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Abstract

A set of 35 photomultiplier tubes (ETL D730/9829Q), intended for use in the ZEPLIN III Dark Matter detector, was

tested from room temperature down to �100�C; with the aim of confirming their suitability for detecting xenon

scintillation light at 175 nm while immersed in the cryogenic liquid. A general improvement of both gain and quantum

efficiency at the xenon scintillation wavelength was observed with cooling, the best combined effect being 40%, while

little change was noted in the timing properties and dark current. Saturation of response due to accumulation of charge

in the resistive bialkali photocathodes was seen at an average photocurrent of 108 photoelectrons=s for the device with
best quantum efficiency, whereas an order of magnitude higher current was required to saturate the least sensitive one.

Variations in photocathode thickness from tube to tube could account for this behaviour, as well as the fact that the

quantum efficiency improves the most for devices with poorest efficiency at room temperature.

r 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Photomultiplier tubes (PMTs) are often the
preferred photon detector for experiments invol-
ving scintillation and/or electroluminescence in
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liquid xenon and other condensed noble gases.
This is the case for experiments being run or under
construction by the Boulby Dark Matter Colla-
boration. In particular, the ZEPLIN III detector
for Weakly Interacting Massive Particles (WIMPs)
will employ 31 2-in. PMTs to detect the vacuum
ultraviolet (VUV) scintillation from liquid and
gaseous xenon [1].
In liquid xenon systems, PMTs are usually

required to have a high quantum efficiency
ðQEB30%Þ; fast response ðB1 nsÞ; low dark
d.
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current, and the ability to operate at temperatures
of �100�C or below. Photomultipliers with bialk-
ali photocathodes are known to exhibit significant
loss of sensitivity at such low temperatures because
of the rapidly increasing photocathode resistivity
and the consequent charging brought about by
photoelectron emission (see [2–5] and references
therein). We describe studies of the low-tempera-
ture response of 35 PMTs (ETL D7303 [6]) for use
in the ZEPLIN III detector. Their photocathodes
have been specially provided with six metal strips,
or ‘fingers’, disposed radially, in order to decrease
the average resistance and extend the operating
temperature range. The D730 PMTs are otherwise
very similar to the parent model ETL 9829Q.
Previous tests investigating the low-temperature

behaviour of PMTs with bialkali photocathodes
revealed that some tubes show significant increase
in QE between room temperature and �100�C
when illuminated at xenon scintillation wave-
lengths ðE175 nmÞ before saturation sets in [4,5].
Increases by factors of up to 2.5 were observed for
some PMTs, while others, tested in the same setup,
exhibited little change. The QE is often enhanced
in the blue part of the spectrum upon cooling due
to a decrease in lattice scattering. However, the
significant change observed in the VUV for some
PMTs cannot be explained solely by this.
In light of these findings, it seemed wise to

calibrate the QE at low temperature prior to
assembling ZEPLIN III. In addition, the study of
35 PMTs, which had several specific selection
criteria required of the manufacturer, provided a
degree of statistical significance to their character-
isation that could reveal the origin of this
behaviour. This issue is addressed by the first set
of tests described in this paper, in which xenon
scintillation is used as the light source.
Another key aim of this work was to confirm the

cold operation of the PMTs at the light intensities
expected in ZEPLIN III, especially during calibra-
tion of the instrument using external radioactive
sources. Radioactivity from the PMTs themselves
is expected to deposit about 1 MeV=s in the active
3The D730 is a 2-inch photomultiplier based on model ETL

9829Q (quartz window, bialkali photocathode, 12 linear-

focused CuBe dynodes).
region, which should be the biggest source of
background for operation underground. Electro-
luminescence converts the corresponding ionisa-
tion charge into large numbers of VUV photons,
which we estimate to be o106=s=PMT: This is
comparable to the average photon rate produced
by the xenon scintillation cell used in these tests,
and it should not cause appreciable charging
effects. However, operation at the surface and
calibration with g-rays and neutrons will produce
much higher count rates, which can overwhelm the
PMTs. A green LED was used for those tests
requiring higher photon rates.
2. Experimental procedure

The VUV tests were carried out in a special
purpose vacuum cryostat, with the PMT illumi-
nated by a gaseous xenon scintillation cell. The
cryostat, shown in Fig. 1, offers several advantages
over tests relying on convection cooling. In
particular, it is easy to thermally decouple the
light source from the cold elements, the gas
intervening in the optical path is not a concern,
and the set-up requires little attention during
cooling. The cryostat consists of a vacuum vessel
and an inner cylindrical copper shell, which houses
the tube. A 70-cm long copper rod (the cold finger)
connects this holder to a sealed flange at the
bottom of the set-up, which is immersed in liquid
nitrogen to provide the cooling. The cryostat is
evacuated to o10�3 mbar by sorption pumps (the
system is oil-free). Typically, the PMT reaches
�100�C two hours after the bottom flange is
immersed in liquid nitrogen.
The temperature is measured with a thermo-

couple pressed against the side of the tube very
near the quartz window. Apart from the holder,
the main thermal inputs to the PMT are radiation
from the warm surroundings and the wiring to the
feedthrough connectors (the voltage divider is
located outside the cryostat). The heat introduced
through the wires is small compared to that carried
away by the holder, and from the latter to the cold
finger. As the envelope is made of thin glass, the
temperature along the PMT envelope should be
relatively uniform. We estimate that the tempera-
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Fig. 1. Vacuum cryostat. The field-of-view from the VUV source is indicated by the dotted line. The dashed line represents the field-of-

view defined by the cold stop.
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ture difference between opposite ends of the PMT
is no more than a couple of degrees.
Significant warming of the PMT window by

radiation from the warm surroundings is pre-
vented by the end-cap shown in the figure. The
30 mm cold-stop, which defines the aperture for
VUV radiation, illuminates a photocathode area
36 mm in diameter (60% of the sensitive area).
The resulting 25� field-of-view for ambient tem-
perature reduces the thermal loading considerably.
The temperature difference between the centre of
the window and the envelope can be estimated for
a disk of radius r and thickness h; illuminated with
a power p per unit area: DT ¼ pr2=4khC1�C;
where k is the thermal conductivity (B1 W=K=m
for quartz at �100�C).
The scintillation cell (not shown) is attached to

the right of the cryostat. It is made from stainless-
steel tubing, sealed with a 3-mm thick MgF2
window. After cleaning with organic solvents and
baking, it is pumped out to a few times
10�10 mbar; and then filled with ultra-pure xenon
at 3:3 bar: An 241Am a source mounted near the
rear flange produces scintillation photons at
approximately 175 nm: At this pressure, the range
for a particles is about 5 mm: The scintillation
yield is not observed to change with xenon
pressure or temperature near ambient conditions.
The cell is completely decoupled thermally from
the cold PMT holder, and remains at room
temperature throughout the test.
Despite its initial purity, the xenon gas becomes

progressively contaminated by causes such as
outgassing from the epoxy compound used to glue
the window. As a consequence, the light yield
decreases slowly with time. This effect was
monitored through periodic measurements with
the same PMT. It was found that the scintillation
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intensity decreased essentially linearly with time to
about one half of its initial value during the test
period, as shown in Fig. 2.
The PMT is biased positively using a voltage

divider designed to enhance pulse linearity (5R-R-
R-...-R-2R-2.5R-3.6R-5.7R). A voltage Vk�a ¼
2200 V ðVk�d1 ¼ 410 VÞ sets a gain of approxi-
mately 107: The divider network is located outside
the cryostat at room temperature. The anode
signal is amplified and shaped, and the pulse
height recorded with a multichannel analyser
(MCA). Fig. 3 shows a typical spectrum. The
single-electron response (SER) is monitored by
allowing a controllable amount of ambient light to
leak into the system. The VUV response is
measured by fitting a Gaussian curve to the main
peak. The number of photoelectrons (phe) is
calculated from the ratio of this VUV signal to
the SER peak. A small systematic error, of a
fraction of 1 phe; is inherent in this procedure due
to photoelectron statistics. However, this is diffi-
cult to correct due to the broadening of the pulse
height distribution by the intrinsic spread in a-
particle energies from the source.
The average number of incident photons per

scintillation pulse (of order 50) is calibrated using
the mean of the nominal quantum efficiencies at
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Fig. 2. Mean number of photoelectrons per a particle obtained
with the same PMT as a function of time. The data are well

fitted by a linear dependence with a slope of �ð0:16370:009Þ
phe/day.
175 nm provided by ETL for each PMT, together
with the established decrease in signal of
0:88 photons=day: The efficiency is then recalcu-
lated for each tube. Fig. 4 indicates the relative
difference between the new and nominal values.
The figure confirms that the decrease in light yield
over time is well parameterised. The width of the
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Fig. 4. QE re-calibration at 175 nm for all PMTs, corrected for

xenon contamination, plotted as a function of time elapsed

from filling of the cell with pure xenon.
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distribution is consistent with the accuracy quoted
by the manufacturer for their calibration. It should
be noted that this uncertainty does not take into
account systematic errors inherent in the ETL
calibration, and those due to differences between
the calibration waveband and the scintillation
spectrum of gaseous xenon.
For saturation tests, the xenon cell was replaced

by a green LED operated in pulsed mode. The
LED illuminated an area of the photocathode
42 mm in diameter, producing B5000 phe per
pulse (B1 ms wide). The photon flux was varied by
changing the pulse repetition rate. The photo-
current was calibrated against the SER as de-
scribed previously.
3. Results

3.1. VUV measurements

The temperature dependence of the response to
xenon scintillation is shown in Fig. 5 for the PMT
with lowest QE at 175 nm (18%). Measurements
of this tube were taken during both cooling and re-
warming of the cryostat. The signal increased
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Fig. 5. Cooling test with 175 nm xenon scintillation light.

Continuous lines represent the response during cooling, dotted

lines refer to the subsequent warming period.
approximately 35% between room temperature
and �100�C; recovering the original gain and
sensitivity after warming up. It is apparent that the
behaviour observed during cooling is not exactly
retraced during warming. This hysteresis effect can
be traced to gain (SER) variations, and is probably
due to the poor thermal conductance between the
dynode structures and the glass envelope. The
photocathode thermalises more quickly, so the QE
curves overlap. The quantum efficiency at 175 nm
increases linearly by 20% between room tempera-
ture and �100�C:
Similar behaviour was observed in the majority

of the tests: an increase in response was seen for all
but 3 tubes. Of these, two showed an increase in
QE despite small decreases in overall response with
cooling. Only one exhibited a decrease in QE as
well as gain. The response of some PMTs was
observed to peak before �100�C; and then to
decrease by this temperature. This effect was
attributed to changes in gain rather than quantum
efficiency. Several tubes were checked after warm
up, and observed to recover the original room
temperature characteristics to within about 5%.
Overall, the sample showed a wide variation in

temperature-induced changes in gain, ranging
from �5% to +25%. This may be partly explained
by the fact that the dynode chain may not have
fully thermalised with the tube envelope, even
though Fig. 5 suggests that this effect is not severe
near �100�C; which is relatively close to the
minimum temperature reached in this cryostat
ð�120�CÞ: Also, as we have stated, the gain of
some tubes peaks above �100�C whilst others
show a monotonic increase down to at least that
temperature. Nevertheless, all but 3 PMTs showed
a net increase in gain with cooling, suggesting that
the CuBe dynodes have a negative temperature
coefficient for secondary electron emission down
to a temperature of the order of �100�C:
Cooling affects the QE at 175 nm of all PMTs in

the sample. Fig. 6 shows the relative change
observed between room temperature and
�100�C; plotted as a function of the QE measured
by us at room temperature. It is clear that tubes
with poorest QE tend to improve most with
cooling (+20%), while the best ones show only a
moderate increase (+5%). However, this effect
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does not dominate over the initial QE selection.
The tubes represented by the empty squares were
tested twice, and the results were confirmed within
errors. The line shown in the figure is a power-law
fit to the data (excluding those two points), which
is motivated by a simple model described in
Section 4.

3.2. Measurements with green LED

These measurements were intended mainly to
establish the saturation photocurrent, and its
dependence on temperature and applied voltage.
Three tubes were tested: two D730—those with
lowest and highest QE out of the 35 (18.3% and
32.3%, denoted as #1 and #2, respectively)—and
one ETL 9829QA (23%), which is the parent
model for the D730 (without the photocathode
fingers).
The response to the pulsed green LED showed a

9% decrease in QE between room temperature and
�100�C: This behaviour, which reflects the shift of
the sensitivity curve towards shorter wavelengths,
is common in bialkali photocathodes, and was not
explored further.
The photocathode saturation curves, shown in

Fig. 7, were measured in the following way. Upon
reaching its equilibrium temperature at �120�C;
the cryostat is allowed to warm up slowly. The
repetition rate of the LED is then increased until
the signal amplitude decreases by 50% relative to
its original value at low rate. The procedure is
repeated every 1–2 degrees for applied voltages of
1600 V ðVk�d1 ¼ 300 VÞ and 2200 V ðVk�d1 ¼
410 VÞ until, eventually, pile up of the pulses sets
on before saturation can be observed. The
saturated signal is relatively stable during the
measurement and the response recovers fully
once the light intensity is decreased. A recovery
time constant of a few seconds is observed for the
D730 tubes, and of a few tens of seconds for the
9829Q.
Fig. 7 reveals an exponential variation of the

saturation current with temperature, a trend due
to the well-known exponential increase in resistiv-
ity of bialkali photocathodes upon cooling. The
data also indicate that larger average photocur-
rents can be tolerated with higher bias voltages, as
more charge must accumulate to counteract the
extraction field. It is less clear why the D730
photocathodes, which have metal fingers, saturate
more easily than the 9829Q tested, although they
recover more quickly than the latter. It is also
worth stressing that the tube with lowest QE
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(D730 #1) saturates at a higher average current
than the best one (D730 #2).

3.3. Timing response and dark current

Time constant analysis of the prompt liquid-
xenon scintillation signal could be a valuable
complementary technique in ZEPLIN III to
discriminate between different interacting particle
species. Scintillation decay times in the range of 3
to 45 ns can be observed in liquid xenon depending
on the electric field strength and the type of
interaction (electron or nuclear recoil). A degrada-
tion of the timing performance has been observed
at high VUV photon rates for an ETL 9829Q PMT
in our double-phase xenon prototype detector (a
description of this system can be found in [7]). This
manifested itself in a noticeable increase in rise
time at �100�C: The timing performance of the
ZEPLIN III tubes does not change significantly at
low temperatures for photon rates too low to cause
saturation. The rise and decay times for single
photoelectrons ðE3 nsÞ remain unchanged be-
tween room temperature and �100�C; as does
the fast rise time of the scintillation signal obtained
with the xenon cell described previously. More
investigation is required for the case of significant
charge accumulation in the photocathode. This
was not pursued for lack of a suitably fast source.
Dark current is also a concern in a detector such

as ZEPLIN III, in which very small prompt
scintillations must be identified in the history of
a larger electroluminescence signal. PMT D730 #1
was stored in the dark for two weeks, and biased
one day before cooling. At room temperature,
B20 counts=s were measured above 0:3 phe;
which is almost one order of magnitude less than
the value quoted by the manufacturer. Cooling to
�100�C reduced the dark count rate by only 25%.
4. Discussion

The temperature coefficients found in our tests
are in good agreement with those indicated by the
manufacturer [8]: �0:17%=�C is quoted for the QE
in the blue, which is consistent with our observa-
tions at 175 nm; and þ0:05%=�C for green
wavelengths also agrees with our LED data. The
value �0:2%=�C quoted for the gain of CuBe
dynodes is also consistent with our measurements.
Improved VUV response from cooling down to

liquid xenon temperatures has been reported
previously for different PMTs [4,5]. However, the
biggest increase in overall response between room
temperature and �100�C in our sample was 40%,
which is much smaller than, for example, the
130% seen for a similar PMT (EMI 9750Q) in
those previous studies. Several PMT models were
tested in the same set-up, using two experimental
techniques, and no explanation could be found for
the markedly different behaviour seen for tubes
from different manufacturers.
We propose that variations of photocathode

thickness for different PMTs in our sample can
explain some of the trends observed in the present
study, namely, the different average photocurrents
required to saturate the photocathodes (Fig. 7)
and the distribution of changes in QE (Fig. 6).
The mean escape depth for photoelectrons

decreases with energy below a few tens of eV in
most solids (see, for example, Ref. [9]). As
photocathode thicknesses are usually tuned to
maximise response for visible light, higher-energy
photoelectrons will have more difficulty escaping.
Therefore, thinner (i.e. more resistive) photo-
cathodes should provide better sensitivity to xenon
scintillation ð7 eVÞ; which could explain why they
also saturate more easily.
The diffusion of photoelectrons towards the

photocathode surface is hindered by scattering
with, among others, lattice phonons. This is one of
the most temperature-sensitive process of the
photoemission mechanism. The enhancement of
the QE towards the blue part of the spectrum with
cooling has long been attributed to a reduction in
lattice scattering [10]. To estimate how such a
decrease can affect photoemission, we consider a
simple model for a photocathode of thickness t:
Photons, entering from one side, are absorbed
with attenuation length L: The photoelectrons
thus produced can escape from the opposite side,
with a probability which decreases exponentially
away from the vaccum interface, characterised by
a mean escape depth D; multiplied by an extrac-
tion efficiency Zex: For an opaque layer ðL5tÞ;
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which is a reasonable assumption for VUV
photons, QEðtÞ ¼ Zex expð�t=DÞ – i.e. thinner
photocathodes have higher sensitivity. The
variation D ¼ ðQE1 �QE0Þ=QE0; caused by a
corresponding change in D; is given by:

D ¼
QE0
Zex

� �D0=D1�1

�1: ð1Þ

This equation predicts that photocathodes with
higher QE improve less with an increase in D than
poorer ones. A least squares fit to the data, also
shown in Fig. 6, results in the parameters Z ¼
0:4470:05 and D1=D0 ¼ 1:2270:05: Although
further experimental work is required to confirm
this model, the values found for the extraction
efficiency and increase in mean escape depth do
appear sensible.
The relatively small decrease observed in dark

current with cooling of the PMT can also be partly
explained by this effect. Many dark counts are
due to internal radioactivity and cosmic rays
causing Cherenkov emission in the quartz
window, and not many are thermally generated
in the best bialkali photocathodes. Cooling re-
duces this thermionic component, but it also
enhances photoelectron emission due to reduced
scattering.
Concerning the signal saturation from accumu-

lation of charge in the photocathode, it is apparent
that the inclusion of metal fingers has not led to an
increase in the maximum photocurrent allowed.
Nevertheless, these metallisations do provide
quicker recovery times from saturation: the
discharge is several times faster in the D730 than
in the parent PMT. An accurate analysis of this
effect is not straightforward, owing to the compli-
cated shape of the electric field at the photo-
cathode. This is not only determined by the
extraction field and the accumulated charge, but
also by the metal fingers as well as by field
penetration effects through the nearly-dielectric
photocathode.
The background generated by PMT radioactiv-

ity is expected to dominate the overall count rate
in the underground operation of ZEPLIN III. A
figure of B100 000 g-rays/day/PMT, resulting
from our radioactivity measurements, can produce
up to B2� 105 phe=s in each tube. This value is
small compared to the saturation photocurrents
given in Fig. 7. However, calibration with external
radioactive sources can lead to far higher photon
rates. A limit of 5� 107 phe=s; low enough to
prevent noticeable saturation at �100�C; sets a
maximum energy deposition rate of the order of
350 MeV=s in the active region of the detector.
This is considered sufficiently large to allow a
speedy calibration.
5. Conclusions

We have described the test at low temperature of
a set of 35 ETL D730 PMTs intended for use in the
ZEPLIN III WIMP detector. The PMTs were
shown to operate well at �100�C for average
photocurrents of up to 108 phe=s: Most PMTs
exhibited an increase in gain and in quantum
efficiency at 175 nm with decreasing temperature,
and recovered the initial room temperature per-
formance after warming.
Cooling to liquid xenon temperatures produces

an average 10% increase in QE at 175 nm:
Individually, PMTs with lower QE at room
temperature improve most when cooled. The
changes in multiplication gain are less predictable
from tube to tube, although a tendency is seen for
improvement. Only three tubes had a decrease in
their gain, and only one of these showed a
simultaneous decrease in QE. Cooling did not
affect very significantly the timing properties or
the dark current.
Saturation of the photocathode response was

observed for two D730 tubes (with metal
fingers evaporated behind the photocathode) and
found to occur at lower photon rates than
for a similar PMT model without the metallisa-
tions. Notably, the tube with best QE in the
sample saturated more easily than the one with
worst QE.
Variations in photocathode thickness in the

sample can account for these results. A simple
model based on an increasing mean escape depth
with decreasing temperature in photocathodes of
different thicknesses has been proposed to explain
the behaviour of the QE at 175 nm:
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