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ABsTrRACT: Photomultiplier tubes (PMTs) are traditionally an integral part of large underground experiments
as they measure the light emission from particle interactions within the enclosed detection media. The
BUTTON experiment will utilise around 100 PMTs to measure the response of different media suitable for rare
event searches. A subset of low-radioactivity 10-inch Hamamatsu R7081 PMTs were tested, characterised,
and compared to manufacture certification. This manuscript describes the laboratory tests and analysis of
gain, peak-to-valley ratio and dark rate of the PMTs to give an understanding of the charge response, signal-to-
noise ratio and dark noise background as an acceptance test of the suitability of these PMTs for water-based
detectors. Following the evaluation of these tests, the PMT performance agreed with the manufacturer
specifications. These results are imperative for modeling the PMT response in detector simulations and
providing confidence in the performance of the devices once installed in the detector underground.
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1 Introduction

Precise single-photon detection is essential for the reconstruction of the products of neutrino interactions in
water Cherenkov detectors. The WATCHMAN collaboration [1, 2] proposed to build a gadolinium-loaded
water Cherenkov detector to demonstrate the use of antineutrinos as a tool for nuclear non-proliferation
via remote reactor monitoring. The chosen site was the STFC Boulby Underground Laboratory facility
which is located around 25 km from the EDF Hartlepool nuclear reactor complex [3]. The early closure
of the Hartlepool reactors led to the cancellation of the project at Boulby in 2022. However, a 30-tonne
demonstrator, BUTTON (Boulby Underground Technology Testbed for Observing Neutrinos) detector, is
being designed to test technologies for an antineutrino detector for remote monitoring of nuclear reactors.
The photon detection system of BUTTON will use around one hundred 10 inch (253 mm) Hamamatsu R7081
photomultiplier tubes (PMTs) with low radioactivity glass [4] that were originally purchased as a pre-series
by the WATCHMAN collaboration. In this paper, electrical tests of 87 of these PMTs are reported. The
aim of these tests was to demonstrate that these PMTs met the requirements of a large-scale detector and to
prepare for the series production quality assurance. Since the R7081 PMT series is widely used the results
here can be compared with previous studies [5—7] as well as the shipping data provided by Hamamatsu.

The setup used in the pre-series testing is described in section 2 and the data taking, processing and
quality are described in section 3. The analysis and results are described in sections 4, 5 and 6 and the results
are summarised in section 7.

2 Setup

Each PMT is supplied with an integrated base provided by Hamamatsu and has the dynode chain given in
table 1. The base is encapsulated and tested to be compatible for use in Gd water. This is attached to an 80 m
long 50 Q BELDEN YR53485 cable which supplies the PMT with positive high voltage (HV) and provides



Table 1: Ratios for the voltage divider chain used for biasing the R7081 PMT [8].
K = Cathode, D = Dynode, P = Anode, F = Focus

Electrodes | K | D1 F2 | F1 | F3 | D2 | D3 | D4 | D5 D6 | D7 | D8 | D9 | D10 | P

Ratio - 1680 |06]0 |34]|5 333 | 1.67 | 1 1215|2213 24
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Figure 1: Splitter box channel design to separate the signal output from the PMT and the HV supply to the
PMT.

the signal return path. The signal is separated from the HV in a custom-built four-channel splitter box based
on the design shown in figure 1.

The setup used for testing is shown in figure 2. The tests were carried out in a commercial ‘grow’
tent, which is lined with aluminised Mylar. The tent acts as a dark box and also provides electromagnetic
shielding. Further stray light-level reduction was achieved using a tailored cloth cover placed over the entire
the tent. In the tent, four PMTs were mounted on a custom-built rig. A 470 nm pulsed LED was used as a
light source. This was located in a custom driver unit which was triggered at 10 kHz to generate pulses of
light, each a few nanoseconds in length. Inside the LED box, the light from the LED is directed via a groove
onto the back of optical fibres, which guide the light into a purpose-constructed dark enclosure housing the
PMTs under test. The intensity of light was controlled using the LED driver voltage which was set so that
the PMT signal spectra were dominated by single-photoelectron (SPE) events. To give uniform illumination
of the PMT surface, the optical fibre was connected to a polymethyl methacrylate (PMMA) diffuser [9]. The
mean number of photoelectrons determined from the observed charged spectra was in the range 0.1-0.2.
After mounting, the PMTs were left for 18 hours under bias voltage to allow the dark rate to stabilize. The
temperature of the room was measured to be in the range 21-23°C during the tests.

The electronic readout scheme is shown in figure 3. Commercially available electronics were used for
readout. Signals from the PMTs were amplified by a factor of 10 using a CAEN N979 unit and then digitized
using a CAEN V1730B module that samples at 500 MHz rate. The system was triggered by a delayed copy
of the main pulser signal used to trigger the LED driver. The digitiser and LED were triggered at 10 kHz
and there was no dead time. Sampled waveforms were transmitted via an optical link to a PC and stored for
further analysis. Since the SPE signals being detected were small, care was taken in system grounding and
isolation to reduce signal noise. For example, ferrite beads were attached to all power leads and isolators
were used on USB cables required in the setup for HV control and computing accessories.



Figure 2: Mounting of the PMTs in the mechanical rig in the tent. Optical fibres guide the light from the
LED box outside the tent to the diffuser, which hangs from a fixation point on the tent roof at the top centre

of the image.
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Figure 3: Electronic readout scheme used for the tests. The digitiser is triggered by a delayed copy of the

LED trigger from the gate generator.
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3 Data taking, processing and quality

Table 2 lists details of the four PMT performance characterisation tests that were performed. Data were
acquired for all of these tests for every PMT at least once and used to analyse the gain, peak-to-valley ratio
and dark rate of the PMTs. Data were recorded as binary files using CAEN’s WaveDump software [10] and

Table 2: PMT test information. Nominal HV is the manufacturer’s stated HV for 107 gain. SPE refers to
data taken using an LED light source with its intensity set to yield a single photo-electron (SPE) level at the
PMT photocathode. The digitiser and LED trigger rates were set at 10 kHz for all tests.

Test Type Light pulses Duration Gate | Description
™M) (mins) (ns)
1 | Nominal HV 3.0 5.0 220 | SPE at nominal HV
2 | Gain 3.0 5.0 220 | SPE, repeated for S HV steps
3 | Peak-to-valley | 3.0 5.0 220 | SPE at 107 gain
4 | Dark Counts 9.0 15.0 220 | No LED

then analysed using a ROOT-based framework [11]. Histograms of the charge output at the PMT anode (see
for instance figure 4) were created by integrating in a 50 ns time window around the SPE peak. These were
used for the gain and peak-to-valley tests and are described in more detail in sections 4 and 5.

The signal integration window was chosen to start 15 ns before the observed mean of the coincidence
time peak to ensure the rising edge and tail of the pulses were included, and to accommodate trigger jitter.
The width (o) of the timing peak fit was found to be of order 8 ns, consistent with the timing characteristics
of the LED, clock jitter and the transition time spread of the PMT. This method of signal integration was
developed to accommodate fast bulk data monitoring with a single routine.

3.1 Data Quality

The quality of data was monitored throughout data taking. Though the system was well grounded and
isolated, several sources of noise were visible. From Fourier transforms of the waveforms, narrow high
frequency signals were seen that were consistent with the known frequencies used for USB protocol transport
in the setup and a local radio transmitter. To handle the remaining system noise, a technique for the rejection
of noisy waveforms was developed, whereby any waveform with a maximum and minimum within a factor



of 2 was classed as radio-frequency noise and the waveform was rejected. Fewer than 1 - 2% of waveforms
were rejected in this way.

4 Gain

The PMT gain A is the ratio of the charge output at the anode to the number of photoelectrons produced by
conversion at the photocathode. Gain calibration ensures the correct interpretation of the charge output at
the PMT anode and is essential in setting operating voltages to achieve a uniform charge response across all
PMTs in the detector.

The gain tests verify that the required 107 gain can be achieved within the R7801 operating voltage range
of 0-2000V. A PMT would be rejected if the required gain cannot be achieved within this range.

4.1 Calculation of the operating voltage

The total gain across the complete dynode chain (in the case of a rather linear voltage divider) can be modelled

as
A=a" (K) , 4.1)

n

where V is the applied voltage, n is the number of dynodes, and a and « are constants specific to the PMT.[12]

A gain of 107 corresponds to a SPE relative charge output of 400 mV ns Q. The most accurate gain
calculation is achieved by fitting the charge distributions produced through integration of the waveforms as
discussed in section 3. Characterisation of both the charge response and inherent charge backgrounds of the
PMT gives a value for the SPE relative charge output Qspr. The gain is then calculated from Qgspg:

_ 2QgpE x 10712

e —

, 4.2)
where fu,p, = 10 is the amplifier gain, Z = 50Q is the impedance, e is the charge of an electron and the
factor two accounts for the halving of the charge due to a 50 Q AC termination inside the PMT in addition to
the 50 Q termination in the CAEN N979 preamplifier shown in figure 3.

Each PMT was tested at five voltage steps, chosen to be roughly flat in gain. The gain values obtained
from the HV steps were fitted with
v \8
A= ( ) , 4.3)

Vopt

where V,; is the operating voltage that gives 107 gain and both V, pr and B are free parameters[5]. The
operating voltage required to give 107 gain was then calculated from the fit for each PMT and compared to
Hamamatsu’s nominal voltage for the same gain.

Features of a typical charge spectrum (figure 4) can be separated into charge response (signal) and
backgrounds. It has a pedestal peak, which consists of the noise inherent in a PMT when there is no signal
pulse, a single-photoelectron signal peak and other, multiple-photoelectron signal peaks. A valley region
between the pedestal and SPE peaks consists of events due to under-amplified signal and thermionic emission
(a source of dark noise) from the dynodes. The fitting regime developed for the purposes of these tests
is adapted from the method set out in [13]. The charge response has two contributions: the photoelectric
conversion at the photocathode and the amplification at the dynodes.

The photoelectric conversion is the convolution of a Poisson process and a binary process, which
represent the number of photons hitting the PMT and the photoelectric conversion respectively. The resulting
distribution is

ne—p
Pn.p) ==, (4.4)




where P(n, u) is the probability that n photoelectrons will be observed when the mean number of photoelec-
trons collected at the first dynode is u. If the amplification is at least four per stage (and preferably > 10),
then the photoelectron peaks can be approximated with Gaussian functions:

X 1 (x —nQspE)?
Glx) = _ , 45
) ,,Z:(:) ospeN2nn =P ( 2”‘TSPE ) R

where ospE is the width of the SPE distribution, x is the charge variable and Qspp is the SPE charge output.

When the amplification is low, which can be the case particularly at the first dynode, when the number
of photoelectrons is only 1 or 2, the Gaussian approximation does not hold and the single and multiple-
photoelectron Gaussians should be replaced with sums of Gaussians:

QsPE )m QQSPE

) SPE.2 2

QSPE 2 1 (x —mQspPE2)

G,(x) = . exp | — : , 4.6)
r;) m! ospe2N2mn sz'SPE 2

where m is the number of electrons produced at the first dynode, Qspg 2 is the charge output by a sin-
gle electron emitted from the first dynode and ospg > is the width of the distribution in the Gaussian
approximation.

The ideal PMT response is a convolution of the capture and photoelectric conversion with amplification:

Sideal(¥) = D P(n, 1)G (). @)

There are two distinct background distributions. Low-charge processes which occur in the absence of an
incident photon give rise to the pedestal, which has a Gaussian distribution. Low-gain events with an incident
photon, e.g. due to photoemission from the dynodes or photoelectrons which miss the first dynode, give
rise to the valley. This can be approximated by an exponential [13]. The backgrounds are the sum of these
processes:

B(x) = P(O, u) —— 0_0\/_ exp( x ) + Peoyxpf(x)a exp(—ax), (4.8)

where P(0, u) is the Poisson probability that zero photoelectrons are produced, oy is the width of the pedestal,
P.xp is the probability that the second type of background is present and « is the coefficient of the exponential

x<0 . . .
decrease of the valley. The condition 6 = { 0 ensures that there is an exponential component only if
x>

x> 0.
Finally, the total charge distribution is modelled as

Q(x) = P(0, ﬂ)G(x)ped + PexpEXpvar + Z P,Gr(x), 4.9)
n=0

where G .4 and G,, are the Gaussian fits to the pedestal and n-photoelectron peaks, the Poisson distributions
give the relative fractions of each peak and Exp,,; is the exponential fit to the valley. The third term is the
signal in equation (4.5) or equation (4.6) and the first two terms are B(x) in equation (4.8).

4.2 Gain calibration

The full fit model according to equation (4.9), with double-Gaussian fit to the pedestal, Gaussian approx-
imation to the single- and double-photoelectron peaks, and exponential approximation to the valley allows
a precise fit to the pedestal and SPE peak, which are key in the calculation of the SPE charge and thus in
the operating voltage determination. In some cases, the sum-of-Gaussians fit was used to improve the fit for
offline analysis.
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Figure 5: Example of the fits for the gain calibration. The full fit to the relative charge distribution (left)
shows a double-Gaussian fit to the pedestal (yellow), Gaussian approximations to the single-photoelectron
(blue) and double-photoelectron (green) peaks, and an exponential approximation (black) to the valley. The
fit to the gain curve (right) is achieved using five HV steps. Errors (not visible) on Q. values are between
0.1 and 2.0 mV ns Q and on the fit to the gain curve are < 0.0001 V

From initial tests, a parameterisation was developed to select, for each PMT, HV values uniformly
distributed in gain around the nominal operating voltage. The length and timing of the waveforms was found
to depend on the applied HV such that pulses arrived sooner and lasted for longer at higher applied voltages.
The timing variation is consistent with the expectation from the data sheet [4] that the transit time decreases
by around 12 ns from 1300 V to 2000 V. The start time and length of the integration window (section 3) was
chosen to account for this effect. Figure 5 shows a typical fit to the SPE distribution and a typical fit of five
voltage steps to extract the gain.

The value of « in equation (4.1) is dependent on the gain and the voltage applied. The mean value of
« was found to be 6.9, which agrees with a value of approximately 0.7 per stage - consistent with 107 gain
across 10 dynodes.

The results obtained are correlated with the Hamamatsu data sheet though with a factor 1.02 (~ 20 V)
offset (figure 6). This small difference may be due to the fact that the Hammatsu tests were made prior to the
attachment of the 80 m cable which will attenuate the signal.

All but one of the PMTs were found to achieve 107 gain at less than 2000 V. A single PMT had a
calculated operating voltage for 107 gain of 2003 V. Since all PMTs achieved the required gain at or very
close to the manufacturer’s recommended maximum HYV, they were deemed to be acceptable.

5 Peak to valley

The peak-to-valley, the ratio of the height of the SPE peak to the minimum of the charge spectrum between
the pedestal and SPE peak, characterises the signal-to-noise performance of the PMT. It is determined either
by fitting the full charge spectrum or by making local fits to the relevant regions. For simplicity, the second
method is adopted here using the data taken at the operating voltage which gives 107 gain, calculated using
the method described in section 4.

The method works as follows. A local peak finding algorithm, the ROOT class TSpectrum, is used
to identify the location of the pedestal and signal peaks. Based upon the results of this a local fit of a
parabola (Gaussian) is made to the valley (signal) regions respectively. Once the locations of the minimum
of the parabola and the maximum of the Gaussian are identified, the peak-to-valley ratio is straightforward
to calculate. By propagating the uncertainties on the fitted parameters and by taking repeated runs, the
uncertainty of the procedure is determined to be 0.01 to 0.02 (absolute uncertainty).
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Figure 6: Comparison of calculated operating voltages with Hamamatsu nominal voltages for 107 gain from
full fits to filtered histograms. The grey dashed line represents the maximum operating voltage of 2000 V.
The outlier has been put down to an error in the shipping data.

Figure 7 shows the peak-to-valley ratio determined by this method, compared to the value provided
on the Hamamatsu data sheet. Though there is a correlation between the measured peak-to-valley and the
expectation from the Hamamatsu data sheet, the measured values are smaller. For a few PMTs, the peak-to-
valley falls below 2, which might be considered as a reasonable criterion for rejection. Insight into the worse
peak-to-valley was gained by dividing the data according to the location of the PMT in the rig. From this
study, and also testing PMTs at different rig positions, it was determined that the orientation with respect to
the measured magnetic field in the lab could change the peak-to-valley ratio by up to ~0.5. Using magnetic
shielding, as will be the case in BUTTON, all PMTs should have a peak-to-valley value larger two. An
additional factor that was found to influence the measurement of the signal-to-valley is the PMT illumination,
and more specifically the spatial light distribution over the photocathode, reflecting the importance of the
electrical field that guides the photoelectron to the dynode chain. The diffuser resulted in values for the mean
number of photoelectrons across all four PMTs which were consistent with flat illumination at the 10% level,
however this may be different to the conditions of the Hamamatsu tests.

6 Dark count

The dark count rate can affect event reconstruction [14] so it is important to have a good understanding of the
dark rates of PMTs in the detector. The requirement was that the dark count rate should be less than 10 kHz.
The R7081 PMT data sheet [4] quotes a typical dark count after 24 hours storage in darkness of 8 kHz with
a lower-level discriminator set to a threshold equivalent to one quarter of the mean SPE signal amplitude.

Dark noise pulses were identified and counted during post-processing analysis of the saved data. The
tubes were biased at the calculated operating voltage in the dark tent for at least 18 hours prior to acquiring
the dark rate data.

A dark pulse is deemed to have occurred in the 220 ns waveform if a signal threshold of 10 mV is
exceeded. This is equivalent to ~0.25 of the mean SPE signal amplitude, calculated from the peak-to-valley
test data. The probability of multiple true dark pulses in a single waveform was assumed to be negligible.
Multiple pulses were treated as double-pulsing phenomena and a maximum of one dark pulse per waveform
was counted.

The Hamamatsu data sheet characteristics are quoted at 25° C. For the purposes of comparison, a
correction was made to the Hamamatsu nominal dark count rates to account for the difference in temperature
at which the data were taken for these tests using the scaling described in section 6.1.
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Figure 8: Results of the dark rate tests showing the distribution of measured dark rate distribution in 50 Hz
bins for all PMTs tested (left) and the measured dark rates compared to the Hamamatsu nominal dark rates
(right).

All tubes showed dark rates below the 10 kHz acceptance criterion with a mean value around 1.8 kHz.
For most PMTs, a good correlation with the Hamamatsu data is apparent though there are outliers in both
directions.

6.1 Dark Rate Temperature Sensitivity

If the dark count rate is dominated by thermionic emission, its rate should be strongly dependent on the
absolute temperature [15]. The behaviour of several tubes were measured in a climate chamber where the
temperature could be controlled. Figure 9 shows the measured dark rate versus temperature for one tube.
The plot suggests a temperature sensitivity of ~60 Hz K~! or 7% at 20°C and ~150 Hz K~ or 12% at 25°C.
These values are consistent with the value of 100 Hz K~ at 20 °C reported by the Double Chooz experiment
[5].

The dark rate due to thermionic emission is expected to vary with temperature, T, as T>/*exp (—ey /KT),
where e is the electric charge, K is the Boltzmann constant and ¢ is the work function of the photocathode
[16]. The data is found to be well described by this form, with a temperature-independent offset that accounts



for stray light and other non-thermal effects [12]. The fitted value of the work function of the measured tubes
was in the range 1.2-1.5 eV.
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Figure 9: Dark rate versus temperature for an R7081 tube. A fit to the form described in the text is
superimposed.

7 Summary

In this paper, testing of 87 PMTs for a gadolinium-loaded water-based Cherenkov detector has been described.
The PMT characteristics have been shown to agree with the Hamamatsu data sheet and previous tests. All
PMTs were functional and worked after transportation from Japan via the United States to the UK where
they were stored in the underground Boulby laboratory. The operating voltage to achieve 107 gain agrees
with the Hamamatsu measurements made prior the cable attachment at the level of 20 V. Measurements of
the peak-to-valley ratio were found to be generally lower than values given in the Hamamatsu data sheet and
number of PMTs were found to have a peak-to-valley below 2. The dark count measurements are reasonably
well correlated with, and in general lower than, the Hamamatsu nominal dark rates, except for three PMTs
with much higher dark rates than the values provided, although these were still within specifications.
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