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Abstract.  This paper preserts the current status and future plans for the dark
matter experiments being undertaken at the Boulby mine. An array of surface con-
trolled Nal(Tl) crystals has been constructed, which control previously observed
fast anomalous signals. A series of detectors based on xenon, which has a better
background discrimination potential, is under developmert. The rst of thesedetec-
tors basedon liquid xenon pulse shape discrimination is in operation at the Boulby
site. Second generation detectors which are based on two phase detectors where
both scintillation and ionisation are observed, are under construction. A low pres-
sure CS, gas TPC detector has beeninstalled and is operating at Boulby with the
intention of developing directional detectors to enable correlations between nuclear
recoils and Galactic motion.

1 Inorganic crystal scintillation detectors

The UK Dark Matter Collaboration has beenoperating dark matter scirtil-
lation detectors basedon twin photomultipliers viewing Nal(Tl) crystals at
the Boulby mine for a decade[1].The technique of pulse shape discrimination
is utilised to set limits on the nuclear recoil interactions expected in these
detectorsfrom interactions due to the ux of weakly interacting massiwe par-
ticles (WIMPs), which may constitue up to 90% of the Galactic mass. This
discrimination is possibleasthe time constart of the scintillation dueto these
nuclear recoils is faster than that due to the electron recoils due to gamma
and beta background events[2], seeFig. 1.

1.1 Event population with fast anomalous time constan ts

Competitiv e limits on the WIMP crosssection were set by the UK Collabo-
ration during 1996[3]but due to the emergenceat low rate of an anomalous
population of events with scintillation time constarts faster than electron
recoils but not comparable to nuclear recoils the detector sensitivities were
limited[1,4]. The medanism for the production of these anomalous events
is unknown, howevwer it is demonstrably related to surface contamination as
evidencedby tests performed on an 800g Harshaw CslI(TI) crystal on which
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Fig. 1. The distribution of time constants for scintillation light from Nal. The
top plot shows the scintillation time constant distribution for underground data
showing the presenceof an anomalous, fast, population of events. The lower plot
shows the time constant distribution for electron recoil events due to Compton
scattered gamma events from a calibration source. Both plots are in the range
35-40keV observed energy and have an illustrativ e log Normal distribution drawn

surface polishing was performed[5]. Although the time constart of scintilla-
tion light from a Csl crystal di ers from that of Nal(Tl) the CsI(TI) crystal,
utilised due to the hygroscopic nature of Nal, showved evidence of the fast
population of events when operated underground. The rate and spectrum of
these anomalousevents was found to be comparableto that of the Nal(Tl)
crystals. The crystal was subsequetly surface polished and replaced in a
dry nitrogen atmosphere.The rate of the anomalousevents was found to be
reducedby at least a factor of 4, seeFig. 2.

Seweral hypotheseshave beeninvestigated to explain this population of
fast events[1,6{8], including beta and alpha contamination. The favoured be-
ing a link betweenthe anomalousevents and the high energy alpha emitting
radioisotopic contamination, although to reproduce the obsened spectrum
and time constart the alpha radiation must be exiting the crystal, with an
assaiated small energy deposition[9,6].0ne possible source for these alpha
events may be due to the implantation of nucleii from radon decay, the re-
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Fig. 2. Rate of fast events obsered in an 800g CsI(TI) crystal, showing the e ect
of surface polishing. The rate of anomalous and high energy alpha events is shovn
prior to polishing (crosses)and after polishing (squares)

coiling nucleii being embeddedinto the crystal surfacein a 0.1 micron layer[6]
with a subsequen alpha decay. To recreatethe spectrum obsened the con-
certration of nucleii embedded needsto be higher than can be reasonably
explained due to radon contamination on the bare crystal surface,especially
in the caseof the hygroscopicNal crystals.

1.2 The NalAD Array

Based on the results of the surface treatment of the CsI(Tl) crystal and
the removal of the anomalousfast events an array of Nal(TI) scirtillation

detectors has beendesignedand is now operating at the Boulby mine. This
array comprisesa seriesof eight Nal(Tl) crystals ranging from 5-10kgin mass,
viewed by two 5" low badkground photomultipliers through silica light guides
to shield the crystal from X-ray, alpha and low energygammaradiation from
the photomultipliers. The crystals are surfacetreated and maintained in a dry
nitrogen atmosphereto maintain surfacequality. The crystals are surrounded
by a 10mm PTFE re ector to enhancethe light collection e ciency . First
results from this array indicate that the fast anomalousevents have indeed
beensuppressedallowing an estimate that 100 kg.yearsof data will provide
a sensitivity of 2x10 ®pl10].

2 Noble gas scintillation and ionisation detectors

Xenon is well suited to use as a dark matter target due to the high mean
nuclear masswhich is well matched to the expected WIMP mass[13].Xenon
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Fig. 3. Schematic of the scintillation and ionisation processin xenon. The primary
scintillation is generated through an excited dimer. With no applied electric eld
the ionisation recombinesto form further excited dimers. Discrimination occurs due
to a factor 10 dierence in the ratio of 3nsand 27nsdecay modes, and also due to
the recombination time introduced in electron recaoils.

also has a well understood responseto electron and nuclear recoils, which
yields good discrimination betweenthe badkground and WIMP signal. A re-
coil producesboth scirtillation and ionisation, seeFig. 3. When no electric
eld is applied the primary discrimination between nuclear and electron re-
coils occurs due to the recomnbination time introduced into the scirtillation
pulse of 45ns.For nuclear recoils this time is a few picoseconds.

2.1 ZEPLIN | - single phase scintillation detector

The ZEPLIN | detector[15]is a single phaseliquid xenon scirtillation detec-
tor of 3kg ducial volume, viewed by three 3 quartz photomultipliers through
silica windows and optically isolated, self shielding, liquid xenonturrets. The
target is enclosedby a multi-purp ose, 1 tonne, PXE-based liquid scintilla-
tor shield and an outer passiwe lead shield. The liquid scintillator shield acts
as a veto for PMT ewents and also provides a Compton gamma calibration
contemporaneouswith the data collected, an active shield for external gam-
mas, a high purity inner shield and, through the use of an optional internal
gadolinium coated surface,a neutron monitor.
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Fig. 4. The time constant distributions for single photo-electrons in the three pho-
tomultipliers of ZEPLIN I, showing the log normal (or gamma density) distribution
of the events. The lower plots show the characteristic gamma density distributions
for electron recoils in liquid xenon at 10-20keV visible energy for two dierent
analysis techniques

Discrimination between nuclear recoil and electron recoil everts is pro-
vided by the time constart of the scirtillation light from the liquid xenon.
There is no electric eld applied to the ducial volume, thus recombination
of the ionisation yield is allowed. For nuclear recoils initiated by neutrons or
WIMPs the scirtillation hasa characteristic time of approximately 55% that
of electron recoils due to beta and gamma backgrounds, currently measured
down to 10keV electron equivalent obsened recoil energy

To calculate the limit on WIMP interactions in the detector the scirtil-
lation time constart distribution is studied as a function of energy with the
90% upper limit of nuclear recoils being deduced[16,14]The optimisation of
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Fig. 5. The preliminary limit set by ZEPLIN | from 25 days on-time compared
to other direct dark matter detection experiments[11]. The certral region is the
claimed WIMP detection by the DAMA collaboration using the predicted annual
modulation signature[12]

the extraction of the nuclear recoil limit remainsthe key statistical question
within the ZEPLIN | analysis.

Seweral di erent analysestechniques have been applied to the scirtilla-
tion pulse tting routines basedon single exponertial ts, meanand median
times. Although the time structure is well de ned for large everts, the everts
of interest are measuredin tens of photo-electronsfor which the model inde-
pendent ts to the pulsesareequivalent. The characteristic distribution of the
scintillation time constarts is a gammadensity distribution in 1/time, Fig. 4.
The underlying processfor the generation of this distribution in the photo-
multiplier signalsis not well understood the natural generation of gamma
density distributions arisesfrom non-consecutie time interval distributions.
It is alsonoted that the time constart distributions for single photo-electrons
from the photomultipliers, ie disconnectedfrom the xenonscirtillation, is well
tted by either a log normal or gamma density distribution.

The extraction of the 90%upper limit of nuclearrecoilsis usually achieved
by comparison of the time constant distributions for the run data and cal-
ibration data generatedby gamma sourcesor known gamma badgrounds.
The latter is generatedin ZEPLIN | through the use of the Compton veto
signal where coincidertal events in the chamber and veto are generated by
high energy Compton scattered gammasfrom the photomultipliers. A delta-
chisquared analysis can then be used to compare the sum of gamma and
neutron calibration data with the run data to extract the 90% upper limit
of obsened signal. An alternative to the comparisonto gamma calibration
data is to assumethe functional form of the time constart distributions of
the scintillation data are true gammadensity distributions or, lessstringent,
are smooth monotonically rising distributions. An analysis can then be per-
formed by comparing the expected distribution for the sum of signal and
badkground against the functional form of the calibration data, or searding
for the expected gradient break in the monotonic distribution. The validity
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of comparisonwith the functional form of the calibration data is in question
when the underlying processfor the generation of such a distribution is un-
known. The rigour of the statistical test utilised to extract the 90% upper
limit to the nuclear recoils, and hencethe dark matter crosssection, is of im-
portance in presen dark matter experiments which are beginning to exclude
the claimed WIMP signal inferred from the annual modulation seenin the
DAMA Nal detector array[12], Fig. 5.

2.2 ZEPLIN 11 - two phase scintillation/electroluminescence
detector

Fig. 6. Engineering drawing of the ZEPLIN |l detector illustrating the 30kg ducial
volume of liquid xenon viewed by seven 5" photomultipliers through the gasphase.
Electroluminescenceis generated in an electric eld below the photomultipliers
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ZEPLIN 1l (seeFig. 6) is a two phasexenon detector which utilises dis-
crimination betweenthe nuclear and electron recoils through a comparison
of the scintillation and ionisation yields and is a developmert of work per-
formed at CERN, UCLA and the UK[17]. The detector is currently under
construction for deployment at Boulby in 2002/3. The primary scirtillation
is measureddirectly by sewen 5" photomultiplier tubeswhich are located in
the gasphasebut view the liquid xenontarget volume directly. The ionisation
is extracted from the target massof liquid xenonthrough an electric eld into
the gaseousphasewhere it is measuredby viewing the electroluminescence
generatedin a high eld region with the samephotomultipliers. For nuclear
recoils where the high rate of energy loss produceselectrons co-located with
the xenonions the electric eld is low enoughto allow recombination of the
ionisation. The characteristic signature of a nuclear recoil is therefore a sin-
gle pulse due to the primary scirtillation. The characteristic signature of a
badkground event is a double pulse due to the obsenation of both the pri-
mary scirtillation but also the ionisation assaiated with the electron recoil.
The ducial massof ZEPLIN 11 is 30kg, with a PTFE re ector having the
the three purposeof increasingthe light collection yield, allowing a uniform
electric eld to be produced within the ducial volume of xenon and remov-
ing areasof xenon without an electric eld where gammaeverts may mimic
single pulse events. The information related to large xenon massand long
electron drift lengths gathered from operating the ZEPLIN |1 detector will
allow the dewvelopmern of large scaletwo phasexenon detectors.

2.3 ZEPLIN Il - two phase scintillation/electroluminescence
detector

ZEPLIN 111 (seeFig. 7) is a two phasexenon detector which utilises discrim-
ination betweenthe nuclear and electron recoilsthrough a comparisonof the
scirtillation and ionisation yields and is a developmert of work performed at
ITEP and the UK[18]. The detector is currently under construction for de-
ployment at the Boulby mine in 2003.The emphasisof the ZEPLIN Il detec-
tor is to maximise the light yield from the liquid xenonand to investigatethe
maximum discrimination possiblethrough the useof a high (2.5kV/cm) eld

within the ducial volume. This high eld is expectedto allow separation of
the ionisation from both electron and nuclear recoils, an e ect demonstrated
for recoils due to the more energetic and ionising alpha particles[18] and
recerily demonstrated for nuclear recoils due to neutrons[19]. To maximise
light yield and allow position measuremei the ZEPLIN |1 target has 31 fast
2" photomultipliers located within the liquid xenontarget. A reverse eld is
maintained directly in front of the cathodesto prevent the collection of ioni-
sation fom the beta and alpha activit y within the photomultipliers. Again the
ionisation is extracted from the 6kg ducial volume and measuredthrough
the generation of an electroluminescencesignal, with the primary/secondary
signal sizeratio being the discriminant varying by three orders of magnitude
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Fig. 7. Engineering drawing of the ZEPLIN 111 detector illustrating the 6kg ducial
volume of liquid xenon viewed by 31 2" photomultipliers from within the liquid
phase. Electroluminescence is generated in an electric eld within the gas eld
from ionisation extracted under high drift and extraction elds

for electron and alpha induced nuclear recoils. The information related to
high light yield, low badkground and maximum discrimination gatheredfrom
operating the ZEPLIN [l detector will allow the developmert of large scale
two phasexenon detectors.

3 Directional detectors

One of the signaturesfor a WIMP detection is the correlation betweenthe di-
rection of the nuclear recoils obsenedin a detector and the siderealvariation
in Galactic motion. The DRIFT detector conceptis basedon a 50 torr low
pressureCS, gastime projection chamber where a 1kV/cm eld is applied
acrossoneaxis to drift negativeionsto MWPC readout planesat ead end of
the detector. The free electronsproduced from ionisation due to nuclear and
electron recoils combine with the electronegative CS, molecule to produce
the negative ions. Negative ion drift hasbeenshown to reducetrack di usion

to enable mm tracks to be resolved at 0.5m drift lengths [20]. In addition
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to the discrimination potential due to resolving and correlating track direc-
tions the DRIFT detector allows discrimination through the di erent charge
densitiesdue to electron and nuclear recoils. Testson a foot-cube prototype
chamber show positive identi cation of nuclear recoilswith a 99.9%rejection
of electron recoils at 6keV[20]. A 1m?® detector has been constructed and in-
stalled at Boulby mine with con rmation of the nuclear recoil discrimination
potential of the DRIFT concept[21].

The supprt of ClevelandPotash Ltd., the operators of the Boulby mine,
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