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Abstract

We developed a high voltage system for the electromagnetic calorimeter of the KOTO detector. The system is designed
around a low noise, low power Cockcroft-Walton (CW) photomultiplier tube base with a high gain preamplifier. The
low power makes it suitable for operations in vacuum. The low noise and high gain allow detecting signals in the 1 MeV
range. We achieved a final noise level below 180 uV,ns for a preamplifier gain of more than 40. A vacuum tolerant
control system for the CW bases power distribution was also designed. This system is able to control and monitor the

high voltage of each individual base.

Keywords:

J-PARC, KOTO, Calorimeter, CW base, photomultiplier tube

1. Introduction 2

The KOTO experiment[1], located at J-PARC|[2], searchjejs

for the direct C'P violating Ky, — n°vi decay. This decay ,,
is a flavor-changing neutral current process, and occurs via
loop diagrams|3]. The presence of loops enables contribu-
tions from new physics beyond the Standard Model (SM).
The branching fraction predicted by the SM is highly sup- _,
pressed, and is 2.43(39)(6) x 10~ '*[3]. The small branching _,
fraction, together with the precision of the SM prediction, ,
make this decay very sensitive to possible effects from new
physics. .
Figure 1 shows a cross-sectional view of the KOTO
detector. The detector consists of two parts: a Cesium _,
lodide (CsI) electromagnetic calorimeter, and a group of
veto counters. The calorimeter is used to identify the
K; — 7% decay by measuring the energies and posi- "
tions of the two photons from the 7° while the veto coun- o
ters ensure that there is no extra particle in the decay. The
calorimeter and most of the veto counters are located in- ,,
side a vacuum chamber in order to minimize the material
in front of the detectors. The area around the detectors is
evacuated to the level of 1 Pa. -
We use photomultiplier tubes (PMTs) for readout of
the calorimeter. They require high voltage (HV) power

9
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supplies able to operate in vacuum. We adopted a Cockcroft-
Walton (CW) base as a solution. CW bases have been used
extensively in particle physics experiments[4—7]. They con-
tain a high voltage generating circuit[8] which consists of
an oscillator and a ladder of diodes and capacitors. Each
step of the ladder provides voltage to a dynode. There are
advantages and disadvantages in using a CW base. The
most attractive feature is the lack of bleeder current, which
results in low power consumption. The tolerance to high
counting rates is superior to that of a generic resistor di-
vider base, since the presence of capacitors smoothes the
voltage at the dynode, making it stable even when the
anode current is large. In addition, a CW base can be op-
erated with a low voltage controller. On the other hand,
the internal large-voltage oscillator and switching diodes
can be sources of electrical noise. Also the voltage divider
ratio is limited by the number of diode and capacitor lad-
ders, which hinders the ability to fine tune this ratio.

The two key issues that had to be confronted before
the final decision to use CW bases were their ability to
withstand vacuum conditions and to achieve the noise level
required by the experiment. This resulted in the design of
a preamplifier using several noise reduction and discharge
protection techniques. It also spurred the development of
a HV control system with low power consumption and an
ability to operate in vacuum.

The remaining of this paper is organized as following:
Section 2 describes the KOTO CsI calorimeter; Section 3
is dedicated to the description of the HV system designed

January 29, 2014
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Csl calorimeter
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Figure 1:

Cross-sectional view of the KOTO detector. The K, beam comes in from the left hand side. HINEMOS, BCV, CV, LCV, and

BHCV are charged particle veto counters made of plastic scintillators. FB, MB, and OEV are photon veto counters made of plastic scintillator
interspersed with lead layers. NCC, CC03, CC04, CC05, and CCO06 are photon veto counters made of Csl crystals. The BHPV acts as a veto
for photons passing through the beam hole. Most of the veto counters, as well as the CsI calorimeter, are located inside a vacuum chamber.
The empty region in the center is called the decay region. Membranes, shown as dashed lines, separate the detector active region, kept at

1 Pa, from the decay region, evacuated to 10~° Pa.

for such calorimeter; finally, results of system performance s
tests are reported in Section 4. 8
84
85

2. Csl Calorimeter
86

The Csl calorimeter consists of 2716 undoped CsI crys- &
tals, stacked in a cylindrical shape of 2 m diameter and
500 mm depth along the beam direction. We use crystals ®
of two sizes in cross section: small (25 mm x 25 mm) and ®
large (50 mm x 50 mm). They are read out by two mod-
els of Hamamatsu PMTs: R5364 for small crystals and %
R5330 for large crystals. Both the CsI crystals and the %
PMTs were previously used in the KTeV experiment[9].

Simulation studies[10] using the Geant4 platform[11, *
12] resulted in the following parameters for the readout %
of individual calorimeter channel. A 1 GeV upper limit
for the energy dynamic range was determined by con- %
sidering the expected energy deposit distribution of the %
K1 — 7907 decays in individual crystals. A 1 MeV lower'®
limit was dictated by the role of the calorimeter as a veto'®
counter. Non-linearities in the energy response affect the!®
precision of 7% reconstruction, and required to be below
the 5% level in order to prevent background events from'®
being mis-identified as signals. Finally, high rate tolerance
was required because the counting rate of single channels'®
near the beam was estimated around 100 kHz for a 1 MeVios
threshold. 107
108
109

3. High Voltage System

110

This section describes the components of the HV sys-11!
tem: the CW base, the preamplifier, and the HV control*

113

system. Before going into the details, the requirements for
their use with the Csl calorimeter are briefly summarized.

The first requirement for the HV system is low power
consumption since the PMTs are located in vacuum and
heat dissipation is a concern. To mitigate this problem,
we adopted a CW base which has the advantage of low
power consumption.

The second requirement is high amplification while keep-
ing the noise low. The PMTs recycled from the KTeV
experiment, whose characteristics are summarized in Ta-
ble 1 and Table 2, have relatively low gains. In addition,
the energy range for the KOTO experiment is lower than
that for the KTeV experiment, because the average mo-
mentum of the K, beam for the KOTO experiment is only
2 GeV/c while for the KTeV experiment it was 70 GeV/c.
Preamplifiers able to detect signal at the 1 MeV level over
the noise were specifically designed and added to the PMT
outputs.

Finally a HV control system able to set the high voltage
for each individual PMT was required. In order to mini-
mize the number of cables going through the walls of the
vacuum chamber, we developed a system that can operate
in vacuum.

3.1. CW Base

We developed a CW base in cooperation with Matsu-
sada Precision Inc.[13] with the requirements of low noise,
low heat load, and operability in vacuum. A picture of the
two types of CW bases developed for the small and large
Csl crystals is shown in Figure 2. The aluminum rectan-
gular boxes house the CW circuit while the cylindrical sec-
tions contain the PMT socket and a built-in preamplifier
described in Section 3.2. These two parts are connected
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Table 1: Photomultiplier tubes specifications.

item R5330 R5364
Quantity 476 2240
Photocathode Size 34 mm dia. 15 mm dia.
Photocathode Material Bialkali
Window Material Quartz

Spectral Response 185-650 nm

Number of Dynodes 6 5
Typical Gain See table 2

Table 2: PMT gain for a supply voltage of -1500 V. The voltage
divider ratios are from cathode to anode.

PMT Model Voltage Divider Ratio PMT Gain
R5330 2:1:2:2:2:2:1 2 x 10%
R5364 3:2:2:2:2:1 8 x 103

via a shielded flat-cable. The CW base specifications are
listed in Table 3

The schematics of the KOTO CW base circuit are
shown in Figure 3. As typical of any CW base, it contains
an oscillator with a large voltage swing (150 kHz square
oscillator with 100 V,_p). To reduce the electrical noise
induced by such a component, the aluminum boxes enclos-
ing the CW circuit were kept at a distance of 200 mm and
500 mm from their respective preamplifiers and PMTs. In
addition, both the preamplifier and the PMT were housed
in a metal electrostatic shield. RC filters were placed next
to the diode capacitor ladder and inside the PMT socket to
reduce the ripple at the output of the CW circuit. Figure
4 shows the residual ripple at the cathode; the amplitude
is less than 50 mV,_, for an operation voltage of -1500 V.
This corresponds to a gain deviation of less than 0.01%,
given dependence of the PMT gain (G) on the output volt-
age (V) : G o V2712 Gince the anode is not directly
connected to the CW circuit, no ripples can be observed at
the anode. The base power consumption was measured to
be 60 mW for an output voltage of -1500 V and it increases
linearly with the output voltage.

Table 3: KOTO CW base specifications

Parameter Value Notes

MODEL No. HPMC-1.8N-04 for R5364
HPMC-1.8N-05 for R5330

Drive Voltage +5V

Drive Current 12 mA for -1500 V

Control Voltage 0-+18YV

Output Voltage 0--1800 V

Monitor Voltage 0-+18V 0--1800 V

Internal Oscillator 100 V,_,, 150 kHz  square-wave

Cathode Ripple <50 mVy_p -1800 V

Number of Ladders 12

HPMC-1.8N-05 (for R5330)

— ]

HPMC-1.8N-04 (for R5364)
—

100 mm

Figure 2: Picture of the two types of CW bases developed for the
KOTO experiment; the electronics for the base is contained in the
rectangular aluminum box, and connected via a shielded flat-cable
to a cylindrical aluminum receptacle for the PMT socket and the
preamplifier.

M2.00Ms A

-24.4mVy

Figure 4: Scope capture of the remaining ripple at the cathode out-
put through an AC coupling. In this measurement, the cathode was
connected to ground via a 510 pF capacitor and a 1 M resistor in
series; the voltage drop across the resistor is shown.
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Figure 3: Circuit schematics for the HPMC-1.8N-05 base. The schematics for the HPMC-1.8N-04 base are almost the same except for the
number of dynode stages and for the RC filter in the PMT socket being dropped. The dashed lines around the components represent the

electric shield.

Table 4: Preamplifier specifications. The amplification values are for
a 50 © input impedance.

Item Value Notes
Output differential
Dynamic Range 1mVtolV
Amplification 20 for R5330

41 for R5364

67 for low gain RH364
Noise Level < 180 puVims
Decay Time < 25 1ns faster than

the 10-pole filter

3.2. Preamplifier

The charge delivered by the PMT is small (~ 0.5 pA/MeV)

and fast (~ 6 ns decay time). This signal is transferred
via a 17-m-long cable and digitized at a sampling rate of
125 MHz by a 14-bit ADC module, after being shaped162
through a 10-pole low pass filter[14, 15]. A preamplifier
with the specifications listed in Table 4 was designed to en-
sure the efficient propagation of the signal from the PMT'”
to the ADC module. o
Physics considerations require each channel of the CsI'™”
calorimeter to be able to detect energies between 1 MeV'”
and 1 GeV. We decided to have a 1 V/GeV pulse height at'”
the ADC input voltage, which corresponds to a minimum’"
voltage detection of 1 mV over the noise. The required171
noise level of the preamplifier output was set to be less
than 180 uV s in order to allow the detection of 1 mv'"
signal from the noise. To accommodate for the individual
variability in the PMT gain (standard deviation / mean'
~ 30%) and in the CsI crystals light yield (~ 20%), we
used three different amplification values, as summarized'”
in Table 4. 176
Figure 5 shows a schematic diagram of the preampli-"
fier. A differential amplifier converts the single-end signal'’®
from the PMT to a differential signal. The amplification
is determined by the value of the feedback resistors, Ry

4

4

Rp
Input 30 Rs AD8001ARTZ Ro
AAA ° AN N~
30 i Rt 100 _ —‘Vs\/l\l-() +Vout
—’\N\/—‘ Rf
30 vad 75100 L an—
470
RgZ 150
Rg Rf
10 150 470
I Ro
J\N\’ - >——AW-O -Vout
AD8001ARTZ

Figure 5: Schematics of the preamplifier with a gain of 41. Power
supply lines are not drawn.

and R,. The AD8001ARTZ[16] operational amplifier (op-
amp) was chosen because of its low power, high speed,
and high output drive characteristics. The input resistors,
R, and R, and the diodes between the power supply and
ground rails, provide discharge protection. The resistors
R, set the output differential impedance to be 100 2. This
circuit is mounted on a 17 x 22 mm? card, as shown in Fig-
ure 6, and connected to the PMT via a 20-mm-long coaxial
cable.

The pulse amplitude and width were adjusted via the
termination resistor, R;. Assuming that the input light
pulse decays exponentially, the PMT current output can
be represented as:

1
1)
where A is the light yield in units of photo-electron, e is
the electron charge, G is the PMT gain, and 75 is the decay
constant of the light emission[17]. The voltage drop across

R, is
o (-2) ()]

AeGRt

T —Ts

V() = -
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Figure 6: Photo of the front (top) and back (bottom) of the pream-
plifier card. The input signal is carried in via a coaxial connector
mounted on the front side of the card.

T = thin; (3)

where C, is the capacitance of the signal line, including
contributions from the PMT, cable, diodes, and the op-
amps. The voltage is highest at time:

to=—" I, (4)

Ts —T T

with a value of:
B AeGR;

T —Ts

In == In ==
[exp <—T 0 ) — exp (—Ts 0 )] .(5)
Te—T Te—T

Figure 7 shows the dependence of the R5364 response
to light pulses from a LED on the value of the resistor
R;. The data agrees well with the prediction from Eq. 5.
Increasing the value of R; reduces the gain of the following
active stage. It suppresses the noise contribution from the
following stage with respect to the signal. The large value
of R;, however, increases the signal decay time 7 from Eq. 3
and induces tails in the waveform after the 10-pole filter.
We chose a value of R, equal to 510 2. Figure 8 shows
the preamplifier output together with its filtered pulse as
simulated with SPICE[18] for R; of 510 €.

To protect the preamplifier against electric discharge,
we used three 30 € resistors[19] in parallel to reduce a
burden on the resistors themselves, and for a redundancy.
This keeps the output pulse narrow while maximizing the
tolerance against discharge. The two following diodes pro-
tect the op-amp against overvoltage. The R resistor pro-
tects the op-amp against overcurrent. This circuitry has

V(to)

X

-

S

T E —

< 6 i

S E '/s)

25

o °E

> E .+

Z 0k T ndf 3171718
af N 0.2478:+ 0.003993

24 T 10,39+ 0.3047

E C 001861+ 0

- ’

w

2 /
1 //
0 100 200 300 400 500 600 700 800 900 1000 [:L'I.]OO
R, [Q

Figure 7: R; dependence of the preamplifier pulse height in arbitrary
units. Black points are measured data and the solid line is the fit
using Eq. 5. N is a normalization parameter derived from setting
the pulse height at 1 for R = 51 €. The C;, value of 0.01861 nF
was obtained independently and treated as a known constant in the
fit.

-160
-180

TTT [T T[T T[T [T T [TTT[TTT[TTrr[rTrT

e b e e b b

0 100 200 300

coo b b

400 500 600
Time[ns]

Figure 8: Preamplifier output pulse (dotted line) for a cosmic ray

successfully survived discharges at voltages as high as 1750 V. going through a CsI crystal overlaid to a SPICE simulation of the

3.3. HV Control System

To adjust and monitor the high voltage of each PMT
channel, we developed the HV control system shown in
Figure 9. It consists of twelve controller modules con-
nected to a PC via a commercial USB hub. Each module

ADC board shaped output (solid line).
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Figure 9: Overview of the HV control system. For the analog signals sent by the Back Boards to the ADC modules, we made the unconventional
choice of using Ethernet cables. Although Ethernet cables are usually used to transmit digital signals, the differential analog signals are also

able to be sent via Ethernet cables.

sends signals and power to sixteen custom made boards,
called Back Boards, via 50-pin flat cables. Each Back
Board in turn controls up to sixteen PMTs. The whole
system is located inside the vacuum vessel, just behind
the calorimeter.

The system was designed to power individual CW bases
and preamplifiers. The high voltage of each channel can
be adjusted and monitored in 1 V step. If a discharge or a
malfunctioning condition is detected for a given channel,
its power supply is turned off. The temperature of the
Back Boards, together with the supply voltages and cur-
rents drawn by each CW base and preamplifier, are read
and logged every 1 s to monitor the system stability.

3.3.1. Hardware Description

Up to sixteen CW bases are connected to a single Back
Board which sends the PMT analog signal to the ADC
module via a commercial Ethernet cable. A picture of the
Back Board is shown in Figure 10. Sixteen Back Boards
are connected to a single controller module which consists
of one mother board and eight daughter boards.

The controller module uses an Atmel AVR micro-controller[20]

to communicate with a PC located outside the vacuum
chamber via a USB interface. Serial Peripheral Inter-
face (SPI) and Inter-Integrated Circuit (I2C) interfaces are
used for the internal communication. A Digital-to-Analog
Converter (DAC) on the daughter board is used to gen-
erate the individual control voltage for the CW bases while
an Analog-to-Digital Converter (ADC) on the mother board
is used to monitor the status of the individual channels. A
schematic view of the overall system is shown in Figure 11.

Connectors for
16 Preamplifiers

Connectors for
16 CW Bases

A Connector for
the HV Controller Module

Figure 10: Back Board picture: the eight connectors on the left are
for CW base power and the eight connectors on the right are for
preamplifier signals and power. The same number of connectors are
mounted on the other side of the board (not shown in this picture).
The right-most connectors are for the Ethernet cables carrying the
preamplifier output signal to the ADC module. Signals from the HV
controller module arrive via the 50-pin connector at the bottom of
the picture.
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Figure 11: Schematic view of the HV control system. Thick(thin) lines indicate analog(digital) signals.
Each module is addressable via a 4-bit address switch. A Liquid-Crystal Display (LCD) is used for debug purposes.

The system comprises twelve

Switches mounted on the Back Board are used to turn off power to individual CW bases and preamplifiers.

3.3.2. Software Description

The firmware of the controller module instantiates a
Human Interface Device (HID) class to communicate with
the PC. The HID class is part of the USB specification for
computer peripherals and supported by almost all operat-
ing systems. The software running on the PC is based on
a Graphical User Interface (GUI) written using a Python
Tkinter script. Figure 12 shows a screen shot of the GUI
The supply voltage of each channel can be controlled by
clicking the map on the screen. Current and past value of
numerous monitoring parameters can also be accessed this
way.

4. System Performance

The performance of individual PMTs, CW bases, and
preamplifiers was evaluated on a test-bench. In this sec-

tion, results from these tests are reported for the individual 7:

channel noise, linearity, rate capability, and operation 1n
vacuum. The performance of the system in situ, after its”

integration with the Csl calorimeter and DAQ readout, IS;;,

also discussed.

276

4.1. Noise

In order to certify the CW bases, we measured the noise

level of all bases at the output of the preamplifiers.

278
In

this measurement, the differential signals from the pream—27z

plifier were converted to single-ended signals using a con-
verter circuit consisting of two op-amps (LMH6628[21] and
ADA4899-1[16]).
capture for such measurements. Figure 14 compares the
noise level distributions when the CW bases are turned .

Figure 13 shows a typical oscﬂloscope »

off and when they output a voltage of -1500 V. The threezgz

peaks correspond to the three values of preamplifier gain.

0.5
04
03
0.2
0.1

K Jw A

-0.2

mV]

Voltage [

e

-0.4

1000
time [ns]

P
600 800

S

Figure 13: Typical CW base noise at the preamplifier output mea-
sured with a digital oscilloscope when the CW base is generating a
voltage of -1500 V.

A few percent of the bases had noise levels above the
requirement of 180 pV,ys if paired to the highest gain
preamplifier. In that case they were used in combination
with lower gain preamplifiers. This explains the cutoff at
180 pVypms in Figure 14.

4.2. Linearity

We checked the linearity of the PMT, CW base, and
preamplifier chain using an intensity adjustable light source
and a PIN photo-diode as a reference. Figure 15 shows
the linearity of the PMT chain response as a function of
energy, after converting light source intensity to equiva-
lent energy deposit. The non-linearity with respect to the
PIN photo-diode readout are within 5% below 1 GeV but
increase with the energy. We correct the non-linearity,
particularly in the high energy region, using data from an
independent set of measurements.



KO Csl Calorimeter HV Controller 2.0

Connection control
Load HV setting Preamp supply voltage (positive) [mV]

8 Car bz e MO ML M2 M3 M4 M5 M6 M7 M8 M3 M0 MIL
) ) DO 4870 4902 4860 62 4836 4846 4724 4874 4852 4870 4042 4886
Sequential monitor Single channel control Di 4868 4890 4852 4864 4858 4833 4728 4864 4852 4872 4002 4884
) DI 4854 4882 4848 4852 4832 4836 4702 4860 4828 4862 4006 4868
Cycle (0 is Infinity) = Set D3 4848 4893 4850 4840 4836 4824 4604 4864 4828 4860 4012 4868
D4 4852 4804 4B36 4840 4B16 4836 4608 4846 4824 4842 4018 4848
Interval [s] oH D5 4864 4896 4832 4840 4820 4838 4698 4848 4838 4848 4016 4884

D6 4858 4836 4840 4816 4830 4606 4838 4836 4838 4982

Start p Volt[mv] D7 4840 4862 4816 4832 4702 4852 4846 4836

Preamp supply voltage (negative) [-mV]
Single channel monitor

MO ML M2 M3 M4 M5 MG M7 M8 MO MID MIL
Ramp UP Ramp DOWN - - DO 4802 4048 4008 4806 4884 4886 4004 4884 4876 4804 4026 4946
CH

D1 4930 4906 4872 4868 4868 4874 4898 4008 4802 4892 4018 4924
D2 4896 4920 4890 4890 4884 4860 4858 4904 4876 4912 4902 4934
D3 4908 4884 4886 4880 4876 4858 4890 4872 4884 4882 4942 4914

Monitor Advanced D4 4894 4928 4882 4882 4858 4880 4876 4894 4892 4882 4934 4902
Read D5 4912 4946 4892 4904 4846 4868 4892 4876 4880 4902 4924 4942
D6 4902 4908 4890 4842 4870 4912 4876 4896 4890 4942
D7 4886 4890 4860 4880 4880 4874 4862 4892

MO 1 M2 3 M4 M5 M6 M7 M8 M2
Bg 5028 5126 5018 5100 5004 5090 4962 5074 5028 5104 5082 5122
D2 5026 5108 5006 5086 5004 5074 4968 5060 5004 5080 5056 5112
D3 5018 5114 5024 5074 5008 5070 4950 5068 5012 5082 5046 5122
D4 5024 5128 5004 5082 5000 5060 4970 5058 5014 5094 5056 5104
5064 49

D5
D6
D7

04
5004 5092 5014 5072 4978 5072 5014 5090
Back Board temparature [C]

MO M1 M2 M3 M4 M5 M6 M7 M8 Mg M10 Mii
DO 31.2 31.4 29.5 29.8 29.6 30.8 30.2 31.1 31.1 31.8 33.1 32.4
D1 313 32.2 30.8 30.3 30.0 30.8 29.7 31.2 31.4 31.8 33.0 32.9
D2 31.2 32.3 31.5 31.4 30.7 31.5 31.7 31.4 32.0 32.3 33.6 34.0
D3 31.8 32.0 31.7 31.4 30.7 31.9 32.0 31.8 32.5 32.4 33.7 33.1
D4 315 31.3 31.8 31.9 31.7 32.5 32.6 319 32.4 32.9 33.0 33.3
D5 315 311 320 319 317 320 326 323 329 329 328 325
D6 31.2 32.0 314 312 313 319 323 319 331 30.2
D7 31.3 311 313 309 317 319 319 331

CW circuit drive current [mA]

Mo M1 M2 M3 M4 M5 M6 M7 M8 Mg M10 M11
DO 406.3 302.0 351.1 3594 4121 363.0 409.2 368.2 323.7 358.2 2644 4075
D1 4043 443.1 365.7 324.7 361.3 4094 368.2 403.1 361.1 327.1 4224 4163
D2 4045 424.6 409.7 332.8 4146 390.6 353.3 417.2 4055 416.7 4204 4189

D3 g h A h Y ! . . H 5 H z
B?’ 418.7 417.7 4050 403.8 4063 4141 404.8 4160 413.1 397.9 4207 406.5

370.6 4102 3313 410.6 405.8 361.1 4001 4136
Preamp supply current (positive) [mA]

M1 M2 M3 M4 M5 M6 M7 M8 Mg M10 M11
Do 298.1 305.2 343.3 388.7 341.8 380.1 343.3 304.7 340.6 250.2 389.6
B% 380.6 390.0 340.6 305.7 3438 386.2 337.9 387.0 340.1 3049 3904 3936

D3 T . 4 h Yy . B k 3 . I
Bfﬁl 302.3 393.6 387.9 380.2 387.0 390.1 380.6 387.9 3894 3023 3040 3914

D6 298.6 380.6 3916 3896 388.2 3833 3887 3931 389.9 193
* Monitor voltage " Control voltage " Set voltage D7 339.8 391.8 339.6 350.4 382.6 343.5 377.2 391.1

¢ Module ¢ Daughter " DAC © HY Last update : 2011-08-12 03:55:27

Figure 12: Screenshot of the GUI for the HV control system. The fields at the top left of the screen are for manual controlling and monitoring.
The front view of the Csl calorimeter shows the operating status of each individual channel. The numbers on the right show specific monitored
values and are usually refreshed every 1 s. The history of a specific value is obtained by clicking on that number.
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Figure 14: Distributions of noise levels in CW bases. The bold his-

togram shows the noise level distribution when the CW bases are””
turned off, and the hatched histogram represents the same distribu-2%"
tion when the CW base output is set to -1500V. The peaks on the left
are for the R5330 PMT, the peaks in the middle are for the R5364
with a gain of 41, and the peaks on the right are for the R5364 PMT
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average normalized gain distributions in the region below 500 MeV
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Figure 16: PMT output charge deviation, normalized to the 100 Hz
value, as a function of LED pulser input rate.

4.3. Rate Capability

Using a Geant4 Monte-Carlo simulation, the single chan-
nel counting rate near the beam was estimated to be around
100 kHz for a 1 MeV threshold. The product of the hit
rate times the mean energy deposit was estimated to be
2900 kHz-MeV. We checked the effect of the counting rate
on the PMT output charge using a LED pulser. The light
intensity was set to be 700 MeV equivalent. Figure 16
shows the results; the deviation, normalized to the 100 Hz
output, was less than 1% up to 100 kHz, which is equiva-
lent to 70000 kHz-MeV, and less than 5% up to 500 kHz.

4.4. Vacuum Tolerance

Electrical discharges are common in vacuum. The re-
lation between pressure and discharge voltage is known as
Paschen’s law. To prevent the bases from discharging, we
filled the aluminum rectangular box containing the CW
circuit with a compound resin. Figure 17 shows the mea-
sured breakdown voltage as a function of the pressure. For
typical CW bases operating of -1300 V under 1 Pa, shown
as the black solid point in Figure 17, electrical discharge
is not expected to be a problem.

We found that few percent of the bases discharged in
vacuum'. After replacing them, we succeeded in operating
more than 99.9% of the bases for one week in 1 Pa vacuum.

4.5. System Test

After integrating the HV system described so far in
the KOTO experimental area, we tested the system per-
formance in situ using the ADC modules for the readout
of the CsI crystals signals. The following sections report
the results on signal and noise characteristics, as well as
on heat dissipation measurements in vacuum.

4.5.1. Signal and Noise

Figure 18 shows a pulse shape equivalent to 1 MeV
recorded by the ADC at 125 MHz sampling rate. The fit
function is an asymmetric gaussian of the form:

(t—p)?

AP |~ p) T o)

+C,

(6)

11t was found out by the manufacturer, Matsusada Precision Inc.,
that the discharge can occur if structural voids are present in the
compound.
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Figure 17: Discharge voltage as a function of the pressure for small
and large crystal PMTs. The black solid point represents the typ-
ical CW bases operating voltage (-1300 V) and pressure inside the
vacuum chamber(1 Pa). The maximum operating voltage is -1750V.
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Figure 18: Typical pulse sample equivalent to 1 MeV taken by the
ADC module. The vertical bar on the first point represents the noise
level.

where t is the time shown along the horizontal axis, A
is the pulse height, u is the time of pulse peak, o is the
standard deviation of the gaussian distribution, a is an
asymmetry parameter, and C' is the vertical offset. The
fit returns a pulse height of 10.2 + 1.2 ADC counts over a
noise level of ~ 2 ADC counts,,s. This confirms that the
system is able to resolve signals at the 1 MeV level.

Figure 19 shows the dependence of the ground noise
on the preamplifier gain for a single channel. The noise
is dominated by ADC intrinsic noise and has little depen-
dence on the preamplifier gain. Figures 20 and 21 show
the noise level distribution for all channels and its stabil-
ity versus time. They show that the noise level was small
enough and stable for a 300 hours run.

4.5.2. Heat Dissipation in Vacuum

In November 2012, we performed a test in vacuum for
the full CsI calorimeter system. The heat generated by the
CW base and by the preamplifier were typically 60 mW /ch

Noiselevel [ADC count, ]
rm:

N
TTT T T T T [TT T [T T T[T T [ TTT [T T[rTTT

—

0 20 40 60 80 100
Preamp gain

Figure 19: Ground noise dependence on the preamplifier gain for a
single channel. The point at a gain of 0 represents the intrinsic noise
of a typical ADC module.
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Figure 20: Ground noise distribution for all of the Csl calorimeter
channels.
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Figure 21: Time stability of the Csl calorimeter noise. Each point
and relative error bar represents the mean and the standard deviation
of the ground noise distribution over all the channels.
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and 100 mW/ch, respectively. For the whole calorimeter,sss
they added up to a heat load of about 440 W which was re-3*
moved from the vacuum region via a water cooling system.izz
The test lasted for 16 days in a condition of vacuum at or,,
below 1 Pa and cooling water temperature of about 10°C.se
The PMT temperature ranged from 30°C to 35°C while*®
the temperature of the Csl surface was less than 30°C. Atjg?
this temperature, the loss of CslI light yield with respect,q,

to room temperature (25°C) was only 10%2. a03
404
405

5. Conclusions 406

We developed CW bases, preamplifiers, and a HV con-
trol system that work in vacuum, and have low noise and
low power consumption. A noise level below 180 1V for
a preamplifier gain of more than 40 was achieved. With
this system, the KOTO Csl calorimeter can detect signals
at the 1 MeV level. The system has satisfied all the design
specifications and has been successfully integrated in the
KOTO detector.
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