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The MainzTPC is a small dual-phase xenon time projection chamber (TPC) with the goal to
improve the understanding of response of liquid xenon to low energy elastic nuclear recoil inter-
actions. Its design is optimized to study the charge and light yield of electronic recoils in a wide
range of energies, but will also be used to measure charge and light yield of nuclear recoils. It is
equipped with fast photo multiplier tubes (PMTs) and high bandwidth FADC readout to study the
pulse shape of the primary scintillation light and its potential impact in Dark Matter detectors as
additional background discrimination technique.

3D position reconstruction is achieved by eight large area avalanche photo diodes (APDs). We
report here on the design of the MainzTPC and the measurement of gain and relative quantum
efficiency of the APDs.
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1. Introduction

There is overwhelming astrophysical evidence for the existence of Dark Matter, pointing to
one or more new elementary particles beyond the Standard Model. In particular, Weakly Inter-
acting Massive Particles (WIMP) have particular theoretical appeal from a particle physics and
cosmology point of view. For this reason, many experiments based on different detector materi-
als and techniques try to detect WIMPs directly by looking at nuclear recoils produced by WIMP
scattering off nucleons. In the last decade, experiments based on dual-phase xenon time-projection
chambers (TPC) such as XENON10, XENON100 and most recently LUX, have set the most strin-
gent limits in the WIMP-mass — cross-section — parameter space ([2], [4]). The principle of a
dual-phase xenon TPC is schematically explained in figure 1.

In such dual-phase TPCs the dense liquid is
used as primary detector material. A particle (e.g.
WIMP) scattering off a xenon nucleus deposits a
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Figure 1: 1: Principle of a dual-phase LXe TPC Using the time difference between S1 and S2
[1]. signals and the drift velocity of electrons in liquid
xenon, one can infer the depth of the interaction
point (z-coordinate). The x- and y-coordinates are determined from the relative intensity of the S2
signal on an array of light sensors on top of the TPC. The 3D-position reconstruction ability of
dual-phase TPCs allows discrimination of single vs. multiple scatter interactions and definition of
an optimized fiducial volume. This fiducial volume is chosen to lower the background, making use
of the excellent self-shielding properties of liquid xenon, and to avoid edge effects of the detector,
such as inhomogeneities of the drift field and reduced light and charge collection for interactions
close to the walls of the detector.

2. Background discrimination and scintillation pulse shape

Despite the fiducialization and discrimination for multiple scatterings, experiments search-
ing for WIMPs need additional background discrimination. There are two approaches to achieve
background discrimination. In dual-phase TPCs the ratio S2/S1 is used. It is higher for electronic
recoils from ys and electrons and lower for nuclear recoils (WIMPs, neutrons). To make use of this
background discrimination technique, knowledge on the response of liquid xenon to both types of
recoils and the influence of the drift field (quenching) is necessary. Other experiments based on
liquid xenon chose to work with a single phase LXe and without electric field (XMASS): in this
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case there is no quenching of the scintillation light but no S2 is detected. Therefore, the S2/S1
ratio can not be used to discriminate background from signal and the pulse-shape discrimination
technique is used instead. To understand the origin of the pulse shape, one has to take a closer look
to the atomic processes that lead to the primary scintillation light.

After the scattering of a particle in LXe, the xenon atoms form excimers and dimers, respec-
tively, and eventually deexcite, recombine and decay to ordinary xenon atoms. By dimer deexcita-
tion, the primary scintillation light is produced. Different types of recoil lead to different population
of singlet states (with decay time g = 2.2 ns) and triplet states (77 = 27 ns) of the xenon excimer,
hence the shape of the primary scintillation signal S1 depends on the interaction type.

In dual-phase TPCs the use of S2/S1 is well-established and commonly used. Although the
time scales are short in LXe and the electric field of the TPC reduces the number of photons gen-
erated, it could still be possible to use pulse shape discrimination as a complementary method for
background discrimination. Combining the two background discrimination approaches in a liquid
xenon based Dark Matter detector could significantly increase the sensitivity of the experiment by
decreasing the background signal. Understanding the pulse shape is crucial to determine the re-
quirements to a (multi-)ton scale Dark Matter detector, especially to its photo sensors and read-out
electronics.

The MainzTPC has two goals: measuring charge and light yield as well as the field quenching
especially in the low-energy regime (down to =~ 2keV) and improving our understanding of the
primary scintillation process, i.e. the difference of the pulse shape between electronic and nuclear
recoils (the population of singlet and triplet states) and the influence of the drift field.

3. TPC design

The design of the MainzTPC is optimized for a Compton scatter experiment. Therefore the
active volume of the TPC is small (52 mm in diameter, 50 mm height) to avoid multiple scattering.
Passive materials (especially surrounding the active volume) are kept as thin as possible, to lower
the probability for ys to scatter in non-active material. The S1 and S2 signals are detected with two
cylindrical PMTs with a diameter of 2 inches, one on top and one at the bottom of the TPC. The
PMTs (Hamamatsu R6041) have a high quantum efficiency at the scintillation light wavelength of
>30% and a fast response (ti =~ 2 ns, TTS ~ 0.8 ns). Avoiding an array of PMTs on top has
the advantage that there are no gaps, which increases the light collection efficiency of the TPC but
does not allow x/y position reconstruction of the interaction vertex. To overcome this drawback, we
added an array of eight large area avalanche photodiodes around the liquid gas interface, looking
inwards, to detect the S2 signal.

Geant4 simulations show, that this configuration leads to a x/y position resolution lower than
1.3mm. A very uniform drift field is required not to compromise the good position resolution.
For that reason the drift field is generated by fine-pitched meshes placed on top and bottom of the
TPC, while the shape of the field is obtained with a flexible printed circuit board placed around the
liquid xenon volume. To check the uniformity of the drift field the configuration has been simulated
using COMSOL, a commercially available finite elements simulation software: the uniformity in
a distance of more than 1 mm from the walls of the TPC is better than 1-3%, depending on the
absolute value of the field.
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The measurement of the pulse shape of small signals with short decay time constants in the
nanosecond regime requires state-of-the-art electronics. We use a custom-built high bandwidth
active signal splitter for the PMTs, and a high speed FADC board (Struck SIS3305, 5 GS/s, 10
bit) to digitize the S1 signals. A slower high resolution FADC board (Struck SIS3316, 16 bit, 125
MS/s) measures the S2 signal both on the PMTs and the APDs, and records the drift time. The
same board also reads the charge signals of the Germanium detector, which determines the energy
deposit in the liquid xenon TPC for the Compton scatter experiment.

4. Characterization of the APDs

The x/y position reconstruction of the interaction
vertex requires an array of photosensors to detect the
S2 signal. In the MainzZTPC, this is accomplished by
eight large area avalanche photo diodes (LA-APDs)
surrounding the liquid-gas interface looking inwards.
The choice to use APDs was driven by their compact-
ness, a requirement to keep the TPC compact. APDs
by RMD Inc. (Type S1315) were chosen, as they have
been shown to be sensitive to the VUV scintillation

light of liquid xenon [3], achieving a quantum effi-
Figure 2: APD test setup ciency of 34 &+ 5%, while providing a relatively large
gain of 10%- 10°.

The position reconstruction is based on the relative amount of light each of the APDs detects.
Therefore it is necessary to know the relative quantum efficiency of the APDs and their internal
gains, which are depending on temperature and bias voltage. To measure those properties a dedi-
cated setup has been built (figure 2).

4.1 Test Setup

In this setup four APDs can be mounted simultaneously on a disc in a circle with the center of
the APDs on a radius ro = 65 mm. Three of the APDs have been exchanged between measurement
runs, and one has been kept for all runs inside the system as a reference. Above the APDs a second
disc is installed, which is rotatable. On the lower side of this disc an ¢-source (Am-241) is placed
at a distance rp, from the center, offering the possibility to move the source above the center of one
of the APDs. The a-particles from this source create scintillation light when the whole system is
immersed in liquid xenon. This light is used to determine the relative quantum efficiency of the
APDs for the xenon scintillation wavelength (178 nm).

Additionally, an optical fibre penetrates the rotatable disc and shines through a small piece of
PTFE (thickness 1 mm) which is also mounted below the rotatable disc, diffusing the light coming
from the fibre. The fibre ends at rf;,. = 40 mm, and therefore is not centered above the APD.
The fibre is used to illuminate the APDs with pulses from a blue LED, which is placed outside
and therefore kept at room temperature, even if the APDs are cooled down and immersed in liquid
xenon.
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The complete system is installed in a vacuum vessel. Liquid nitrogen runs through a copper
pipe surrounding the vacuum vessel, allowing to cool the system and to liquefy xenon gas. To
control the temperature, three PT100 platin resistors are used. Sensor A is located outside of
the vacuum vessel close to the copper pipe, sensor B is installed in the vacuum vessel close to the
reference APD and sensor C is installed 5 mm above the Am-241 source. The latter being used only
to check if the a-source is immersed in liquid or not, whereas sensor B’s reading is the temperature
of the APD used in data analysis. Sensor A is used as input temperature for the PID control loop,
regulating the LN2-flow to stabilize the temperature. This vacuum vessel (containing APDs and
liquid xenon) is installed in a vacuum cryostat.

4.2 Electronics and Readout

For the characterization measurements, the APD signals were fed into a charge sensitive
preamplifier (CAEN, A1422, 400mV/MeV). Additionally, a shaping amplifier (Ortec, Model 671)
was used to shape the signal and to match the input range of the multi-channel analyzer (Fast-
Comtek, MCA-3), which we used to record the data. For the bias voltage of the APDs we used a
NIM HYV power supply (ISEG 234M or ISEG 206L). To monitor and control the temperature inside
the chamber and do the PID control of the LN2 cooling, we used a cryo-controller (SRS CTC100)
in combination with a nitrogen flow controller (MKS, M100B). To calibrate the MCA spectra and
to scale spectra recorded at different gains of the shaping amplifier, a test pulse from a precision
pulser (BNC, PG-5) was always recorded in parallel to the APD signals. The blue LED (370 nm)
was driven by a Philips pulser (PM5786B).

4.3 Measurement Procedure

As the multi-channel analyzer used to
Gain vs. bias voltage record the signal spectra only has one in-

put channel, we measured one APD after
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Figure 3: Gain measurement with different LED
pulses and ¢-scintillation light

need to be scaled according to their relative strength, there was an overlap between at least the
highest five settings of bias voltage of the higher light pulse and the lowest five settings of the
lower light pulse. Signal spectra were recorded with different bias voltages (25V < U, < U'™),
changing the bias voltage in steps of 50 V in the flat regime (compare figure 3) and smaller steps in
regions where the gain changed stronger with changing bias voltage. The smallest step size (10 V
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down to 5 V) was used for the highest gains or bias voltages above 1500 V accordingly. The maxi-
mum bias voltage used was different for different APDs and temperatures. In most cases we used
U, = 1550 V.

As the gain of the APD covers three orders of magnitude, it was not only necessary to change
the strength of the LED pulses with increased bias voltage, but it was also necessary to change the
gain of the spectroscopy amplifier to keep the scintillation light signals in the input range of the
MCA. Each spectrum recorded this way contains therefore two peaks (test pulse and LED) for the
low gain regime, where the a-scintillation light is not visible or three peaks, if ¢t-light was visible.
This process was repeated at least at three different temperatures between 169 K and 180K, to
determine the temperature dependency of the gain in the temperature range where xenon is in
liquid state.

4.4 Data Analysis and Results

For data analysis, all recorded spectra for
Gain for different APDs one APD measurement run (constant tempera-

ture, scanning the whole gain range with differ-
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ent LED pulse strength as described above) were
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Figure 4: Gain measurement for different APDs nels to charge. The mean of each peak, fitted
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where Q; is the peak position of the light
Figure 5: Temperature dependency of APD gain source i and Q; is the peak position of light
source j at bias voltage Uy, ,. N is the number

of spectra taken with the two light sources with the same bias voltage.
Using these factors, the spectra (and fit parameters of each peak respectively) could be nor-
malized to the strongest light source, i.e. the strongest LED pulse. To determine the gain of the
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APD, one has to specify equal gain, which was chosen arbitrarily to be at a bias voltage of 400V,
driven by the fact, that the peak position of the LED pulse did not change much with changing bias
voltage between ~ 200V and ~ 600 V. At bias voltages below 200 V the peak position of the LED
pulses increases significantly, due to the incomplete charge collection in the avalanche region at too
low internal fields. At voltages significantly larger than 400 V (i.e. around 600 V) the peak position
started to increase again with increasing bias voltage, showing that the avalanche process starts.

As the gain at 400 V was defined to be 1, we divided the measured charge of each of the peaks
by the measured charge of the same peak at U, = 400V, using the charge scaled to the strongest
LED pulse. As a result, we get the gain dependency on bias voltage for one stable temperature, as
shown for the reference APD in figure 3.

In figure 4 one can see the gain of all measured APDs. The temperature was constant while
measuring one APD (AT < 0.1K), but the absolute temperature was not the same for all APDs.
Temperature deviations between different APDs was ATy;r +0.3 K. One can see, that most APDs
(colored lines) show a quite similar behaviour, but one APD (black line) clearly deviates from the
others. This APD is from a different silicon wafer and might therefore have tiny differences in the
internal structure.

The avalanche effect is very strongly depending on the temperature, therefore we measured
gain-voltage dependency of each APD at different temperatures between 169 K and 180 K. Using
this data allows to plot gain vs. temperature for different bias voltages. These curves were fit with
an exponential

8(T) = go-exp(—ko(T — Tp))
where ko is the relative change of the gain per degree Celsius. The result for the reference APD
is shown for four different bias voltages, covering small gains up to the highest gain, in figure 5.
The high values of kg clearly show, that it is inevitable to measure and control temperature in
the MainzTPC accurately and include the measured temperature into the position reconstruction
algorithm.

For the position reconstruction, the knowledge of relative quantum efficiency of each APD for
the xenon scintillation light (178 nm) is crucial. The relative quantum efficiency can be calculated
from the peak position of the a-scintillation light peak. Dividing the measured charge of the
scintillation light peak by the internal gain of the APD for a given bias voltage and the electron
charge e gives the number of detected scintillation photons N gg’ .

ngz o Qmeas (Ub)

e g(Up) e

This number is independent of the gain of the APD. For each APD, this number is compared
to the number of photons detected by the reference APD N;Zt’ref , allowing to state the quantum
efficiency QE,.; of each APD i relative to that of the reference APD.

Determination of the absolute quantum efficiency of the APDs is more difficult, as one has
to know the absolute number of photons N;’Z that hit the APD. This number depends on the
W-value, i.e. the amount of energy from a-particles needed to produce one scintillation photon
Wy, = 19.6€V [1]) and the fraction of produced photons that hit the APD. This fraction can be
calculated by the solid angle of the APD seen from the Americium source, but additionally some

of the photons that would not hit the APD directly, could be reflected on the walls and anyway hit
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the APDs and therefore increase the effective solid angle of the APDs. As we are only interested
in the relative quantum efficiency of the APDs, we did not carry out the Geant4 simualtions that
would be necessary to get a handle on the reflections, but used just the geometrical solid angle of
the APDs seen from the ¢-source.

In addition to the geometry and the W-value, the purity of the xenon plays an important role,
when trying to infer the number of photons hitting the APD, as impurities change the number of
photons created per unit of ¢-particle energy as well as they might lead to absorption of VUV
photons. The latter two effects are the reason why one should not take the values of absolute
quantum efficiency stated in figure 6 too serious, especially as for the second and third batch of
tested APDs the xenon system had a leakage and the absolute quantum efficiencies were obtained
using the relative quantum efficiency of the APDs and the absolute value of quantum efficiency
calculated for the reference APD for the first measurement run. Still the absolute values of QE we
infered are similar to the one measured before in ([3]).

Looking at the measured relative quantum ef-
ficiencies, one can see that two APDs are signif-

icantly worse than the others. The reason is, that
one of those (APD 8) was from a different sil-
icon wafer, it is the same APD that deviates in
the Up-g-plot from the other APDs. The second
”bad“ APD (APD 7), was used before and might
not have been treated carefully enough, so the rea-
son for the worse QE of this APD might be some
surface contamination that absorbs the VUV scin-

tillation photons before they reach the sensitive Ij‘igure 6: Quantum efficiency of the APDs rela-
region of the APD, tive to the reference APD
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5. Summary and Outlook

We have designed and built a small xenon dual-phase TPC and a setup to carry out a Compton
scatter experiment to study low-energy response of liquid xenon to electronic recoils with unprece-
dented accuracy, using a germanium detector to determine recoil energy and position resolution
to fiducialize the active volume and discriminate multiple scatter events. Additionally our TPC is
equipped with fast PMTs and high speed Flash-ADCs to study the scintillation light pulse shape of
liquid xenon. The APDs that provide x/y-position resolution have been characterized using LED
pulses and the VUV scintillation light produced by a-particles in liquid xenon. Measurements of
the gain of each of the APDs at different temperatures and bias voltages as well as the measurement
of the relative quantum efficiency of the APDs enable us to do 3D-position reconstruction in the
TPC as planned. We started with the assembly of the TPC and the cryo-system and look forward
to see first signals this summer and to measure pulse shape as well as charge and light yield later
this year. For the future, it is planned to move the TPC from Mainz to a suitable neutron source
(e.g. ELBE) to study xenon response to nuclear recoils.

Applying pulse shape discrimination in a multi-ton scale detector will set strong requirements
to the detector design and its photo-sensors, as photon travel times, photon reflections and response
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of the photo sensors will alter the measured pulse shape. Using the acquired knowledge on the scin-
tillation pulse shape will enable us to study the requirements for a multi-ton detector and additional
background reduction that could be achieved.
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