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Abstract

EXO0-200 uses 468 large area avalanche photodiodes (LAAPDs) for detection of scintillation light in an ultra-low-
background liquid xenon (LXe) detector. We describe initial measurements of dark noise, gain and response to xenon
scintillation light of LAAPDs at temperatures from room temperature to 169 K—the temperature of liquid xenon.
We also describe the individual characterization of more than 800 LAAPDs for selective installation in the EXO-200

detector.

Key words: Avalanche Photodiodes, double beta decay, xenon, EXO, low background, scintillation

PACS: 23.40.-s, 29.40.Mc

1. Introduction

In recent years Large Area Avalanche PhotoDiodes
(LAAPDs) have been discussed as photodetectors of
scintillation light [1, 12 3]. LAAPDs are compact, semi-
conductor devices with high quantum efficiency (QE)
from the infrared to the vacuum ultraviolet (VUV).
Made mostly of high purity silicon, very lightweight,
and fabricated in a clean room environment, they can
be produced with low intrinsic radioactive contamina-
tion [4]]. Hence they are well suited to the detection of
scintillation light in ultra-low background experiments,
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especially when the wavelength to be detected is in re-
gions of the spectrum that are problematic for photo-
multiplier tubes (PMTs). This is the case for noble el-
ements as the scintillation light is in the VUV region
[S]. Although several groups working on the detec-
tion of low energy, rare events have been investigating
LAAPDs [6, [7], EXO-200 is the first such detector to
make wide use of them.

2. The use of LAAPDs in EX0O-200

EXO (Enriched Xenon Observatory) is a program
aimed at building a ton-class neutrinoless double beta
(OvBB) decay [I8] detector using xenon enriched to 80%
in the isotope 136 as the source and detection medium
[9. While the EXO collaboration is planning to build a
ton-scale detector with the ability to retrieve and iden-
tify the '**Ba atom produced in the double beta de-
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cay of 13Xe, an intermediate scale (200 kg of enriched
xenon, 80% '3°Xe) detector, without the barium tagging
feature, EXO-200, is currently close to the data taking
phase.

The xenon in EXO-200 is kept in liquid phase at
a temperature ~170 K and a pressure ~1.5 atm. The
two electrons produced in the double beta decay are de-
tected in an electric field of 1-4 kV/cm by the simulta-
neous readout of ionization and scintillation. This tech-
nique has been shown to provide better energy resolu-
tion than can be achieved with ionization or scintillation
detection alone [10} [TT]], as required to suppress back-
grounds by discriminating the sharp peak of the 0vSp3
decay from other events with broader energy spectra.
In the EXO-200 Time Projection Chamber (TPC), the
ionization signal is collected by crossed-wire grids, and
the ~178 nm wavelength VUV scintillation light is de-
tected by LAAPDs, hence measuring the total energy
of the decay and its three-dimensional location. The
third dimension is provided by the drift time, using the
scintillation signal as the start time. The liquid xenon
(LXe) detector is contained in a low-activity thin-walled
(1.5 mm thick) copper vessel in the shape of a cylin-
der about 40 cm long and 40 cm in diameter. The cop-
per vessel is submerged in HFE—700(ﬂ contained in a
low-activity copper cryostat. The HFE-7000 is an ultra-
clean fluid that is in liquid phase in a broad range of
temperatures, encompassing 300 and 170 K. This fluid
is used as the innermost y and neutron shield, and as the
thermal bath to maintain a uniform temperature around
the LXe vessel.

The EXO-200 LAAPDs are used “bare”, i.e. without
standard encapsulation, and immersed in LXe, which
acts as an excellent electrical insulator. This eliminates
issues of radioactive background and differential expan-
sion related to the use of the ceramic encapsulation.
In addition it allows for a higher packing density and
eliminates the front window, resulting in a higher ef-
ficiency for VUV photon detection. The LAAPDs are
Advanced Photonix (API) unencapsulated diesﬂ shown
in Figure [l They have 16 mm diameter active area
(200 mm?), with an overall physical diameter between
19.6 and 21.1 mm. The thickness varies between 1.32
and 1.35 mm and the mass is 0.5 g. The LAAPDs are
mounted on two gold-plated copper platters (Figure [2),

4Novec Engineered Fluid HFE-7000 (C3F7OCH3) is a hydrofluo-
roether heat transfer fluid made by 3M, St. Paul MN, USA.
SAPI product # SD630-70-75-500
www .advancedphotonix.com/ap_products/pdfs/
SD630-70-75-500.pdf) by Advanced Photonix Inc., 1240
Avenida Acaso, Camarillo, CA 93012, USA.
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Figure 1: API LAAPD. The ruler indicates the size in cm and inches.
The gold-plated cathode is displayed on the right and the active sur-
face surrounded by the gold-plated ring-wafer anode on the left. Note
the bevel on the cathode side, providing a longer distance along which
to hold the bias high voltage.

one at each end of the TPC. The 234 devices on each
platter are arranged in a triangular grid with a photosen-
sitive packing fraction of 48%. There are no LAAPDs
on the sides of the detector because of the large electric
field; Teﬂorﬂ reflectors are mounted in these regions.
Teflon is known to be a good diffuse reflector of xenon
scintillation light [12]], increasing the light collection ef-
ficiency by 50-150%, depending on the location of the
event in the detector. The front face of the LAAPD sup-
port platter is beveled and coate(ﬂ with aluminum and
magnesium fluoride in order to reflect photons that do
not hit an LAAPD, further increasing light collection ef-
ficiency. The LAAPDs are electrically ganged in groups
of seven (or, in some special cases, five or six), giving a
total of 74 LAAPD electronic readout channels (37 per
side). Each group is held in place by a platinum-plated
phosphor bronze spring, which also provides electrical
contact to the gold-plated cathodes of the LAAPDs.
LAAPD:s are silicon devices consisting of a p-n junc-
tion. Light photons are absorbed on the active surface
in the p-region of the diode and produce electron-hole
pairs. The electric field drives the primary electrons to a
multiplication region, where the field strength is above
the threshold for the production of new electron-hole
pairs by impact ionization. Multiplication gains of or-
der 100 are typical, increasing more than exponentially
with the applied voltage. The devices used in EXO-200

SDupont TE-6472, a variety of modified polytetrafluoroethylene
(PTFE).

7Coating done by Vacuum Process Engineering, Inc., 110 Com-
merce Circle, Sacramento, CA. 95815.
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Figure 2: A partially filled LAAPD platter. The triangular platinum-
plated contact springs have been installed at the top and right; the
LAAPDs at the bottom center have yet not had their contact springs
installed.

are made by growing the p-type epitaxial layer on n-type
neutron transmutation doped silicon [13]]. A second sil-
icon wafer, ring-shaped and gold-plated, is bonded by
a layer of aluminum to form the anode. The external
contact of the cathode ring is also gold plated. The
edge of the device is beveled and coated with a poly-
imide paint to improve the breakdown characteristics at
the edges. Extensive radioactivity measurements were
made of both complete and partial LAAPDs [4]. Fol-
lowing these measurements, the aluminum used to bond
the ring wafer to the rest of the device was found to be
unsatisfactory and was replaced with a special type of
ultra-pure aluminunﬂ

3. LAAPD handling and initial qualification

A total of 851 production LAAPDs were purchased
for EXO-200 and produced by API between September
2006 and June 2008. Great care has been taken at all
times in the handling of these LAAPDs, both to protect
the unencapsulated diodes from damage and to main-
tain the ultra-low radioactive background and xenon pu-
rity requirements of EXO-200. In particular, unencap-
sulated diodes are adversely affected by humidity, so the
devices are transported in a dry-nitrogen filled container
and stored in a dry box purged with boil-off nitrogen.
All testing of the production LAAPDs is done in a clean
room.

A number of laboratory tests were performed to char-
acterize the properties of unencapsulated LAAPDs. In

8Hydro Aluminium Deutchland GmbH, Bonn, Germany.

particular, effort was put into understanding the noise,
gain and QE of the devices, and their behavior as a
function of temperature. This initial testing of pre-
production LAAPDs, not to be installed in EXO-200,
was done in a single-device setup with a commercial
integrating preamplifier, shaper and multichannel ana-
lyzeﬂ In addition, all 851 production LAAPDs have
been individually characterized under expected operat-
ing conditions. This was done in a multiple-LAAPD
test setup with custom electronics.

4. Multiple-LAAPD test setup

The testing and characterization of the production
LAAPD:s is done in a vacuum chamber maintained at
better than 107° torr by a turbomolecular pump backed
by a dry scroll pump. Figure [3] shows a schematic of
the test chamber and Figure [] displays a photograph
of the system. Sixteen devices, mounted face down
on a 9.5 mm thick copper disk, are tested simultane-
ously in the chamber. The copper disk connects together
the anodes for all 16 LAAPDs and maintains them at a
constant and equal temperature. The back surface of
each device is contacted by a beryllium copper spring,
mounted, with nylon supports, on a second, removable
copper disk. These cathode connections reverse bias
each device at ~1400 V for a gain of ~100. A 16 con-
ductor flex cable transmits signals to the front-end elec-
tronics card (FEC) outside the vacuum chamber (Fig-
ure[3).

The temperature of the devices is maintained near the
operating temperature of EXO-200 (170 K) for the test-
ing. The LAAPDs are cooled by boil-off nitrogen gas,
flowing through a copper tube brazed to the circumfer-
ence of the lower copper mounting disk. The tempera-
ture of the nitrogen gas is regulated by a two-stage resis-
tive heater attached to a section of the cooling tube ex-
ternal to the vacuum chamber. A 150 W heater provides
coarse temperature control. A 20 W heater, controlled
by a PID feedback circuit reading out a resistance tem-
perature detector (RTD) on the LAAPD mounting disk,
provides fine temperature control. This configuration
achieves cool down from room temperature to 170 K in
approximately two hours and temperature stability bet-
ter than 0.2 K. It is important that the temperature be
held within a very tight range because of the strong de-
pendence of LAAPD gain on temperature, and a fast
cool-down is important because of the production nature

ORTEC 142H preamplifier, ORTEC 672 amplifier and
PerkinElmer Trump-PCI-2K PC-based multichannel analyzer.
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Figure 3: Test chamber design. VUV photons from the xenon scin-
tillation light source (XSLS) and X-rays from the >°Fe source are de-
tected by the downward facing LAAPDs.

of the measurements. Ceramic insulators are used to
electrically isolate the vacuum chamber from the boil-
off nitrogen source and from the vacuum pump system.

Two radioactive sources mounted below the cop-
per disk are used to measure certain parameters of the
LAAPDs. A 5 uCi Fe source provides 5.9 keV X-rays
to measure the absolute gain of the devices, by total ab-
sorption directly in the junction. X-rays incident on the
device junction generate electron-hole pairs, with an av-
erage of one pair produced for each 3.66 eV of incident
energy [14]. Thus, a 5.9 keV X-ray from the >>Mn de-
excitation generates ~ 1600 electron-hole pairs in the ac-
tive region. Measuring the gain in this way assumes that
the gain is linear in the number of electron-hole pairs
produced. This is not completely correct, as X-rays pro-
duce high charge densities, decreasing the local electric
field and producing local heating. The non-linearity of
the gain has been measured [13]], and the difference in
gain between 5.9 keV X-rays and VUV photons is less
than 1% at a gain of 100.

A xenon scintillation light source (XSLS), made by
enclosing a 1 nCi *8Gd alpha source within a cell filled
to 3.3 atm with xenon gas, produces VUV photons. The
scintillation light resulting from the alpha decays pro-
duces the characteristic spectrum of xenon, peaked at

Figure 4: The vacuum chamber of the multiple-LAAPD test setup.
The copper mounting disks are at the top of the picture. The XSLS is
in the middle, the cooling tubes on the right, and the 16 conductor flex
cable on the left. The pumping manifold can be seen at the bottom
right and in the background.
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Figure 5: Electrical schematic of the test system up to the preampli-
fiers on the FEC.



178 nm (7 eV photons), so that the QE can be measured
in the most relevant way. The top of the cell is fitted
with a quartz window and the scintillation light gener-
ated is enhanced by a conical Teflon reflector inside the
xenon cell. While 3Fe events deposit their energy into
individual LAAPDs, events from the XSLS consist of
a broad fan of VUV photons producing signals in all
LAAPDs. Therefore the QE measure is a relative one,
normalized to a “standard” LAAPD that is installed in
the central position.

4.1. Data acquisition

The multiple-LAAPD test setup is read out using
a partial prototype of the EXO-200 Data Acquisition
(DAQ) system. Signals from the LAAPDs are digi-
tized on a custom-made 16 channel Front End Card
(FEC). Each channel consists of a pre-amplifier, an ana-
log shaping circuit, and a 12 bit charge analog-to-digital
converter (ADC). The output of the preamplifiers is
sampled and digitized at | MHz. The digitized output
from all 16 channels is transmitted over an optical ca-
ble to a Trigger Electronics Module (TEM). This mod-
ule maintains a buffer of 1024 digitization samples and
stores the trigger logic. Once a trigger is issued an event
is created, consisting of 2048 samples from each of the
16 channels, centered on the time of the trigger. Thus
each event contains approximately 2 ms of data. The
event data is stored on a computer and is analyzed of-
fline. The data acquisition rate is limited to 80 events
per second by the transfer rate to the computer.

Since the two radioactive sources produce different
signatures, the DAQ is triggered separately for > Fe
events and XSLS events. An >Fe trigger is issued if
the signal from any one channel crosses a pre-defined
threshold and an XSLS trigger is issued if the sum of all
16 channels crosses a threshold.

4.2. Test procedure

All production LAAPDs are characterized for leak-
age current, noise, gain and QE in sets of 15. In each
batch, the central (16th) location on the copper sup-
port is occupied by an LAAPD designated as “standard”
and left in place for many measurement cycles. This
LAAPD provides information on the system stability.

The LAAPDs are first subjected to a break-in cycle
consisting of at least two cool-downs from room tem-
perature to 169 K, one warm-up from 169 K to room
temperature, and 24 hours maintained at 169 K. Dur-
ing this break-in, the leakage currents of the devices are
measured, both at room temperature and at 169 K. Fol-
lowing this, measurements at 169 K of noise, gain and
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Figure 6: Dark noise as a function of temperature for fixed gains from
50 to 250 for one specific LAAPD. The base value of ~2600 electrons
is the result of the capacitance on the input of the preamplifier; the
excess noise above 250 K is due to leakage current.

QE require the accumulation of a few thousand events
per device. The full data acquisition for a set of 16
LAAPDs takes 2-3 hours once the temperature has sta-
bilized.

Of the 851 LAAPDs, about 180 were found to be ei-
ther unstable or very noisy at 169 K and biased for a
gain of 100. It was not possible to conduct the full suite
of measurements on these devices and they are not in-
cluded in the noise, gain and QE results presented in this

paper.

5. Noise

Figure [6] shows the measured dark noise as a func-
tion of temperature for fixed gains of 50, 100, 150,
200 and 250 for a typical LAAPD in the single-device
setup. Electronic noise has been subtracted, and the
RMS widths are given in electron equivalent charge.
The noise performance of the device improves with de-
creasing temperature down to ~250 K, with no observ-
able change below that.

The intrinsic device noise includes contributions
from both the capacitance and the leakage current. We
have investigated each of these separately. The ca-
pacitance, responsible for part of the noise, decreases
markedly as the bias voltage increases because of the
change in depletion depth. Typical devices have a ca-
pacitance of ~1 nF at 50 V and ~200 pF at 1400 V.

Figure [/| shows the leakage current as a function of
temperature for a single LAAPD. The leakage current
drops from ~300 nA at room temperature to ~20 pA at
218 K, a drop of over four orders of magnitude. This
is the primary reason the device noise improves with
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Figure 7: Leakage current as a function of the temperature for a typi-
cal device at fixed gain of 100.

decreasing temperature, with leakage current typically
becoming a negligible contribution to the noise below
250 K. However, we have observed many devices with
anomalously high leakage current. All devices were
tested by the manufacturer at room temperature to en-
sure that the leakage current at a gain of 100 does not ex-
ceed 1 pA. Despite this, our testing found a substantial
number of devices failing this criterion, indicating dete-
rioration after the testing at the manufacturer’s facility.
While it is unclear what causes such deterioration, we
have observed no significant change in the leakage cur-
rent after the LAAPDs are stored in our facility. As part
of the acceptance for EXO-200 we have also measured
leakage currents at 169 K, a more interesting parameter
that the manufacturer was unable to test. A number of
devices exhibit leakage currents much greater than 1 nA
at 169 K, in some cases with no indication of high leak-
age current at room temperature. We have found that
anomalously high leakage current at 169 K is often cor-
related with noisy or unstable devices.

In the 16 device setup, the noise of the LAAPDs is de-
termined by an analysis of the ADC output when there
is no trigger. The RMS of the output around the baseline
is calculated for a large number of events and averaged
to give a dark noise measurement, shown in Figure|[§]for
all devices. The noise of most devices lies between 700
and 1500 electrons. Although in this case the contribu-
tion of the electronics has not been subtracted, the mea-
sured noise is substantially lower than that measured in
the single-device setup because the preamplifier is better
matched to the capacitance of these LAAPDs. Devices
showing electronic noise greater than 1500 electrons are
considered unsuitable for installation in EXO-200.
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Figure 8: Noise of the EXO-200 production LAAPDs measured at
169 K and a gain of 100. A total of 667 devices are represented in the
histogram.
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Figure 9: Pulse height spectrum of the >>Fe source for a typical device
at 207 K. The secondary bump on the upper side of the 5.90 keV peak
is the 6.49 keV peak.

6. Energy resolution

For accurate characterization of the LAAPDs gain
and QE it is important to achieve good energy resolu-
tion in the »Fe and XSLS spectra. Figure E] shows an
example pulse height spectrum for the X-rays from the
>3Fe source for a single LAAPD. The source produces
X-rays of 5.90 keV (89%) and of 6.49 keV (11%). The
two peaks are not fully resolved even at low tempera-
tures where the device noise is low. The energy resolu-
tion is determined by fitting the main peak of this spec-
trum to a Gaussian distribution. Figure [T0] shows the
resulting energy resolution as a function of gain both
close to room temperature and at 197 K. It appears that
the best resolution is obtained at a gain of ~100 irre-
spective of the temperature.

The variance in the LAAPD output signal expressed
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source at 293 K and 197 K for a typical device. The best resolution is
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in electrons, O 18 given by

0'12\/ = Gzoﬁ + neho'é + ”z,hO'ZNU + a'ﬁoise. QY
The first two terms describe the statistical variance
in the number of primary photoelectrons and the gain
respectively. Here G is the gain, o2 is the variance in the
number of primary photoelectrons, ngy, is the number of
primary photoelectrons and o-é is the statistical variance
in the single electron gain. In addition, oy represents
the gain non-uniformity in the diode volume and o pgise
is the dark noise of the diode-preamplifier system.
The variance in the primary electrons is determined
by the Fano factor, f, with a value of about 0.1 in sili-
con [15]]

0',21 = Henf- (2)

Following [[13]] we describe the statistical variance in
the gain by introducing an excess noise factor, F

2
o
_ G
F=1+ a, (3)
with F = 2.0 at a gain of 100 [16|[I7]. Thus Eqn.[T]
becomes
0% = G nenf + nen(F — )] + 1, 0%y + 02 (4)
This can be rewritten in terms of the energy released
in the device, E = nep€, where € is average energy re-
quired to produce one e-h pair (3.66 eV for silicon).
This leads to the equation for energy resolution, %

or\2 € 1 €
(FE) = E(f+F_ 1)+a0-12\IU+_O—§°iSC'(5)
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Figure 11: Energy resolution of the 5.90 keV X-ray line for 667 EXO-
200 production LAAPD:s.

For 5.90 keV >>Mn X-rays, we calculate £(f + F —
1) =~ (2.6%)>. Figure shows the observed energy res-
olution at 169 K for the production LAAPDs at a gain of
~100. The dark noise term, o-ﬁoise, is known to be neg-
ligible at 169 K, so we interpret the peak energy resolu-
tion of ~5.5% as due to the non-uniformity term, o-ﬁU,

as was already noticed for the same devices in [16].

Events from the XSLS consist of 150-300 VUV pho-
tons detected by each LAAPD, depending on the device
location on the mounting disk. Since the photons strike
the device at random locations gain non-uniformities are
averaged out. However, the new terms: o7, accounting
for the Poisson distribution in the number of detected
photons, oy accounting for the photon statistics in
the scintillation process and o gource deriving from the
fact that the source is not point-like and hence differ-
ent events are seen under slightly different solid angles,
contribute to the variance in the primary electrons. In-
deed, *8Gd was chosen as the « source because of its
low energy (3.3 MeV), producing relatively localized
scintillation tracks.

Figure shows the observed XSLS energy reso-
Iution at 169 K at a gain of ~100. In most cases
the observed energy resolution is in the range 9-15%.
LAAPD:s tested in the central position of the mounting
disk receive the most photons (~300 per event) and have
the best XSLS resolution (9-10%); LAAPDs tested in
the outside positions receive fewer photons (~150 per
event) and consequently have worse resolution (13—
15%). There are some devices with XSLS resolution
above 15%, but the majority of these are either particu-
larly noisy or have unusually low QE. In fact, although
XSLS resolution is not used as a selection criterion, only
two devices eventually selected as suitable for installa-
tion in EXO-200 have XSLS resolution above 15.5%,
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Figure 13: Gain versus bias voltage near room temperature (data sup-
plied by the manufacturer) and at 169 K (EXO data) for a typical
device .

and none above 16.5%.

7. Gain

Figure [I3] and [T4] show the gain of an LAAPD as a
function of bias voltage and temperature. These data
demonstrate the necessary requirements to maintain sta-
ble gain. At a gain of 100, corresponding to ~1400 V
bias, and at 169 K, the slope in the gain is approximately
1.5% V~'. The gain also increases rapidly with decreas-
ing device temperature, approximately 5% K~! near the
operating temperature of 170 K. Hence to achieve a gain
stability below 1%, the variation in voltage (tempera-
ture) must be below 1 V (0.2 K).

Gain measurements are made for each production
LAAPD at a series of bias voltages, typically over the
approximate gain range 50-200. We construct a gain
curve from these measurements, and determine the re-
quired bias voltage to operate at a gain of 100 for each
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Figure 14: Gain versus temperature at a fixed bias voltage (1439 V)
for a typical device.
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Figure 15: Bias voltage required to operate at a gain of 100 for 667
EXO-200 production LAAPDs.

LAAPD. Figure shows the distribution of voltages
required to produce the same gain of 100 for all EXO-
200 production LAAPDs. Gain uniformity in EXO-200
is obtained through a combination of device matching
(in groups of ~40 units with the same bias voltage) and
bias voltage tuning (for each such group).

8. VUV response

We determine the relative QE for xenon scintillation
light by measuring the response to XSLS events of each
production LAAPD with respect to a reference LAAPD.
Corrections are applied for the previously measured de-
vice gain and the location dependent XSLS brightness.
The brightness at each of the 16 LAAPD locations is
calibrated by comparing the response to the XSLS sig-
nal for a set of LAAPDs in multiple positions.

A histogram of the relative QE of the production
LAAPDs is shown in Figure[I6] We can see that the ma-
jority of the devices (~96%) have relative QE between
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Figure 16: Relative QE for 667 EXO-200 production LAAPDs.

0.8 and 1.2. The devices with relative QE below 0.8 are
not used in EXO-200.

Surface cleanliness is critical for maintaining good
VUV response, and we have observed the effects of sur-
face contamination on two sets of 15 devices. Signifi-
cant deterioration in VUV QE for these 30 devices was
noticed following accidental high voltage discharges in
the test chamber. The devices were otherwise unaf-
fected, and in most cases their response to VUV light
partially recovered after ultrasonic cleaning in methanol
and deionized water followed by a vacuum bake at
160° C for 24 hours. This suggests that surface con-
tamination was indeed the cause of the poor VUV re-
sponse, although the nature of the contamination and the
mechanism by which it was released during the electri-
cal breakdown episodes remains unclear.

9. Stability

The stability of the multiple-LAAPD test setup is
monitored by keeping the same device in the central po-
sition over many testing cycles. These central LAAPDs
(a total of three have been used over the course of two
years of testing), as well as several others that were
characterized a second time several months after the ini-
tial characterization, also allow us to measure the sta-
bility of the devices themselves over time. Figure
displays the measured gain of the central LAAPDs over
time. No systematic changes are evident and the gain of
each device is constant to within 2%.

10. Conclusions

We have performed a systematic set of measurements
on 851 bare, low activity LAAPDs at room temperature
and at about 170 K. We find that 565 devices comply
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Figure 17: Variation of reference LAAPD gain at a bias of 1420 V
and at 169 K. Note the zero suppression. The horizontal axis shows
time since testing began in November 2006. Three different reference
LAAPDs were used over the course of two years of testing, each with
slightly different gains—explaining the jumps at days 100 and 390—
but for each of the three no systematic gain fluctuations are observed.

with the EXO-200 requirements for use as VUV scin-
tillation light detectors in the experiment (468 devices
are needed). Most of the devices rejected have either
high dark noise (~250 devices) or low relative QE (~30
devices).
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