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The design, optimisation and construction of an anti-coincidence veto detector to complement the
ZEPLIN-III direct dark matter search instrument is described. One tonne of plastic scintillator
is arranged into 52 bars individually read out by photomultipliers and coupled to a gadolinium-
loaded passive polypropylene shield. Particular attention has been paid to radiological content.
The overall aim has been to achieve a veto detector of low threshold and high efficiency without the
creation of additional background in ZEPLIN-III, all at a reasonable cost. Extensive experimental
measurements of the components have been made, including radioactivity levels and performance
characteristics. These have been used to inform a complete end-to-end Monte Carlo simulation that
has then been used to calculate the expected performance of the new instrument, both operating
alone and as an anti-coincidence detector for ZEPLIN-III. The veto device will be capable of re-
jecting over 65% of coincident nuclear recoil events from neutron background in the energy range of
interest in ZEPLIN-III. This will reduce the background in ZEPLIN-III from ~0.4 to ~0.14 events
per year in the WIMP acceptance region, a significant factor in the event of a non-zero observation.
Furthermore, in addition to providing valuable diagnostic capabilities, the veto is capable of tag-
ging over 15% for y-ray rejection, all whilst contributing no significant additional background. In
conjunction with the replacement of the internal ZEPLIN-III photomultiplier array, the new veto
is expected to improve significantly the sensitivity of the ZEPLIN-III instrument to dark matter,
allowing spin independent WIMP-nucleon cross sections below 10~2 pb to be probed.

PACS numbers: 14.80.Ly; 21.60.Ka; 29.40.Mc; 95.35.+d

I. INTRODUCTION

0.1 events/kg/day, and with energy depositions of the

ZEPLIN-IIT |1, 2] is a two-phase (liquid/gas) xenon de-
tector developed to observe low energy nuclear recoils
resulting from the elastic scattering of galactic weakly
interacting massive particles (WIMPs) [3]. A key fea-
ture of ZEPLIN-III is the ability to discriminate be-
tween incident particle species for each event by recording
both vacuum ultraviolet scintillation light and electrolu-
minescence from ionisation of the xenon target [4, 15].
The ratio in signal strength from these channels differs
for electron and for nuclear recoil interactions, allowing
the efficient rejection of most background events. How-
ever, in the absence of an electromagnetic interaction,
weak and strong elastic scattering events appear iden-
tical, making the rejection of single scatter background
neutron events difficult [6-8]. Additionally, even with
good discrimination, for large exposures a small fraction
of electron-recoil events can be misidentified as nuclear
recoils. With predicted WIMP event rates of less than
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order of 10 keV, dark matter detectors such as ZEPLIN-
IIT must reduce the number of background events, espe-
cially due to neutrons, by a very large factor. Typically
this is achieved through the use of high purity compo-
nents of low radionuclide content, hydrocarbon and lead
shielding external to the detector to attenuate and mod-
erate neutrons and y-rays originating in the local environ-
ment, as well as the operation of the detector at a site
with large rock overburden to reduce the cosmic muon
flux. Having been manufactured from low background
components such as oxygen free copper, shielded with
30 cm of high density polypropylene and lead, and sit-
uated at the Boulby Underground Laboratory, UK, the
background event rate of ZEPLIN-III is already greatly
reduced. Sensitivity to spin-independent WIMP-nucleon
cross sections as low as 8.1x1078 pb for a WIMP mass
of 55 GeV/c? has been demonstrated [9], as well as a
spin-dependent WIMP-neutron cross section as low as
1.8x1072 pb [10]. However, to improve the sensitivity of
the device further, ZEPLIN-III is being retrofitted with
an active veto detector. Since WIMPs are highly unlikely
to interact within a detector system twice, any event do-
ing so may be discarded. Following this upgrade, the
predicted combined background event rate in ZEPLIN-
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IIT translates into much less than one count within the
WIMP acceptance region for a one year dataset. The
implementation of this veto system, in conjunction with
new custom-built ultra-low background photomultiplier
tubes (PMTs), will allow ZEPLIN-III to probe spin inde-
pendent WIMP-nucleon cross sections below the 108 pb
level.

Experimental measurements have been made of the
individual performance and radiological content of all
components. These results have been fed into an end-
to-end Monte Carlo simulation of the ZEPLIN-III in-
strument [2], coupled with the entire veto detector array
located in the Boulby mine, to evaluate the overall perfor-
mance. An iterative process has been followed in which,
with the geometry of the scintillator defined, alternative
additional components and light collection efficiency were
evaluated, informed by further experimental data where
necessary.

In the following sections we first describe the general
design of the veto. We then provide details of the mea-
surements of the radioactivity content of the components,
the performance of components, and the optimisation
process. Finally we provide results from the evaluation
of the predicted overall performance of the veto.

II. OVERALL DESIGN

Figures [l and 2] depict schematically the veto system,
while Table [[] presents key parameters of the overall
system and its components. It consists of 52 individ-
ual bars of plastic scintillator arranged so as to provide
>3 st coverage around ZEPLIN-III. Thirty-two bars are
100 cm long, 15 cm thick parallelepipeds with trapezoidal
cross section, that form a closed ring of outer diameter
160 cm (the ‘barrel’). These are arranged to stand on a
continuous 30 cm thick base piece of passive polypropy-
lene shielding. A single 3-inch PMT is optically coupled
to one end of each bar. PMTs are a likely significant
source of background radioactivity. As such they are po-
sitioned on the lower face of the scintillator bars, in re-
cessed holes in the base piece, thus keeping them farther
from the ZEPLIN-III xenon target.

Between the scintillator and the ZEPLIN-III instru-
ment are positioned 32 pieces of 15 cm thick gadolinium
(Gd) loaded polypropylene forming a barrel of outer di-
ameter 130 cm. The scintillator and polypropylene bar-
rels are rotated with respect to one another to ensure no
line-of-sight gaps to the detector. Polypropylene has been
chosen because of its high hydrogen content, machinebil-
ity, and low radioactivity ﬂl__ll] For ease of manufacture
the gadolinium is added to the polypropylene in the form
of 10 pum Gd2O3 powder mixed in to Rutherford Type 71
epoxy [12]. This mixture is set within 2 mm wide, 10 mm
pitch vertical slots throughout the polypropylene. Monte
Carlo simulations and experimental tests indicate that
for neutron capture there is negligible difference between
a uniform distribution and a discrete pattern, provided

FIG. 1: Three dimensional rendering of the ZEPLIN-III veto
detector, showing only the plastic scintillator bars with at-
tached PMTs. The diameter of the barrel is 160 cm

that the pitch of the slots does not exceed ~15 mm (see
section [V.(J below). The polypropylene and the scintil-
lator parallelepiped bars are secured together to provide
mechanical stability. Monte Carlo simulations have also
been employed to confirm that mm-sized voids between
or within attached standing scintillator modules result in
neither a significant loss in neutron detection efficiency
nor increased exposure to background for ZEPLIN-III
(see section [V E] below).

A 15 cm thick, 115 cm diameter disc of gadolinium-
loaded polypropylene forms a roof piece, with the remain-
ing 20 plastic scintillator bars resting on it to form a roof
that extends over the full diameter of the barrel mod-
ules, as shown in Figure [l A single PMT is optically
coupled to the outer end of each roof bar, again main-
taining maximum distance between veto PMTs and the
xenon target. The combined thickness of the passive and
active hydrocarbon shielding is 30 cm, the same used in
the first ZEPLIN-III science run ﬂQ] The veto system is
itself enclosed within the existing 20 cm thick Pb shield-
ing of the ZEPLIN-III instrument (see Figure [2)).

The geometry described above provides active rejec-
tion of background as follows. Firstly, neutrons enter-
ing the hydrocarbon shielding are efficiently moderated
to thermal energies, mostly via H scattering, and un-
dergo radiative capture predominantly on °7Gd (natu-
ral abundance 15.7%) which has an extraordinarily high
capture cross section of 2.4x10° barns ﬂﬂ] The level
of gadolinium loading required was explored and is de-
scribed in section [V'C| where a value of at least 0.5% by
weight, averaged over the polypropylene, is determined.
The neutron capture is accompanied with the emission



FIG. 2: Cross-sectional view of the ZEPLIN-III experiment
in its second science run configuration. In the centre is the
ZEPLIN-III detector (labelled A) showing the copper vacuum
vessel enclosing the xenon target and the LN2 vessel below it.
Forming a barrel around ZEPLIN-III are the 32 Gd-loaded
polypropylene pieces and roof plug (labelled B and hatched).
Surrounding these are the active scintillator modules (C) with
PMTs housed in cups and recessed into the lower polypropy-
lene structure. The 20 roof modules of scintillator (D) rest on
the roof plug. The lower polypropylene structure (E) contains
no Gd and rests on a copper and a lead base (F). Finally, the
lead castle (G) envelopes the entire assembly.

of typically 3—4 ~-rays of energy totalling ~8 MeV, and
at a loading of 0.5% these are emitted with a mean de-
lay of 35 us from the time the neutron enters the loaded
material. This is advantageous over a pure hydrocarbon
system where radiative capture would occur after much
longer periods of time and would lead to the release of a
single 2.2 MeV ~y-ray. Thus, with the gadolinium-loaded
components located within the plastic scintillators, there
is a very high probability of recording at least one sig-
nificant energy deposition. Such a design exposes the
scintillator to an increased rate of neutron background
from the environment relative to ZEPLIN-III, thereby
reducing diagnostic capability, but greatly increases the
efficiency as an anti-coincidence detector for WIMP-like
neutron recoils in ZEPLIN-III — the primary function of
the device. In the default mode of operation, data acqui-
sition for the veto will be triggered predominantly by en-
ergy deposition in ZEPLIN-III, with event-by-event veto
waveforms recording for 20 us before and 300 us after-
wards, allowing for offline searching of coincidences. Sim-
ilarly, y-ray emission, directly from components within
ZEPLIN-IIT or otherwise, can lead to energy deposition
in the scintillator. This allows coincident background
events within ZEPLIN-III, predominantly from Comp-

TABLE I: Key parameters of the ZEPLIN-III veto.

Total mass 2323 kg
Plastic scintillator UPS 923 A
Mass of plastic scintillator 1057 kg

Number of bars 52
Typical Bulk Attenuation Length 160 cm

756 kg
10 mm, 2 mm
Rutherford Mix 71
0.125 m®
>2.7% (w/w)
>0.5% (w/w)

Mass of Gd loaded polypropylene
Slit pitch and width

Epoxy type

Volume of epoxy

Gd203 loading of epoxy

Average Gd loading of polypropylene

Mass of polypropylene base 510 kg

PMT type ETEL 9302KB
Number of PMTs 52
Typical PMT QE at 420 nm 27%

CAEN-1724 ADCs
100 ns
-20 to +300 us

Data Acquisition
Waveform digitisation
Waveform duration

1

Contribution to ZEPLIN-III <0.01 neutrons yr~

<1000 ~-rays yr—*

Neutron tagging efficiency >65%
~-ray tagging efficiency >15%
Mean neutron capture time 35 us
Effective threshold <135 keV

ton scattering, to be identified. In addition to operating
as an active veto, this device will provide significant diag-
nostic capability for ZEPLIN-III, using independent trig-
gering and providing a measurement of cosmic-ray muon
fluxes, enhanced calibration capabilities and, by being a
large volume low threshold device, permitting indepen-
dent measurements of the neutron and ~y-ray background
environment in the laboratory around ZEPLIN-III.

The veto design has several further advantages. Unlike
with a liquid scintillator, where there is a possibility of
leaks developing, the plastic veto scintillator bars are less
of a chemical and fire hazard. Additionally, the modular
design structure means that individual modules can eas-
ily be removed and repaired or modified if required with-
out disturbing the remaining detectors or systems. As
a diagnostic device, since signals generated in the veto
are highly unlikely to appear in more than a few mod-
ules, a degree of directional reconstruction is possible,
especially for cosmic-rays. Thirdly, with the scintillator
on the outside of the polypropylene, the veto has the
ability to run in several modes simultaneously, with, for
example, continuous recording of background as well as
timelines where ZEPLIN-III has triggered, regardless of
whether the veto has detected an event. Finally, the re-
sponse of the entire system can be modelled accurately
by incorporating the measured performance of each unit
into a simulation, as opposed to the use of global param-



eters applied across a large volume and mass.

IIT. RADIOLOGICAL CONTENT OF
COMPONENTS

At a vertical depth of 1070 m (2850 m water-equivalent
shielding), the cosmic ray muon flux is reduced by a fac-
tor of ~106 to a level of (3.7940.15)x 10~ muons cm ™2
s~! [14]. The resultant neutrons from cosmic ray muon
spallation and secondary cascades lead to a neutron scat-
tering rate in ZEPLIN-IIT of <1 event/year for a nuclear
recoil energy above 10 keV within the central 8 kg of
xenon [15, [16]. Thus, the most important background
that must be considered comes from the local environ-
ment of the laboratory and the instruments themselves.
Consequently, all components proposed for use in the
veto have been assayed for their radiological content. The
main contributions come from radioisotopes along the U
and Th decay chains, which produce background neu-
trons via (a,n) reactions on other materials and from
spontaneous fission, as well as numerous y-rays. The (-
decay of “°K, which contaminates natural potassium at
100 ppm concentrations, generates 1.461 MeV v-rays. To
assess the overall neutron and y-ray environment that the
instruments will be exposed to, additional measurements
of many other components have also been considered, for
example the ZEPLIN-IIT instrument PMTs and the cav-
ern rock. Two principal methods have been employed to
determine the radioactivity content of components.

A. Direct y-ray measurements

Direct measurements of the ~y-ray emission from can-
didate components has been made using a high purity
germanium (HPGe) detector located in a dedicated low
background counting facility at the Boulby mine. The
HPGe detector head was encased in an inner copper and
outer lead castle leaving a (30 cm)? test cell. The am-
bient y-ray flux experienced by the HPGe detector in
the absence of a test sample was then assessed through
a week-long background run. A sample of material was
placed close to the head and further data accrued over
a period of several days. An example for a background-
subtracted sample spectrum is shown in Figure Bl re-
vealing photopeaks at energies corresponding to known
~-ray emissions from U and Th chains and from K as
well as other dominant lines of interest. To assess the
quantity of an isotope that must have been present in or-
der to generate the measured excess in the background-
subtracted spectrum, secular equilibrium was assumed
and a GEANT4 [17] Monte Carlo simulation of the low
background counting setup performed. Each simulation
was individually tailored to the geometry of the sample
being tested. Sensitivities at the level of 0.1 ppb for U
and Th, and 0.1 ppm for K were achieved using this tech-
nique. The conversion between ~y-rays emitted from an

TABLE II: Radiological content with statistical uncertainties
where appropriate of veto components as assayed either by
direct observation of y-ray emission (HPGe) or through mass
spectroscopy techniques (ICP-MS/OES). See text for further
details.

Component Mass, kg Radiological content

U (ppb) Th (ppb) K (ppm)

HPGe measurements

Plastic scintillator 1057.0 0.2+0.3 0.1+£0.7 0.2%+0.6
PTFE inner wrap 8.9 1.3+0.2 0.2+0.5 1.2+04
Silicone 0.1 2.9+04 0.5+0.8 5.7+1.1
PTFE tape 3.1 32413 6.1£1.1 3.9£1.0
Veto PMTs 6.2 38.0+0.8 21.1+1.2 65.5+2.4
PMT preamplifiers 0.7 8.44+1.7 13.24+2.2 10.1£1.7
PMT base 5.5 12.74+1.4 14.842.4 20.2+2.4
Epoxy 70.0 2.54£0.6 0.9+£0.3 0.6+0.1
Gd oxide 8.0 0.9+0.1 1.240.3 1.7+1.1
ICP-MS/OES

Copper tape 26.0 1.940.2 2.94+0.4 14.04+2.0
PTFE inner wrap 8.8 2.0£1.0 5.0£1.0 <4
Veto PMTs 6.2 30.2+2.2 30.0+£3.7 60+2.2
PMT preamplifiers 0.7 10.3+0.5 29.743.2 2443.7
PMT base 5.5 13+3.4 19+£2.0 21+£3.0
Polypropylene 510 <1 <1 <5
PMT mounting 15.8 30+7.8 <10 <10
Cabling 30.2  110+5.4 2043.2 2947.3
Connectors 2.1 <10 <10 <4
Optical gel 0.3 <1 <1 <1
Gd oxide 8.0 2.5+0.5 3.4%+0.7 <4

isotope and the source contamination level is given using
the following ~-ray yields per kg-day: 2310 ~-rays/ppb
U, 958 ~-rays/ppb Th and 285 v-rays/ppm K. A sum-
mary of the activity levels found is presented in Table [T}
together with the total mass of each component used in
the construction.

B. Mass spectrometry measurements

To supplement some of the v-ray measurements, and
to provide a cross check of their accuracy, a subset of
components was measured using different techniques at
the Geosciences Advisory Unit (GAU-Radioanalytical)
at the University of Southampton. Samples were dis-
solved and subsequently diluted in 2% HNOj3. Activ-
ity due to 232Th, 23°U and 238U was measured using
an inductively-coupled plasma mass spectrometer (ICP—
MS), while potassium content was assessed using an
inductively-coupled plasma optical emission spectrome-
ter (ICP-OES). A calibration 23¢U recovery tracer was
added. The results from this process are also presented in
Table [[Il Differences arise due to the assumption of sec-
ular equilibrium used to infer contamination levels in the
direct y-ray measurements, as opposed to the direct mea-
surement of atoms using mass-spectroscopy. In all cases,
upper limits from either set of measurements (HPGe or
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FIG. 3: Illustrative spectra from the underground HPGe de-
tector. In this case the sample being measured was a col-
lection of three PMTs, positioned close to the HPGe de-
tector head. Shown is a background-subtracted exposure of
160 hours duration. The energies of y-ray lines of interest are
indicated.

ICP-MS/OES) have been used as inputs for simulations,
described in Section [Vl performed to assess the impact
of radiological contamination in the veto components on
ZEPLIN-IIT as well as in the veto itself.

IV. PERFORMANCE OF COMPONENTS

The overall capability of the veto relies on the perfor-
mance of individual components as well as on the ge-
ometry and methodology in which they are used. In
this section we report on the technical performance of
key components: the PMTs, the plastic scintillator, the
front-end electronics and the data acquisition system.

A. Photomultipliers

The PMTs used are model 9302KB from ET Enterprises
Ltd (ETEL). These are 78 mm diameter window de-
vices with bialkali photocathode and 9 dynode stages.
Their envelopes are manufactured from low background
glass, with manufacturer-quoted contamination levels of
30 ppb U, 30 ppb Th and 60 ppm K. As described in Sec-
tion[[TTA] experimentally measured values using a HPGe
detector in a low background environment confirm these
levels.

Voltage divider networks (ETL C647BFN2-01) were
fitted to low background B14A bases supplied by ETEL,
with U, Th and K contamination levels measured to be
consistent with, or lower than, the manufacturer stated
values of 13 ppb, 19 ppb and 21 ppm, respectively. To
amplify the small signals from low energy events and to
impedance-match the output of the PMT to the data
acquisition digitisers, pre-amplifiers have been designed
and manufactured that give a gain of ~10. The preampli-
fiers are tooled onto surface mount printed circuit boards
made from light-weight low-background single-sided resin
bonded paper. The PMTs and their bases (including the
voltage divider network and the preamplifier board) are
secured within a PVC cylinder which is itself chemically
bonded directly to the scintillator. Springs mounted in
the cylinder cap provide support for the PMT, pushing
it into contact with the scintillator surface via BC-630
optical coupling grease. The PMTs are operated with
negative bias supplied by Lecroy 1443NF boards within
a Lecroy 1440 HV high voltage system. All power supply
and signal cabling for the photocathode-anode (k-a) HV,
pre-amplifier power, and signal output, has been manu-
factured to order with minimal radiological contamina-
tion.

Single photoelectron (SPE) integrated pulse height
spectra from dark thermionic emission have been ob-
tained for each PMT, an example of which is shown in
Figure Bl The average dark count rate is found to be
approximately 300 Hz. By design, the 10 MHz sam-
pling frequency of the data acquisition is sufficient for
good recovery of SPE signals, allowing these to be used
routinely for relative gain characterisation. These spec-
tra were taken with no scintillator or other light sources
present. For these measurements a single reference PMT
was used assuring environmental and electrical unifor-
mity across tests, with both the reference and test PMT
housed in a light-tight box. The bias voltage of the test
PMT was varied until the spectral peak position observed
from single photoelectron emission from the photocath-
ode was matched to that of the reference PMT. This was
repeated for all PMTs.

With PMT bias voltages adjusted to yield normalised
SPE spectra, the quantum efficiency (QE) and gain of
each PMT was calibrated. This was performed by illu-
minating the test PMT photocathode with a blue LED
to stimulate emission from the photocathode. The num-
ber of photoelectrons observed was then calculated using
two different methods.

In the first method, a statistical approach is adopted
where the number of photoelectrons detected is deter-
mined from the width of the distribution generated. The
width of the peak seen from the LED is dominated by
the Poissonian statistics of the photoelectron emission,
i.e. 0 =m/v/N where o is the measured standard devi-
ation, m is the centroid of the peak, and N is the mean
number of photoelectrons emitted for events in the peak.
This will underestimate the total number of photoelec-
trons from a PMT, since it does not account for addi-
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FIG. 4: A typical single photoelectron spectrum (solid line),
with a partial Gaussian fit to the peak (dashed line), obtained
from a PMT in the absence of a light source and with no
plastic scintillator attached.

tional contributions to o, the most important being the
width of the SPE spectrum itself. However, as was the
case here, this can be mitigated somewhat by generating
a large number of photoelectrons such that the width of
the distribution is much greater than the width of the
SPE spectrum.

The second and more traditional method is to calculate
the number of detected photoelectrons by simply divid-
ing the peak position of the LED spectrum by that ob-
tained from the single photoelectron response from dark
spontaneous emission. The measured response was then
normalised to absolute QE when 3 out of the 52 PMTs
were absolutely calibrated at ETEL. The distribution of
QEs, as plotted in Figure Bl shows good agreement be-
tween both methods used for estimating the number of
photoelectrons. The gain normalised measurements con-
firmed the relative QEs between PMTs for sensitivities
of 50 A/lm and 200 A/lm as quoted by the manufac-
turer. The mean QE at 360 nm is 30.1% and at 420 nm
is 27.1%.

B. Plastic Scintillator: UPS—923A

The 1057 kg of scintillator material is polystyrene based
UPS-923A (p-terphenyl 2%, POPOP 0.02%) produced
by Amcrys-H, Kharkov, Ukraine [18]. This material
emits scintillation light with a peak intensity at 420 nm
and with a rise time of 0.9 ns and decay time of 3.3 ns.
The density of UPS-923A is 1.06 g cm ™3 and its refrac-
tive index is 1.52. The nominal light output for the ma-
terial is stated as 55% of anthracene. The transparency
of the scintillator material is determined by the so-called
Bulk Attenuation Length (BAL) which is the length that
reduces the initial light intensity by factor e according to
the Buger-Lambert law, and is expected to be greater
than 1 m (see later for measured values). A previous
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FIG. 5: The quantum efficiencies of the PMTs used in the
ZEPLIN-IIT veto. Two methods have been used giving
broadly consistent results. Three PMTs spanning the range
of performance were assessed for absolute quantum efficiency
externally; these are indicated by the filled symbols. A lin-
ear fit through the data points is drawn to highlight the bias
between the two methods used.

study by the manufacturers suggests this material to have
long-term stability, such that there is no natural degra-
dation reported over a 12 year period [19].

To minimise loss of light within a scintillator bar each
piece has been wrapped along its length with PTFE sheet
giving it a high diffuse reflectivity. Experimental tests
were performed comparing a number of diffuse and spec-
ular reflective wrapping materials including white paper,
aluminised Mylar, Vituki 3M |20] and other PTFE-based
sheeting. Three layers of 76 pm thick PTFE film [21] was
found to provide the most cost effective option, increasing
light collection by up to a factor of 2 at the PMT. At the
far end from the PMT a specular reflective aluminised
Mylar foil is placed that acts as a mirror to improve the
uniformity and increase the effective BAL of the unit.
The PMT is optically coupled to the scintillator with
BC-630 silicone-based optical couplant and is housed in
a PVC cylindrical tube chemically bonded to the scin-
tillator. The entire assembly has then been wrapped in
black opaque PVC sheet [22] to provide light tightness.
Figures [6] and [ show unwrapped and wrapped plastic
scintillator barrel bars.

The performance of each of the 52 pieces has been as-
sessed individually as follows. For each fully wrapped
plastic scintillator module, spectra of the PMT response
to a 22Na calibration source were recorded for each of
six positions along the length. To ensure consistency,
the same PMT, voltage divider network, preamplifier and
operating bias were used in these measurements. Addi-
tionally, the use of optical grease was omitted to repro-
duce conditions as exactly as possible across scintillators.
It was found that without the optical grease the num-
ber of photoelectrons detected is approximately halved,
and this is confirmed by Monte Carlo simulations [23].



FIG. 6: Photograph of an unwrapped barrel bar of plastic
scintillator with the apparatus used to wrap bars with PTFE
to increase light collection.

The measurements were performed in a surface labora-
tory of predominantly concrete construction, and thus,
for plastic scintillators of this size, a high rate of y-rays
from the local environment was observed. To reduce this
contribution, events seen in the plastic scintillators were
required to be in coincidence with events in a 3” diame-
ter, 3” long Nal scintillation detector placed on the other
side of the radioactive source from the plastic scintillator.
Since 22Na decays by 51 emission this greatly enhanced
the fraction of events caused by the 511 keV annihila-
tion and 1275 keV de-excitation ~-rays. However, since
~-rays produce largely Compton electrons in organic scin-
tillators at these energies, the trigger signal of the Nal
detector can come either from another y-ray, or from the
Compton-scattered y-rays detected in the plastic scintil-
lator. In the latter, the shape of the energy spectrum may
be effected since Compton electrons in the scintillator
deposit lower energy and yet the scattered ~y-ray retains
sufficient energy to trigger the Nal. Monte Carlo simula-
tions of the experimental setup confirmed that, with the
geometry used for these measurements, the rate of such
events relative to true coincidence triggers from separate
gamma-rays was negligible.

A typical Compton spectrum is shown in Fig.[§] reveal-

FIG. 7: Photograph of a wrapped plastic scintillator mod-
ule. Around the bare plastic is a layer of PTFE, a mirror at
the opposite end from the PMT, and black wrapping to light
tighten the module. The PMT itself is housed in a light tight
cup bonded to the scintillator.

ing features corresponding to the 511 keV ~-rays, as well
as a weaker peak corresponding to the 1275 keV ~-ray
emission following 31 decay of 2?Na, and a background
well described by an exponential trend. The calibration
between observed Compton peak position and number
of photoelectrons has been used to allow this spectrum
to be plotted in terms of numbers of photoelectrons.
A two-partial-Gaussian-plus-exponential fit was made to
the data and the movement of the centroid of the partial
Gaussians and the Compton edge as a function of the
position of the source along the length was used as the
indicator of the technical attenuation length (TAL). The
BAL describes the attenuation of photons in a beam due
to the scintillator only, whereas the TAL parameter is
an auxiliary parameter. The difference between the and
BAL comes from the fact that the real light path from
the vertex of the interaction to the PMT is longer than
a straight line path, since most of of the light reaching
the PMT has been reflected at the surface of the scintil-
lator bar through total internal reflection. The measured
TAL combines geometry effects (light path, reflection),
light attenuation, wavelength shift (due to wavelength
dependent absorption and re-emission) and wavelength
dependent quantum efficiency of the photo cathode. In
the case of the modules measured here, a highly-reflective
specular mirror surface has also been placed at the op-
posite end to the PMT. Consequently, one expects, to
first order, the response as a function of distance from
the PMT to vary as the sum of two exponentials, one de-
scribing the reduction due to the separation of PMT and
source position, and one which describes the reduction
due to the distance between the PMT and the image of
the source in the mirror:

S(IE) :Aefx/T_FAef(Qlfx)/T

where S(x) is the centroid of the measured photopeak,



x is the distance from the PMT face, [ is the length of
the scintillator module (the distance between the PMT
and the mirror), T is the TAL and A an arbitrary scaling
constant. In principle, one could use a different scaling
for the term describing the response due to reflections
from the mirror, effectively accounting for imperfect re-
flection from it, but the quality of the data available did
not justify an additional free parameter. The measure-
ments of TAL have been complemented with cosmic ray
muon measurements in which the Nal coincidence detec-
tor was replaced by two small plastic scintillator detectors
placed above and below the test piece. In this case the
spectra obtained are well described and fitted by a Lan-
dau distribution, and again the response as a function
of measurement position determined. Consistent results
were found for the TAL measured either with the 22Na
source or with cosmic rays.
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FIG. 8: Typical spectrum (solid histogram) showing the re-
sponse of a single barrel module of plastic scintillator to irra-
diation with a ?*Na ~-ray source. See text for further details
of the source geometry. The solid line is the result of a fit to
the data assuming partial Gaussians for the peaks attributed
to the 511 and 1275 keV ~-rays and an exponential to describe
the background. Also shown (dashed histogram) is the result
of a Monte Carlo simulation of this exposure.

To assess whether the measured TALs are consistent
with the expected BAL of the material, GEANT4 Monte
Carlo simulations of these tests have been performed (see
Section [V]). These included the geometry of the plastic
scintillator, laboratory and source, as well as physical
parameters such as the light output of the plastic, gain
and quantum efficiency of the PMT (see section [V Al).
The simulations include full tracking of scintillation pho-
tons from 7-ray energy deposition through to incidence
on PMT photocathode and stochastic generation of pho-
toelectrons, allowing realistic spectra to be generated.
The lighter histogram in Figure [8 shows the result of the
simulation tailored to that particular measurement’s ge-
ometry, illustrating that the key features are very well
reproduced. The simulations are repeated for different
values of BAL, each time generating spectra for differ-

ent source target positions, and these spectra evaluated
in the same manner as was done for real data to extract
a TAL. Figure [ shows the position of the centroid of
the peak attributed to the 511 keV ~-ray as a function
of the source location both for real data from one of the
barrel modules, and evaluated from Monte Carlo simu-
lations of those exposures with an appropriately chosen
value of BAL. This BAL is then taken as correspond-
ing to the experimental value of TAL indicted by the
data. Lines have been added to guide the eye in this
figure and in subsequent figures where appropriate. As
expected, for each scintillator bar geometry a monotonic
dependence between BAL and TAL is found, with TALSs
having smaller values than BALs, and the most uniform
geometry bars having the highest TALs. These results
are summarised in Figure [0l We find a large dispersion
in BAL, ranging from ~60 cm to greater than 2.5 m,
with significant variations even between bars polymerised
in the same batch. The measurements allow the match-
ing of individual bars of plastic scintillator to particular
PMTs, matching lower BAL with higher QE to provide
a more uniform performance across the entire veto and
informing the placement of scintillator modules within
the array. This also provides input for the Monte Carlo
simulations described in section [V Blin which the overall
performance of the whole veto system is evaluated.

. 30
S | -
:— F — Calibrated experimental data
8 S Simulation
= C
3 L
o | -
% 20—
o} C
o C
c -
$ 151
= C
> -
§ [
o 10
—
0 C
51—
07\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\
10 20 30 40 50 60 70

Position, cm

FIG. 9: Variation of the peak position from the 511 keV v-ray
with source location both for data from one of the 1 m long
barrel modules and evaluated from Monte Carlo simulations
of those tests. Lines have been drawn to guide the eye.

Although many processes contribute to the scintilla-
tion light emission [24, [25], the absolute light output of
the plastic scintillator can be calculated by matching the
measured and simulated spectra. A consistent value of
~5500 ph/MeV was required for all bars, regardless of
which polymerisation batch they came from. This is
lower than expected, as 55% of anthracene would cor-
respond to nearer 8500 ph/MeV, necessitating the use of
reflective wrapping around the scintillators.

During normal operation of the veto a blue LED unit
will continuously flash 52 separate optic fibres coupled
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Monte Carlo predicted bulk attenuation length (BAL) for
each bar of plastic scintillator.

directly to the ends of the plastic scintillator modules
furthest from the PMT. This will allow any degradation
of the scintillator performance over time to be monitored.

C. Data Acquisition

The outputs from the PMT preamplifiers are fed to
CAEN V1724 ADCs housed in a VMES8011 crate with
CAEN V2718 PCI bridge communicating via optical link
to a dedicated Linux-based data acquisition computer.
The digitisers have +2.25 V input range with 14-bit res-
olution and 40 MHz bandwidth with a sampling rate of
up to 100 MS/s simultaneously on each channel, with
internal buffering to ensure zero deadtime performance
at expected data rates. Custom made run-control soft-
ware provides a graphical user interface for beginning
and terminating data acquisition runs with easily change-
able run parameters and toggles over various operation
modes. The software also provides remote capabilities
to fully automate instrument operation. A screenshot of
this interface is shown in Figure [Il Amongst the most
important operation modes are the veto ‘slave’ mode and
calibration/diagnostic ‘master’ mode.

In slave mode, all modules take an external trigger
sourced from the ZEPLIN-III instrument. As such, the
veto is guaranteed to record data when ZEPLIN-IIT it-
self has recorded an event. Besides simplicity of design,
this minimises data volume and obviates the need for
a separate hardware-enforced trigger and associated ef-
ficiency loss at low energies. Additionally, spontaneous
photoelectron emission from the PMTs, present in the
timelines recorded where pulses are absent, can be used
for equalising gains, calibrating and monitoring stability
of the PMTs without acquiring dedicated data, where
conditions between data runs may vary.

Finally, since even with high energy depositions in the
veto only a few of the scintillator modules are involved,

the remaining modules provide diagnostic information at
the time of the event. Monte Carlo simulations indi-
cate background 7-ray events depositing >200 keV dis-
tribute >90% of the energy in 6 modules or fewer (see

section [V BJ).

(5] O a -\ VetoDAQ Control </home/daq/data/090409/ds10/co60pg3ds10_a000.root>
File Configuration Acquisition About

Channel!l_ﬁ
Label|side-01

M acquisition

Acquisition

tart [ dump raw

Ents

[itrigger wait time

Il threshold

.100006 | offset

I+ monitor

softtime

full time

¥ save to file ) ROOT

Graphic Canvas

event 'D_ﬁ

channe!'ﬁ_ﬁ

k

56e-17

7 2 5 . 0 5 P 0 S .5 s 2 ) e
0 2e-05 4e-05 6e-05 8e-05 0.00010.0001D.00014.00018.0001¢

FIG. 11: Graphical user interface of veto data acquisition.

The expected time delay between signals in ZEPLIN—
IIT and in the veto defines the requirements for the dura-
tion of the waveforms to be be recorded. Coincident y-ray
events will be essentially simultaneous. For single scatter
neutron recoils within ZEPLIN-III, where the veto signal
is provided by energy deposition of y-rays following neu-
tron capture on gadolinium, the coincidence is expected
to have a mean delay of ~35 us (see Section V(). How-
ever, for small energy deposits in ZEPLIN-III, the trigger
is in fact provided by the S2 electroluminescence, which
is itself delayed by up to 17 us (due to the time it takes
electrons to drift through the xenon). It is therefore nec-
essary that a period of pre-trigger data is also recorded:
values of 20 us pre-trigger and 300 us post-trigger have
been chosen.

An example of a waveform recorded in the veto data
acquisition is presented in Figure This event corre-
sponded to irradiation by a %°Co source located approx-
imately half way along the length of one of the barrel
modules. By design, the gain of the system is such that
~-rays of about this energy populate the mid range of the
14-bit ADC. The baseline noise is observed to be between
typically 2 mV, or about 30 ADC channels. In addition
to the v-ray event at 60 us, a typical single photoelec-
tron can be seen at 230 us, clearly visible above the noise
level.

The master diagnostic/calibration mode takes either a
forced trigger to allow the veto modules to record effec-
tively continuously without imposing a signal threshold
for triggering, or can be set to record data when a de-
fined number of scintillator modules detect a signal above
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FIG. 12: An example waveform from a barrel module plastic
scintillator in response to a ~-ray from a %°Co source, with
the pulse starting at 60 ps. Also clearly visible is a single
photoelectron at 230 us.

a defined threshold. These are necessary for in situ cali-
bration of the veto device and for recording background
data in all modules. As such, when operating in this
master mode, the veto system can operate as a detector
independently of ZEPLIN-III if required.

The default operating mode will be a combination
of these triggering techniques, concurrently recording a
level of background without hindering the coincidence
detection capabilities: the veto will trigger whenever
ZEPLIN-III observes a signal, regardless of the presence
of a signal in the veto, but it will also trigger whenever the
veto observes a signal in two or more modules above some
threshold set to exclude noise and maintain a low count
rate. Since the acquisition can run with zero deadtime by
storing events in its internal buffer, there is no possibility
of missing a ZEPLIN-III trigger. To maintain accurate
synchronisation between ZEPLIN-IIT and the veto data
acquisitions, a dedicated hardware unit produces a digi-
tal time stamp which is sent to both acquisitions so that
events can be correlated with 100 ns accuracy.

Finally, taking advantage of the segmented nature of
the veto, PMT outputs from the 20 roof modules are
fed into a dedicated triggering unit that passes signals
through to the ADC inputs but also sums them and
shapes this summed signal. The shaping parameters are
set such that if the unit finds a pulse in any module
that is characteristic of a cosmic ray muon, all 52 veto
channels are triggered and the event recorded, regardless
of a coincident event in ZEPLIN-III. This is a valuable
diagnostic allowing measurement of the cosmic ray flux
through the laboratory, as well as providing a measure of
muon induced neutron background in the local environ-
ment.
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V. MONTE CARLO SIMULATIONS

Monte Carlo simulations have been used extensively in
this work, both to characterise individual components,
for example correlating the BAL and TAL responses of
individual plastic scintillator modules, and as a tool for
optimising and understanding the overall performance of
the veto.

The requirements for this Monte Carlo simulation are
relatively demanding. The programs should be capable
of modelling the transport and interactions of particles
(essentially neutrons and v-rays) internal and external to
ZEPLIN-III and the veto through to the production of
electron and nuclear recoils. The program must then sim-
ulate the physical processes involved in the generation of
the optical response to scintillation (and electrolumines-
cence in ZEPLINIII), and finally generate the response
for all channels in order to produce realistic datasets.
The existing ZEPLIN-IIT Monte Carlo simulation pack-
age [2], and the veto simulations developed here, have
utilised the GEANT4 toolkit [17], which is capable of
fulfilling all of these requirements.

In this section we first present the general features
of the simulation, leading to calculation of the expected
ability of the veto to reject both neutron and +-ray events
that, based on ZEPLIN-III data alone, might be misiden-
tified as WIMPs. A key feature of the veto design is
the inclusion of gadolinium to enhance the response to
neutrons. We have used the Monte Carlo methodology
to explore the dependence of the design to the amount
and location of gadolinium used, and this is presented.
We then bring together the measurements of radiological
content and performance of all the veto components to
estimate the absolute event rate that the veto will ex-
perience, and its impact on the rejection performance of
the instrument. Finally, we utilise the Monte Carlo sim-
ulations to explore effects such as misalignment between
modules introduced during assembly. The Monte Carlo
simulation has also been used to inform numerous other
choices not mentioned, for example the geometry of the
active and passive modules.

A. General features of the simulation

The GEANT4-v9.1 Monte Carlo toolkit has been used.
All simulations included accurate geometry of the plastic
scintillators, their wrapping including the 95% specular
reflective mirror at the far end, the PMTs including enve-
lope, photocathode, internal elements and PVC support
structure and optical grease (in terms of changes to re-
fractive indices). Also incorporated are the geometry and
materials of the surrounding area; for simulations of the
whole veto this includes an extensive description of the
Boulby laboratory with full details of ZEPLIN-III itself,
the Gd and all related processes, the local polypropylene
and lead shielding, the building, and rock walls. By vary-
ing the depth of rock included in the simulation it was



found that a depth of 3 m for neutrons and 0.25 m for
~-rays is sufficient to accurately simulate the flux ema-
nating from these surfaces (<1% contribution to uncer-
tainty). For simulations of measurements made in sur-
face laboratories, the details of the walls, tables and other
large objects in the vicinity were included as necessary.
The light yield and BAL of the scintillator and the sin-
gle photoelectron response and the QE of the PMTs are
taken from measurements described earlier.

Simulations have been performed for radiation origi-
nating from the cavern walls, from ZEPLIN-III compo-
nents, from the veto components and from calibration
sources and, in each case, measured values of activity
have been used. In the case of U and Th, the SOURCES—
4C [|29] code has been used to generate the emission spec-
tra for neutrons. All particles and their secondaries are
tracked. The location, size and event time of all energy
depositions are recorded.

A nuclear recoil energy deposition generates much less
electronic excitation (primary scintillation and ionisa-
tion) than an electron recoil event of similar energy due
to ‘quenching’. A quenching coefficient is defined as the
ratio of the amount of light induced by a recoil nucleus
to the amount of light induced by an electron of the same
kinetic energy. A (conservative) quenching coefficient of
0.1 is assumed for neutron energy depositions occurring
in the plastic scintillator [26]. Since the efficiency for re-
jecting coincident events with ZEPLIN-III comes from
detection of y-rays, a large variation in quenching factor
of the plastic scintillator makes negligible difference to
the results presented.

Each energy deposition occurring within an active vol-
ume is converted to a number of photoelectrons seen by
the PMT. This has been performed in two ways. Firstly,
an option in the Monte Carlo simulation allows each of
these energy depositions to be converted to scintillation
photons, and for these scintillation photons to be tracked
to the photocathode, with losses occurring at points of
reflection and due to the bulk attenuation. Rayleigh scat-
tering is included. Poisson statistics are then applied to
determine how many photoelectrons are generated. Since
this is effectively a further complete simulation for each
energy deposition, this option is slow and has been used
only where necessary, principally to correlate measured
TAL values with intrinsic BAL of the scintillators, and
to allow the light emission of the scintillator to be deter-
mined. The second much faster option is to simply apply
the expected loss due to the measured TAL given the dis-
tance from the end of the scintillator. Since the measured
and simulated TALs agree, a further refinement to the
simulation has been to use the Monte Carlo to estimate
the fully 3D-dependent TAL throughout the scintillator,
rather than a single mean value that describes the unit
as a whole.

11

B. Overall Veto Performance

The central function of the veto detector is to facilitate
rejection of events that, on the basis of ZEPLIN-III data
alone, could be mistaken for WIMPs. The principal char-
acteristics of candidate events in ZEPLIN-III are that
they have an electroluminescence-to-scintillation ratio
characteristic of nuclear recoils, occur within the fiducial
volume, and cause an energy deposition of <50 keVnr!.
The complete end-to-end simulation has been performed
with all energy depositions in ZEPLIN-III and the veto
recorded. While for the first science run the main con-
tribution to background was the activity of the PMTs
of the ZEPLIN-III device itself, after the upgrade it is
expected that no single source will dominate overwhelm-
ingly - the contributions from PMTs, components and
from the rock walls being similar. Differences arise due
to the activity levels particular to each case, and due
to the propagation of the radiation from point of origin
through to detection. Thus, the efficiency of the veto
in rejecting background neutrons has been estimated by
considering each of these contributions separately, and
then adding the contributions appropriately.

In its simplest mode, an event that satisfies the
ZEPLIN-III criteria for a WIMP can be rejected by
the veto if any one of the scintillator modules registers,
within an appropriate time window (—20 to 4300 us), a
signal significantly above background. These are dubbed
‘tagged’ events, and a tagging efficiency can be calculated
as a function of the veto signal size (see Figure[I3). A rea-
sonably weak dependence on veto threshold is seen, with
a maximum tagging efficiency at zero threshold of 80%
possible: about 20% of neutron background events that
satisfy the WIMP-search criteria in ZEPLIN-III have
no interaction in any of the veto modules. In reality,
a threshold of 6 photoelectrons in any single scintilator
is sufficient to provide a minimal accidental coincidence
contribution to overall event rate, and therefore this has
been used as the conservative hard threshold within any
module in simulations of the veto. Lower limit efficiencies
derived from this threshold determine the minimum neu-
tron and gamma-ray background reduction in ZEPLIN-
ITI. For the barrel modules, 6 photoelectrons corresponds
to a typical energy deposition of 135 keV at the far end
and it is predicted that >65% of background neutrons
that could otherwise have been misidentified as WIMPs
will be rejected by the veto with this threshold. How-
ever, as stated, since there is no hard threshold trigger
for the veto when triggering in its slave mode, a higher

[1]For a given event in the liquid xenon the (quenched) nuclear recoil
energy may be determined from the scintillation signal, however, it
is more convenient to calibrate the detector using electron recoils.
This leads to the use of two energy scales: keVee (keV electron
equivalent) and keVnr (keV nuclear recoil). The tradition in the
field is to use 122 keV v-rays from a 57Co source to set the energy
calibration.



tagging efficiency for coincident events (up to a maxi-
mum of 80%) is achievable. This represents a substantial
improvement on previous anti-coincidence systems such
as the veto used by the ZEPLIN-II experiment m, @],
which had a neutron tagging efficiency of approximately
50%, with a similar y-ray tagging efficiency.
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FIG. 13: Tagging efficiency of the veto for neutron events in
ZEPLIN-III as a function of the signal size seen in at least
one module of the veto, in terms of photoelectrons.

Figure shows the neutron background rejection
power of the veto based on signals above threshold in sin-
gle scintillator modules only. In principle, it could be pos-
sible to increase the tagging efficiency further by search-
ing for smaller energy depositions occurring in multiple
modules simultaneously. Figure [[4] extends Figure [I3] to
explore the summed energy deposition in multiple scintil-
lator modules. Since there exists no energy threshold for
coincidence veto events when in slave mode of operation
it is possible to apply not just single module thresholds,
but a threshold on the sum energy of a veto event. In this
case a veto event would be defined as the sum of all veto
modules with signals above a minimal threshold as low
as 1 photoelectron and occuring in coincidence with one
another within a short time window of a few us duration.
The former condition takes advantage of the mutliple -
rays emitted following Gd capture causing interactions
in multiple modules to maximise the tagging efficiency
of the veto system. The latter condition restricts the
number of random coincidence events with ZEPLIN-III
by demanding all y-ray signals seen in multiple modules
belong to the same event constrained within the timing
window. Since 320 ps timelines are recorded for each
module a number of such events may be observed. Fig-
ure [[4] shows the neutron tagging efficiency of the veto
as a function of the sum of photoelectrons detected from
each modules registering at least one photoelectron. It
is seen that the tagging efficiency has a much stronger
dependence on the number of scintillator modules than
on the signal size. With a summed signal of 6 photoelec-
trons the nominal 65% tagging efficiency is acieved from
any single module registering 6 or more photoelectrons.
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However, this efficiency is supplemented by events where
the 6 photoelectrons are distributed, in any hit pattern,
across multiple modules and the efficiency is increased
to almost 70%. The scope for improvement is limited to
a maximum of approximately 80% since, as seen in Fig-
ure [[3] some 20% of candidate events result in no energy
deposition in the veto at all.
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FIG. 14: The efficiency for the veto to tag background neutron
events that, based on ZEPLIN-III data alone, could have been
misidentified as WIMPs, as a function of the multiplivity of
the event and the summed number of photoelectrons across
all modules of the veto. The multiplicity is defined as the
number of modules contributing to the summed signal with
at least one photoelectron.

ZEPLIN-IIT has very good ability to discriminate be-
tween electron recoils, principally from ~-rays, and nu-
clear recoils from neutrons or candidate WIMPs. How-
ever, with sufficient exposure some ~v-rays can still leak
into the nuclear recoil acceptance region. Some frac-
tion of these are likely to have also deposited energy in
the veto, and thus could be rejected. Simulations have
been performed in which ~-rays were emitted from the
known activities of the rock walls, laboratory, shielding,
and from the detector components. Instances in which
energy was deposited in both ZEPLIN-IIT (2-16 keVee,
single scatter in the fiducial volume) and in one or more
of the veto plastic scintillators were searched for. The
resulting efficiency for the veto to reject y-rays that oth-
erwise might have been misidentified as WIMPs, has been
evaluated as a function of the number of photoelectrons
seen in at least one module of the veto, and is presented
in Figure It is predicted that with a threshold of
6 photoelectrons being seen in a single module, ~15%
of background ~y-rays depositing 2—-16 keVee through sin-
gle scatters in the ZEPLIN-III fiducial volume can be
rejected by the veto.

C. Optimisation of gadolinium loading

The adopted design relies heavily on the inclusion of
gadolinium loaded into the polypropylene pieces of the
veto. The very high neutron capture cross section of
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FIG. 15: ~-ray tagging efficiency of the veto as a function
of the number of photoelectrons seen in at least one plastic
scintillator.

157Gd, combined with the subsequent emission of up to
8 MeV of y-rays, is the principle reason for the high neu-
tron tagging efficiency. Removing the Gd entirely results
in the neutron tagging efficiency for this geometry to drop
to below 45% for a 6 phe threshold. The results presented
so far are for a loading of 0.5% by weight, which was the
value eventually adopted; here we explore the effect of
different concentrations and distributions of gadolinium.

The incorporation of Gd into the polypropylene has
two main effects. Firstly, increasing the fraction of
gadolinium increases the fraction of internal neutrons
that are captured by the gadolinium isotopes, as op-
posed (mainly) to capture on the hydrogen content of the
polypropylene and plastic scintillator. Since the *7Gd
capture in particular is followed by emission of several
energetic ~-rays, this also tends to increase the tagging
efficiency. This is illustrated in the upper panel of Fig-
ure in which an exposure to neutrons from known
background sources of the entire ZEPLIN-III — veto sys-
tem has been simulated. For events that satisfy the
WIMP search criteria (fiducial volume, <50 keVnr) the
fraction that result in 6 or more photoelectrons in a single
module of the veto is shown, as a function of the gadolin-
ium loading. A gradual increase in tagging efficiency is
seen up to about 0.5% fraction by weight. Above this
little further gain is made, indicating that at this level
of loading, essentially all neutrons that thermalise in the
polypropylene are captured by the gadolinium.

The second effect of including gadolinium is that the
mean time before neutron capture is reduced. In terms of
experimental infrastructure, a short capture time is de-
sirable because it allows a larger fraction of coincidences
to be identified for a given coincidence time window, or
alternatively, for a shorter window to be used reducing
data volume and the false-coincidence rate. The mean
time between tagged signals in ZEPLIN-III and the veto,
as a function of gadolinium concentration, is shown in the
lower panel of Figure Here we see that above about a
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1% loading, further increase ceases to reduce the capture
time, indicating that capture is occurring very soon after
thermalisation.

Simulations have also shown that neutrons are effec-
tively moderated to thermal energies whether they origi-
nate externally to the veto (such as from the rock around
the laboratory) or from within the internal volumes en-
closed by the veto (such as from ZEPLIN-III itself). Ex-
ternal neutrons from the rock predominantly undergo ra-
diative capture on H within the scintillator since very
few are able to penetrate the 15 cm into the Gd-loaded
polypropylene. The mean neutron energy at capture is
0.035 e€V. On the other hand, internal neutrons are cap-
tured on Gd and, at 0.5% Gd concentration, the mean
energy before capture is 0.045 eV (a slightly higher value
due to the enhanced capture cross section relative to H).
In both cases, neutrons entering the veto are effectively
moderated and captured within the veto acquisition time
window of 300 us, with a mean time of 35 us for the in-
ternal neutrons.
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FIG. 16: Monte Carlo simulations of the ZEPLIN-III — veto
system for various concentrations of gadolinium loading (by
weight). Upper panel: the efficiency for the veto to tag
events that based on ZEPLIN-III data alone could have been
misidentified as WIMPs. Lower panel: For tagged events,
the mean time delay in microseconds between signals seen in
ZEPLIN-III and the veto.

The gadolinium is suspended in epoxy that is located
in 2 mm wide, 10 mm pitch slots that cut through the
full depth of the polypropylene. This choice has partly
been driven by mechanical considerations, as narrower
slots with a higher pitch would significantly increase the
cost of machining. In Figures[[7 and [I8 the Monte Carlo
simulation has been used to estimate the tagging effi-
ciency as a function of slot width and slot pitch for a fixed
average loading throughout the polypropylene of 0.5%.
Clearly, if the slot pitch increases beyond about 10 mm,
the efficiency of the veto in tagging coincident events
within ZEPLIN-III begins to drop significantly. This



is because, at this scale, neutrons moderating and ther-
malising within the polypropylene have a trajectory that
sometimes never crosses a slot, and thus never provides
an opportunity for capture on the gadolinium loading.
The width of the slots has less effect, and thus a value
amenable to construction can be chosen that minimises
cost and is optimal for the epoxy to hold the gadolinium
in suspension.
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FIG. 17: Monte Carlo simulation of the efficiency of the veto
in rejecting events that, based on ZEPLIN-III data alone,
could have been identified as WIMPs, as a function of the
pitch of the Gd-loaded epoxy filled slots. The width of the
slots, 2 mm, and the overall loading fraction of Gd, 0.5% by
weight, is maintained in all cases.
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FIG. 18: Monte Carlo simulation of the efficiency of the veto
in rejecting events that, based on ZEPLIN-III data alone,
could have been identified as WIMPs, as a function of the
width of the Gd-loaded epoxy filled slots. The pitch of the
slots, 10 mm, and the overall loading fraction of Gd, 0.5% by
weight, is maintained in all cases.
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D. Predicted event rates

The large volume of plastic scintillator used in the veto,
combined with a low threshold, has the potential to
create an extremely high event rate compatible neither
with the data acquisition hardware nor the coincidence
methodology to be used. The thorough approach to con-
trol and evaluate the radioactivity content of items used,
coupled to the development of a detailed Monte Carlo
simulation benchmarked against known performance, al-
lows the absolute event rates to be estimated. The dom-
inant rate comes from ~-rays, although it is the neutron
background generated by the veto that is of fundamental
importance to ZEPLIN-III. Excluding any contributions
from the veto, the net nuclear recoil background in the
second science run of the ZEPLIN-III experiment is ex-
pected to be ~0.4 events per year. This is reduced to
~(.14 events per year for a 65% veto tagging efficiency.
For each contribution of background from the veto the
complete Monte Carlo was performed, with the neutrons
and ~-rays distributed in energy and location as appro-
priate. Energy depositions in the veto and in ZEPLIN—
IIT were recorded. The total expected event rate could
then be calculated by summing the contributions. The
net single scatter contribution to the background in the
ZEPLIN-IIT acceptance region, assuming no rejection
through vetoing the events, is 0.02 nuclear recoils per
year. The nuclear recoil rate drops to 0.007 events per
year when a conservative self-vetoing efficiency of 65%
is applied. The veto is predicted to contribute <1000
electron recoils per year from v-ray emission within the
ZEPLIN-III fiducial volume, in the energy range of 2—16
keVee.

Considering the veto as a stand-alone instrument, Fig-
ure [19 shows the raw event rate that is expected in the
veto as a function of the number of photoelectrons ob-
served in a single plastic scintillator module. This shows,
for example, that if a veto trigger requirement were im-
posed such that events were recorded if any single module
recorded six or more photoelectrons, then a total event
rate of 70 Hz would result.

We may consider how the background radioactivities
will impact the veto when operating in coincidence with
ZEPLIN-III by calculating the ‘accidental coincidences
rate’. This is the probability of any recorded timeline
having an uncorrelated background-radioactivity caused
signal within it. For the usual mode of slave operation,
with the veto triggered to record for 320 us by events
from ZEPLIN-IIT at an estimated rate of 1 Hz, the ac-
cidental coincidences rate is indicated by the right hand
axis in Figure For nominal operational parameters
the rate is less than 2%.

E. Impact of gaps in shielding

The veto instrument consists of many modular pieces me-
chanically held together. As described in section [T, the
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FIG. 19: Predicted event rate of energy depositions in the
veto, as a function of signal size, originating from v-ray emis-
sion of the measured activities of components. Statistical er-
rors, although present, are too small to be seen clearly on this
scale. Also shown is the probability for events seen in the veto
following ~-ray emission from components being misidentified
as coincident events with ZEPLIN-III.

plastic scintillators are deliberately offset relative to the
polypropylene modules to prevent line-of-sight gaps that
would compromise the shielding. There is, however, still
a significant chance of introducing small gaps during con-
struction and assembly. The Monte Carlo simulation has
been employed to estimate the impact of such gaps oc-
curring between the active modules, both in terms of
degrading the shielding from external sources of back-
ground, and in terms of lowering the ability of the veto
to tag coincident nuclear recoil events.

The simulation was performed for two distinct cases:
when gaps existed between both active and passive mod-
ules, and when gaps existed between only active mod-
ules (in which case the passive modules were assumed
to be completely closed). In the former case a direct
path is formed for radiation that has penetrated the ex-
ternal lead shield to reach ZEPLIN-III. Simulation of a
three year exposure that included gaps of 1 mm width,
in excess of engineering constraints, showed no statisti-
cally significant increase in the ZEPLIN-III active vol-
ume single scatter rate. This is consistent with previous
simulations performed to explore the impact of shield-
ing due to the existing holes needed for pipework and
cabling. Moreover, the veto tagging efficiency remains
unaffected until the gaps exceed a width of 1 cm. This is
because a neutron, having originally entered the shield-
ing or been internally generated, is unlikely to interact
with ZEPLIN-IIT and exit the shielding through a gap
again. In the latter sets of simulations, in which gaps
between adjacent active scintillator modules were intro-
duced assuming a continuous inner Gd loaded polypropy-
lene barrel, it was found that the efficiency for tagging
coincident veto — ZEPLIN-III nuclear recoil events be-
gins to be significantly reduced for gaps of widths greater
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than 2 cm, essentially due to less coverage for y-ray de-
tection following neutron capture. The neutron flux seen
by ZEPLIN-III from external background is unaffected
until the gap exceeds 1 cm between scintillator modules.

VI. PRESENT STATUS

All veto components have been shipped underground to
the Boulby Laboratory with active and passive modules
coupled in preparation for installation. The full veto ar-
ray, complete with data acquisition and synchronisation
hardware, LED calibration systems and data reduction
software has been successfully assembled within the Pb
castle. This was done in the absence of ZEPLIN-III to
test systems prior to final installation. Neutron and ~-
ray source exposures as well as background runs have
been performed and data recorded for in situ calibration
and characterisation of the detector. The veto has since
been dismantled to allow access to ZEPLIN-III. It will be
installed following the completion of the upgrade to the
ZEPLIN-IIT photomultiplier array. Performance results
of the veto will be presented following commencement of
the second science run of the ZEPLIN-III experiment.

VII. SUMMARY

The second science run of the ZEPLIN-III project will
feature two main upgrades: lower background photomul-
tiplier tubes and the use of an active veto. Here, the
design of the veto has been presented, together with de-
tails of the radiological content and performance of the
components to be used. Detailed GEANT4 Monte Carlo
simulations have been used to aid in the characterisa-
tion of the veto, and to estimate its overall performance.
In addition to providing valuable diagnostic information,
it is expected that the veto will be able to reject over
65% of neutrons, and over 15% of y-rays from back-
ground radioactivities, whilst contributing negligibly to
the ZEPLIN-III acceptance region background, expected
to be ~0.4 events per year. The veto will reduce this
background to less than ~0.14 events per year. This
is a significant factor in the event of a non-zero observa-
tion. The veto has been fully assembled and systems inte-
grated, and will be installed around ZEPLIN-III shortly
for the commencement of the second science run as this
instrument probes yet greater sensitivity.
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