1 and D2 mostly contain single photoelectron signals.
Comparing the results of the MCP-PMT and dynode-PMT
in Fig. 8a-b, we observe that the afterpulse charges of dyn-
ode-PMT are less than 25 photoelectrons when the PMT is
illuminated by a primary pulse of 100 photoelectrons, while
afterpulses of MCP-PMT have more average photoelectrons
for each event. The difference in afterpulse charge (time)
distribution between these two types of PMTs is related to
their different photocathode materials, geometry design, and
electron multiplication mechanisms. A detailed discussion
about the charge response of MCP-PMT and dynode-PMT
can be found in Ref. [34].

The charge distributions of different groups of afterpulses
when the PMT is illuminated by different LED intensities
are shown in Figs. 9a—c and 10a—d. For both dynode-PMT
and MCP-PMT, the total afterpulse rate (with dark count
rate removed) of all afterpulse components grows with a

@ Springer

higher primary pulse intensity, which is consistent with the
results obtained in previous studies [11, 31, 35, 36].

The afterpulse charge distribution and dependency of
afterpulse rate on the primary pulse charge vary for differ-
ent afterpulse groups. Subsequently, the total charge ratio
between all afterpulses and primary pulse is defined to
describe the total afterpulse level for JUNO 20-inch PMTs.

3.3 Afterpulse model of 20-inch JUNO PMTs

The charge and arrival time distributions of afterpulses
from all the tested PMTs are plotted in two-dimen-
sional contour plots, as shown in Fig. 1la-b (with a
primary pulse ~ 120 p.e.). Because all the PMTs were

(a)
g 103 o —+— dark signal
8 »?A +— afterpulse MO
A
l’:‘ = afterpulse M1
r
102k v:‘ +— afterpulse M2
E ‘;ﬁ‘f:A‘A“A‘A. b g + afterpulse M3 |
E i i ]
[ #l'ﬁ-\u. P ’t‘f‘.u ..’0.“ it ]
'vi'“h el s 1 aht Tk
10 T e 1N 1
4 LEL TS -:.‘

T T TTTT

==
S

L -
15w

>

.

=
Ll

il

T T TTTT
IR EET]

60 70 80 90 100
afterpulse charge[p.e.]

—1 PRRTERTE SETURTRI ) RN I A AR I | PR A AN
1070790 20 30 40 50

o (b) T T
[= B + dark signal
3 10° = "
o o 1~ afterpulse DO
= - —#- afterpulse D1
10? E - - M — afterpulse D2
g :;: BE v-*-y--;- ' - Y- ]
Eo e e T e, YT ]
HE = hiiy ! -
10 E -T | T -f- 1 + 1 E
- 411, ey T 4 4 3
C ”4, T_T I + I + ]
TE | "] | I3
1 A IR IR PO 1 VRS O R PR RN B Y Y
1070 5 10 15 20 25 30

afterpulse charge[p.e.]

Fig.8 (Color online) Charge distribution of different afterpulse
groups in a number of photoelectrons, the primary pulse intensity is
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manufactured using the same technology, the afterpulse
timing features are preserved even after the averaging pro-
cess. Four (three) groups of afterpulse signals of MCP-
PMTs (dynode-PMTs) can still be identified.

For one PMT, the charge ratio of group i afterpulse RAP
is defined as follows:

; Zj QZP - inark
R, = =2 & )

Z:j Qgp

where QZP denotes the total charge of group i afterpulse
signal in frame j and Qgp denotes the charge of the pri-
mary pulse signal in frame j. Q' . denotes the total charge
contribution from the dark signal in the time window of
the afterpulse group i. Subsequently, ijark is calculated as
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Fig. 10 (Color online) Charge distribution of different afterpulse
groups for one MCP-PMT “PA1808-2151” in number of photoelec-
trons; the three LED intensities are plotted in different colors. The
primary pulse intensity corresponding to light intensity 1 (2, 3) is
39.7 (84.1, 128.2) photoelectrons

]
L1 HHHH‘ HHHH‘ HHHH‘ 11

T Ts
I

Q;ark =Y WW Q{lark, where ijark is the total charge for frame j
in the dark test, w; is the width of the selection time window
for afterpulse group i and W is the total length of the wave
frame. Then, the total charge ratio R, of one tested PMT is
defined as the sum of all afterpulse components,

RAP = Z Ri&P (2)

For one PMT, R, represents the ratio of the total charge
induced by afterpulses to the total charge induced by the
primary pulses. This value R,p is treated as the afterpulse
occurrence probability of one PMT. The afterpulse charge
ratio of each afterpulse group and total charge ratio R ,p are
averaged over all the tested PMTs, which are summarized
in Table 3.
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Fig. 11 (Color online) The two-dimensional contour plot of the
charge-time (z,p) distribution of afterpulses for dynode-PMTs (top
panel) and MCP-PMTs (bottom panel) with light intensity 120 p.e.
per trigger

The stability of the LED light intensity, afterpulse
searching threshold, and dark count of PMT are consid-
ered when calculating the systematics. The uncertainties
of the charge ratio calculation are estimated considering
both the experimental and statistical errors using conserv-
ative values.

A simplified afterpulse model can be built for JUNO
20-inch PMTs based on the afterpulse testing data with
the following two assumptions: only the dominant com-
ponents of afterpulse in one time region are considered,

and the total charge ratio between afterpulses and primary
pulse is calculated as the probability of occurrence for
each afterpulse component. In this model, the afterpulse
time distribution is described by a Gaussian function; the
corresponding charge probability is a coefficient, as shown
in Eq. (3) and Eq. (4):

PYSPPMT = 0,019 x G(0.91, 0.069)
+0.016 X G(3.134,0.154)

+0.018 X G(4.579,0.125)
+0.007 x G(17.731, 3.896),

3

PMT = 0,007 x G(1.067,0.075)
+0.065 X G(4.239,1.312) 4
+0.06 x G(15.081,2.602),

1 . _(t—u)2> o
where G(u,0) = gy exp( 5ot denotes a normal dis

tribution. The coefficient before each Gaussian function
denotes the occurrence probability of one afterpulse com-
ponent when there is a primary pulse with a charge of 1 p.e.,
u denotes the average time of one group of afterpulses, and
o denotes the standard deviation of the time distribution of
one afterpulse component. Considering all the confirmed
afterpulse components, the final afterpulse charge ratio of
the JUNO MCP-PMT (dynode-PMT) is 5.7% (13.2%),
which is consistent with previous measurements [35-37].

The afterpulse model defined in Egs. (3) and (4) is based
on testing data with a primary pulse intensity of 100 p.e..
It is not clear whether this model still works when the pri-
mary pulse is several p.e. levels because the dependency of
afterpulse charge and rate on primary charge intensity could
be different at very low primary pulse intensity owing to the
complex structure and manufacturing technology of these
large-size PMTs [7, 9, 11, 35, 37].

4 Conclusion and discussion

In total, 150 MCP-PMTs and 11 dynode-PMTs were tested
to study the afterpulse timing and charge characteristics of
the JUNO 20-inch PMTs. For MCP-PMTs, four afterpulse

Table 3 The average afterpulse

! > PMT model MCP-PMT dynode-PMT

time and charge ratio for each

group of afterpulses afterpulse group MO Ml M2 M3 DO Dl D2
R,p[%], LED intensity 1 22 1.9 25 0.8 0.2 53 5.0
RAp[%], LED intensity 2 1.9 12 0.8 0.6 0.9 7.3 6.5
RAp[%], LED intensity 3 1.7 1.6 1.1 0.8 1.1 7.0 6.4
RAp[%], average 1.9 1.6 1.8 0.7 0.7 6.5 6.0

[

R \p[%], total

RMCP =57 415

RPY™de _ 132423

AP
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groups located at 0.9 ps, 3.1 ps, 4.6 ps, and 17.7 ps after the
primary pulse were confirmed, with an average total after-
pulse charge ratio of 5.7 + 1.5%. For dynode-PMTs, three
afterpulse groups located at 1.1 ps, 4.2 ps, and 15.1 ps after
the primary pulse were confirmed, with an average total
charge ratio of 13.2 + 2.3%. A simplified afterpulse model
was constructed to describe the afterpulse time and charge
distribution of JUNO 20-inch PMTs, which can benefit the
simulation, calibration, and event reconstruction of future
JUNO runs.
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