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Abstract: To fulll

the requirements for testing the photomultiplier tubes (PMTs) of the electromagnetic detec-
tor at the Large High Altitude Air Shower Observatory (LHAASO),

a multi-functional PMT test bench with a

two-dimensional scanning system has been developed. With this 2D scanning system, 16 PMTs can be scanned
simultaneously for characteristics tests, including uniformit y, cathode transit time dierence, single photo-electron
spectrum, gain vs. high voltage, linear behavior and dark noise. The programmable hardware and intelligent software
of the test bench make it convenient to useand provide reliable results. The test methods are described in detail and

primary results are preserted.
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1 Intro duction

The Large High Altitude Air Shower Obsenatory
(LHAASO) project is a proposedcosmicray experiment
that will be built in China in the near future [1]. The
KiloMeter-squared Area (KM2A) is the main detector
array for LHAASO. It consistsof about 6000electromag-
netic detectors (EDs) distributed over 1 km? [2]. Each
ED unit (1 m 1 m) consistsof 4 plastic scirtillator tiles
with dimensions100cm 25cm 2cm [3]. To collect the
uorescence from ead scirtillator e ectiv ely, 32 wave-
length shifting (WLS) b ers are embeddedin ead tile.
A 1.5-inch head-on-type photomultiplier tube (PMT) is
coupledto the end of the bundle of 128WLS b ersfrom
oneED unit. The quality ofthe PMT dominatesthe pre-
cision of the ED detector, and needsto betested compre-
hensiwely. The requiremerts for the quality of the PMTs
for the LHAASO KM2A are summarized as follows:

1) Good photocathode uniformity. The 128 WLS
b ers of each ED are coupled to a circular area of the
PMT photocathode. Good uniformity of the photocath-
ode will guarantee the precision of energyreconstruction
for the ED. The non-uniformity of the PMT photocath-
ode should be lessthan 10% within this circular area,
which has a radius of 1 cm.

2) Broad linear dynamic range. The KM2A is de-
signedto detect cosmicrays with energyup to 100PeV,
which meanssomeEDs may be hit by thousandsof par-
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ticles. Hencea large number of photoelectrons could be
collectedby a PMT. To ensurethe energyprecisionof the
ED, the anode output of PMT should maintain linearity
up to 60 mA.

3) Narrow time spread. The reconstruction precision
of the incident direction of the primary cosmicray de-
pends on the time resolution of the ED. The cathode
transit time dierence (CTTD) of the PMT is the main
sourceof the time spreadof the ED detector, and should
be lessthan 2 ns.

4) Low dark pulserate. A dark pulserate of lessthan
100 Hz is required for the LHAASO experiment with a
threshold at half of the single photoelectron peak value.

Testing the performance of all the PMTs required
for KM2A will be a time-consuming and laborious task.
A multifunctional test bendh, which can test a batch of
PMTs simultaneously, is necessaryfor rapid testing of
all the tubes. In this study, a multi-channel PMT test
bendh with a two-dimensional (2D) scanning system is
dewveloped. In Section 2, the devicesand data acquisi-
tion (DAQ) system are introduced. In Section 3, the
test methods for ead parameter are explained, and pre-
liminary test results are also presened.

2 Comp onents of the PMT test bench

A schematic diagram of the PMT test bendh is shown
in Fig. 1. A large light-tight box cortaining three motors
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is the dark container for the 16 candidate PMTs. The
light from an LED, drivenby a pulse generator,is guided
into the 16 PMTs in the box by 16 clear optical b ers(1
mm diameter). Syndironous pulsesare generatedfrom
the samepulse generator as trigger signals. One multi-
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channel high-voltage power supply supplies power to all
of the 16 PMTs. The DAQ systemis built within a VME
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Fig. 1.

2.1 The light tight box and 2D scanning system

The light-tight box is a cortainer for 16 PMTs and
the scanningsystem. To prevert light leakageand di use
re ection, black silicon rubber is attached to the edgeof
the cover, and black paint coatsthe surface of the box.

A three-dimensionalmovemen systemis mounted in
the box. The movemert systemconsistsof two racks and
three stepper motors (as in Fig. 2). The top rack con-
tains 16 circular sleevesto hold the PMTs. The PMTs
are positioned in these sleewes with the photocathode
oriented vertically downward. Each sleew is enclosedby
high-permeability material to protect the PMTs from ge-
omagnetice ects. The bottom rack holds the 16 optical
b ersthat guide the pulsed light from the LED to each
PMT window. The incident light from ead optical b er
illuminates only one PMT. A black curtain enclosesah
PMT optical b er pair. The top rack is mounted onto
a stepper motor that movesvertically, and the distance
between the PMTs and optical b ers can be adjusted
during PMT testing.

The bottom rack, mounted on another two stepper
motors, can move horizontally step by step in the X
and Y directions. The 16 optical b ers, which are xed
on this bottom rack, scanthe 16 PMT cathodes syn-
chronously in 2 dimensionsfollowing the rack movemert.
The bottom rack and the two horizontal motors compose
the 2D scanningsystem.

K B SE——
»| work station [«

Block diagram of the design of the PMT test bench.

(16 PMTs in total)

stepper motors

optical fibers

1
‘ distribution cabinet

stepper motors

Fig. 2. Mechanical design of the light-tigh t box for
the PMT test bench.

In most tests, the b ersare xed at the certer of eath
PMT window. There is a considerabledistance between
ead b er andthe PMT (greater than 5 cm), sothat the
light from ead b er canilluminate the whole PMT win-
dow uniformly. During the scanning test, the distance
betweenthe b ersand PMTs is drawn closeto 1 mm by
the vertical motor so that the light from the b er will
only illuminate a spot (around 2 mm diameter) on the
PMT photocathode.

Figure 3 shaws photographs of the light-tight box
from di erent viewing angles. The medanical structure
of the box, including motors, racks and slee\es,is shovn
in Fig. 3(a). The front cover of the box hasbeenremaoved
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in this photograph. Figure 3(b) shawvs 16 PMTs which
are positioned in the sleewesfacing downward and linked

signal cablesare connectedthrough the rear panel of the
box with O-rings to prevent light leakage, as shown in

to high-voltage and signal cables. The high-voltage and| Fig. 3(c).

(a) front view

(b) top view

(c) back view

Fig. 3. Photographs of the light-tight box from dierent view angles. (a) The mechanical construction of the box
(front cover removed), (b) 16 PMTs placed in the sleewesin the box for testing, and (c) 16 high-voltage and 16
signal cables connected to the rear panel of the box with O-rings to prevent light leakage.

2.2 Pulsed light sources

Two typesof pulsedlight sourceare usedin the PMT
test bench, namely, an LED and a picosecondpulselaser.

One commercial LED (2835SMD, China) is used as
the light sourcein our test bench. The LED, with a peak
wavelength around 420 nm, matchesthe optical sensitiv-
ity spectrum of the PMTs. It is driven by a pulse gener-
ator (BNC-575, USA) with an output pulse width of 50
ns at a repetition rate of 10 kHz. The pulse amplitude
of the generator can be adjusted by remote computer
within 20V with a precision of 1 mV. By increasingthe
driven pulseamplitude step by step, the LED light inten-
sity can grow from a single photon to tens of thousands
of photons. Furthermore, the variation in light intensity
was lessthan 0.2% within a few hours while the driven
pulse amplitude is maintained at a constart level. The
LED is coupled to the bunch of 16 clear b ers which
guide the LED light into the 16 PMTs in the light tight
box. A diuser is usedto help the LED to light eath
b er at almost equal light levels.

The light source for accurate time measuremetn is
a picosecond light pulse laser (Hamamatsu PLP-10,
Japan). It provides pulse light with a wavelength of 405
nm. The pulse duration is 70 ps with a jitter of less
than 10 ps. It also provides a trigger signal. This laser
replacesthe LED as a light sourcewhen the PMT time
performance is measured. However, the light intensity
range of the laser is too narrow to measurethe linear
dynamic range of the PMTs. The intensity of the laser
is also too sensitive to ambient temperature to test the
uniformity of the PMTs.

2.3 High-v oltage power supply

The high-voltage power supply for the test bend is
a CAEN SY1527 system cortaining Vv e plug-in boards

|(CAEN A1733). Each plug-in board can supply 12-
channel 3 kV/3 mA or 4 kV/2 mA high-voltage out-
puts, with voltage setting and monitor resolution of 0.25
V. The power supply can be set independertly for each
channel by remote computer with the Object linking
and embedding for ProcessControl (OPC) serwer. One
switch is mounted on the cover of the box, and linked
to a common-prohibit signalin the plug-in boardsto kill
the high voltage if the cover is openedaccidenally .

2.4 Electronics and data acquisition system

As shown on the left side of Fig. 1, the DAQ sys-
tem consists of a VME crate and a NIM crate with
someplug-in electronics modules. The VME cortroller
is a Wiener VM-USB module, an intelligent VME mas-
ter with a high-speed USB2 interface and a 26-KB data
bu er, which is usedto read out the data from ead elec-
tronics module to the workstation computer.

A 16-channel 12-bit charge-to-digital converter
(QDC) module (CAEN V965) is usedto measurethe in-
tegrated chargeof the output from the PMTs. This QDC
module, with dual input rangesof 0{900 and 0{100 pC,
can avoid saturation from big charge pulseswhile main-
taining high resolution for small signals.

A 16-channel low threshold discriminator (CAEN
N845), which is sensitive to small signals, transforms
ead PMT signal into a standard NIM signal. A 12-bit
scalar module (CAEN V560E) counts the event rate by
courting the standard NIM signal.

The multi-channel pulse generator BNC-575, apart
from driving the LED, generates another two syn-
chronous transistor-transistor logic (TTL) signals that
are fed into the gate generator module in the NIM crate
as start and stop signals. The width of the gate signal
issetto 160 nsby delaying the stop signal relative to
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the start signal. The gate signalis split into two channels
through a Fan-In/Out module. One channel is fed into
the QDC as a gate, and the other is fed into the VME
cortroller VM-USB as a trigger signal.

A 16-channel time-to-digital cornverter (TDC) mod-
ule (CAEN V775N) is usedto measurethe transit time
of the PMT. This module measurestime di erences of
up to 140nswith 35 ps/bit resolution. The output from
the PMT is fed as the stop signal to TDC via a 16-
channel constart fraction discriminator (CFD, CAEN
N843) which reducesthe time jitter resulting from uc-
tuation in the pulse height. The trigger signal from the
picosecondpulsed laser is fed as a common start signal
for the TDC.

In addition, a digital oscilloscom (TDS5054B, Tek-
tronix) with a1 GHz bandwidth and 5 Gs/s sampling
rate is usedto measurethe signal amplitude and charge
from the PMTs during the linear dynamic rangetesting.

All of the VME electronic modules have 16 input
channels. As a result, the signals from the 16 candi-
date PMTs can be read out in parallel, allowing the 16
PMTs to be tested in a batch.

2.5 Testing system integration

During PMT testing, all of the devicesof the test
bend should work cooperatively. A setof software padk-
agesbasedon various communication proto cols were de-
velopedto integrate ead deviceand implement the mea-
suremen. Details of these software padkagescan be
found in Ref. [4].

The work ow of the test bend is shawvn in Fig. 4.
The workstation for this bendch consistsof two comput-
ers, a Windows computer as the secondary serer and
a Linux computer as the main server. The secondary
sener cortrols the high-voltage power supply through
Ethernet based TCP/IP protocol. The stepper motors
in the light-tight box also communicate with this server
basedon a parallel protocol. The secondaryserver com-
municateswith the main server through an RS232serial
port to set the measuremen parameters and feedbak
the status of the high-voltage power supply and motors.

The main sener controls all the testing operation.
All of the functions in this serer are realizedin a C++
program. In addition to communicating with the sec-
ondary sener for setting the high-voltage power supply
and cortrolling the scannermotors, the main serer also
cortrols the pulse generatorthrough a RS232serial port
to set the amplitude, repetition rate and delay time of
the pulsesduring PMT testing.

The most important function of the main serer is
to read out the PMT signals from the VME modules.
A program packagewas developed in the main serer to
read the QDC, TDC or scalar signal through the VM-
USB cortroller.

___DAQsystem ____
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| |
| |
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|
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| | ;

< =
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Fig. 4. Diagram outlining test bench work o w.

pulse/delay generator
(BNC-575)

Sewral main programs were deployed on the main
sener. Each main program is in charge of onetest task,
and coordinates motor movemert, voltage setting, LED
driving, trigger signal and reading out the PMT signals.
The main program lls the test results into ROOT [5]
histogramsand storesthem on disk. The primary results
are also shown on the screenwhen the test is ongoing.

These software padkagesallow eadt test task to be
performed with just one command. The results are reli-
able and repeatable becausethe operation is simple and
independert of manual operation.

3 Measurement metho ds and prelimi-
nary test results

The main characteristics of the PMTs to be tested
for the LHAASO experiment are listed as following:

1) Single photoelectron (SPE) spectrum.

2) Gain asa function of the high voltage.

3) Uniformit y of photocathode.

4) Linear dynamic range.

5) Time characteristics.

6) Dark noiserate.

In this section, most of the tests were based on
a R11102type PMT from the Hamamatsu Company,
Japan. This PMT is a 1.5-inch diameter, head-ontype
with bi-alkali photocathode and 10-stagedynodes with
linear focused design. The tapered voltage-divider cir-
cuit wasusedasrecommendedin the speci cation sheet.
The maximum supply voltage betweenanode and cath-
ode was 1250 V [6]. This PMT basically meets the
requiremerts of KM2A in the LHAASO experimernt.

3.1 Single photo electron spectrum

To obsene the SPE spectrum clearly, the voltage ap-
plied to the PMT was higher than the normal working
voltage. The high-gain of the dual-scaleQDC was used
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to obtain high resolution becausethe SPE signal was
small.

The incident light pulse needsto be adequatelyweak
in the SPE test, and should meet the following criterion

Npe

N Total

< 0:1;

where N1, is the total number of incident light pulses
and Npe the number of light pulsesthat induce photo-
electron emissionfrom the PMT photocathode.

One SPE test result is shown in Fig. 5. On the left,
the high peakis the pedestal,which is tted by a Gaus-
sian function. The SPE spectrum is tted by the combi-
nation of an exponertial function and a Gaussianfunc-
tion. The mean valuesof both Gaussianfunctions were
recordedas ,eq for the pedestaland gpe for SPE re-
spectively. The gain of the PMT at the applied high-
voltage was calculated as:

( SPE ped) LSB
16 10 % '
where LSB is the least signi cant bit of the QDC. The

peak-to-valley ratio was also obtained from the distribu-
tion of the SPE spectrum.
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Fig. 5. (color online) SPE spectrum. The peak on
the left is the pedestal and right is the SPE spec-
trum. The pedestalis tted with a single Gaus-
sian function (green solid line), and the SPE spec-
trum is tted by a combination (red solid line) of
exponertial (gray dot-dashed line) and Gaussian
(blue dashedline) functions.

3.2 Gain versus high voltage

All the PMTs of the KM2A should work at the same
gain (4 10°). The gain for eath PMT was set by ad-
justing the working voltage accordingto the gain-voltage
law

gain/ V ;

where V is the working voltage. The parameter was
measuredby tting the gain of the PMT asthe working
voltage.

During the measuremen of gain versusvoltage, the
power supply wasincreasedfrom 700V to 1400V, while
the intensity of incident light was xed and strongerthan
that in SPE testing to keepthe PMT signal large enough
for reading out at the low working voltages.

The same QDC was usedto read out PMT signals
asin the SPE test. Thousandsof sampleswererecorded
and tted to a Gaussianfunction to obtain the mean
value and width of the PMT signal at eadh voltage. Fig-
ure 6 presens one set of test results. The dots are the
meanvalue of the output chargeof a PMT, and the error
bars are the width of the Gaussianfuction. is deter-
mined from the t line.

gain vs. ligh voltage
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Fig. 6. Anode output charge as a function of ap-
plied high voltage. The dots with error bars are
the measuremer results, and the blue line is the
tting curve.

3.3 Linear dynamic range

The linearity of a PMT determineswhether the out-
put signal from the PMT increaseslinearly with the in-
cident light on the PMT. To measurethe linear dynamic
rangeof aPMT, wedewelopeda bi-distance method. The
distance betweenthe b er and the PMT window can be
adjusted to pre-de ned far and near positions, as shovn
in Fig. 7, using the vertical motor. The near distance s
greaterthan 5 cm for the b er light to illuminate the
whole PMT cathode uniformly. The intensity ratio (de-
scribed as ) of light illuminating the PMT cathode at
the near distance to that at the far distance should be
known. This can be usedas a referenceto calibrate the
degreeof nonlinearity. The is obtained from the signal
sizeratio corresponding to the two distancesfor PMTs
that work in the linearity region. Theoretically, the ratio
will be a constart aslong asthe two distancesare xed.

If the PMT works in the linear region, the corre-
sponding ratio of the output signals from the PMT at
the two distanceswill uctuate slightly around

As the light intensity becomesstronger by increasing
the amplitude of the driven pulse step by step, the PMT
output signal ratio will deviate from the constart and
the linear dynamic range can be established.
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Fig. 7. Diagrams of the bi-distance method for far
and near distances betweenthe PMT and optical
b er. The left diagram shows the situation for far
distance and the right shows the caseof near dis-
tance. The ratio of light illuminating the PMT is
constant  for both distancesif the incident light
intensity is the same.
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Fig. 8. The PMT output for near and far distances

betweenthe PMT and b er at dierent light in-

tensities. Each square corresponds to one inten-

sity of LED light. The line is only tted to the

rst few points.

The results of a test using the bi-distance method
are showvn in Fig. 8. Each point correspondsto the out-
put charge of the PMT at the near and far distances
for a particular incident light intensity. Both output
chargesincreasefor the near and far distances as the
light intensity increases. The ratio remains constart at
the lower output. The constart is obtained by tting
the rst seweral points wherethey arein the linear range.
As the light intensity becomesincreasingly strong, the
points deviate from the tting line, which indicates that
the light intensity has exceededthe linear range of the
PMT.

The nonlinearity for ead test point of the PMT is
de ned by its deviation from the ideal linearity, which is
calculated as

near

. . S
non-linearity = =;

Sfar

where Sicar (Swar) is the output charge from the PMT
anode with the b er located at the near (far) position.
A non-linearity above 5% is consideredbeyond the lin-
ear range of the PMT. The non-linearity of two Hama-
matsu PMTs is shown in Fig. 9, where the anode cur-
rent is used instead of the charge (the anode current
equals the charge divided by the signal width). The
maximum linear dynamic range exceededb0 mA for both
PMTs.

[ T ——— —®=A52654; HV: 718 V
b —— A52470; HV: 739 V

non-linearity(%)

0 10 20 30 40 50 60 70 80
peak anode current /mA

Fig. 9. Non-linearity curves measured for Hama-
matsu R11102 PMTs at gain of 1.0 10°.

3.4 Uniformit y of the photo catho de

A bunch of 128 b ersfrom one ED detector are cou-
pled to onePMT. Each b erilluminates adi erent point
on the PMT cathode. The PMT should respond uni-
formly to the light from eadh b er overthe whole cathode
window.

The 2D scanningsystem (as explainedin Section2.1)
is usedto measurethe uniformity of the PMT cathode.
First, all the b ersaredrawn near( 1 mm) to the PMT
window using the vertical motor, so only one spot (di-
ameter 2 mm) on each PMT cathode can be illumi-
nated. All 16 PMT cathodesin the light-tight box are
then scannedsimultaneously by the b ersasthe 2D scan-
ning systemmovesin the X and Y directions with the
step size of 1 mm. The scannedregion is the area of
a circle of 40 mm in diameter, a little larger than the
PMT window.

During the whole scanning process,the intensity of
light was kept constart, and the high voltage was xed
for each PMT. For ead step of the 2D scanning system
movemert, all the motors halt for 3 s, tens of thousands
of signalsare then read out via the QDC during the in-
terval and the mean value is recorded as the output for
this position.

The non-uniformity of the PMT cathode is de ned
as RMS/MEAN, where MEAN is the mean value and
RMS is the root-mean-square of all the outputs for
ead position within the region of interest (diameter
2. cm).

Figure 10 shows the scanresults for one PMT. The
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orientation of the rst dynode is perpendicular to the
Y -axis of the scanning system. Figure 10(a) depicts 1D
projections along the X - and Y -axes. Asymmetry was
obsened along the X -axis becauseof the geometrical
structure of the rst dynode. Figure 10(b) is the sur-
face plot of the scanning results. Non-uniformity was
obsened clearly over the whole window, but the cen-
tral part of the window is relatively uniform. The non-
uniformity (RMS/MEAN) was about 4% for this PMT
within the circle 2 cm in diameter. This uniformity is
acceptablefor LHAASO.

The light yield of the LED was fairly stable (varia-

tion lessthan 0.2%) during the whole scanning process.

This test lasted about 130 min, and a reference PMT
was usedto monitor the LED throughout the scanning
process.

relative anode output charge(%)

AT T TN TP T T T
-20-15 -10 -5 0 5 10 15 20
position/mm

(@

=

relative anode output charge(%)

(®)

Fig. 10. The relative output charges for all scan
spots over the whole cathode of a PMT. (a) One
dimensional (1D) projection along X and Y axes,
and (b) 3D projection.

3.5 Catho de transit time dierence

Time performanceis another important characteris-
tic of the PMT. The transit times of PMTs can be dif-
ferent, while incident photons are injected at dierent
positions of the photocathode, which is referred to as
Cathode Transit Time Di erence (CTTD).

In the LHAASO experimert, the direction of the inci-
dent primary cosmicray is reconstructedfrom the hitting
time of secondary particles on the ED detectors. The
time spread of the ED detector reducesthe precision of
direction reconstruction. Becausethe incident light from
ead b er of the ED is guided to dierent spots of the
PMT cathode, the CTTD of the PMT is an important
time characteristic which a ects the time spread of the
ED.

A picosecondpulsedlaserwasusedasthe light source
instead of the LED for CTTD measuremets. A TDC
(CAEN V775N) was usedto measurethe transit time
of the PMT. The output from the PMT was fed as the
stop signalto TDC via a CFD (CAEN N843) to reduce
the time jitter. The trigger signal from the picosecond
pulsed laser was fed as a common start signal to the
TDC. The time interval betweenthe start and stop signal
was counted by the TDC asthe relative transit time for
the PMT. This relative transit time included the transit
time of the PMT, the responsetime of DAQ electronics
and delay betweenthe trigger signal and the light pulse
of the laser. The last two terms were stable.

To test the CTTD of the PMTs, the b er wasdrawn
closeto the PMT (1 mm) again and the 2D scanning
system scannedthe PMT cathode spot by spot. The
incident light intensity correspondedto a 20 photoelec-
trons emission, imitating the true detector light. Dur-
ing the interval when the scanning system halted, tens
of thousands of the relative transit times were read out
by the TDC, and tted with a Gaussianfunction. The
meanvalue and the width of the Gaussianfunction were
recorded as the relative transit time and error for the
corresponding spot.

Figure 11(a) and (b) presen the relativetransit times
for one PMT in 3D and 1D projections along the x and y
directions, respectively. The CTTD wasclearly obsened
for di erent cathode positions. The RMS of CTTD was
lessthan 1 nsin the certral region (diameter 2 cm) of
the cathode. This PMT is acceptablefor the ED in the
LHAASO.

Figure 11(c) revealsthat the longer the relativetran-
sit time, the wider the corresponding error (time spread).
Therefore, choosinga region with a relatively short tran-
sit time will helpto decreasehe time spreadand improve
the time resolution of the detector. In fact, the certral
region of the cathodeis a good choicebecauseof its short
relative transit time.
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3.6 Dark pulse rate

Without any incident light, the PMT still outputs sig-
nal pulsesafter the high voltage is applied; these pulses
are called dark pulses. When courting the dark pulse
rate, the working voltage was applied to the PMTs. The
output signals of the PMT were rst transferred into a
standard NIM signal by one 16 channellow-threshold dis-
criminator with a threshold of half the SPE peak. The
number of NIM signalswas then counted by the scaler,
namely the dark pulserate. Figure 12 presens the dark
pulserate for onePMT asa function of the storagetime.
The dark pulse rate decreasedwith dark time, and be-
camestable after a few hours.

A dark pulse rate of lessthan 100 Hz was accept-
able in the above test. Therefore, the PMT neededto
be stored in the dark box for a few hours before test-

ing. Normally, PMTs were placedin the dark box at the
end of a working day and tested the following morning.
The dark pulserate also dependedon the ernvironmental
temperature. This e ect will be examinedin our future
studies.

104 -

10°

dark pulse rate/Hz

102

time in dark/h

Fig. 12. The dark pulse rate of a PMT as a func-
tion of storage time in the dark.
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4 Conclusions

A multi-channel PMT test bench with a 2D scanning
system has beendeveloped. With this 2D scanningsys-
tem, the photocathode uniformity and CTTD of PMTs
were cornveniertly tested. The bi-distance method was
developed to measurethe linear dynamic range of PMTs
in the test bendh. Becausea one-picosecondulsed laser
was used as a light source, the time characteristic of
PMTs was measuredat high precision. The test bend
can be usedto test 16 PMTs together in a single run.
It guaranteesthat all 6000PMTs for the KM2A can be

tested e ectiv ely. Furthermore, becauseprogrammable
hardwareis used,all of the tests are independert of man-
ual operation and repeatable, so the results are reliable.

We thank Chaoju Li for his early contributions to
test bench developmentand test work. We also thank
Huihai He and Xiangdong Shengfor reading the draft
manuscript and providing useful feedback. Finally, we
thank all LHAASO-KM2A collaboration memters for
their cooperation to advane the eld of PMT measure-
ment methals.
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