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CRESST is an experiment for the direct detection of dark matter, capable of detecting nuclear
recoils down to 10 eV, which results in an impressive sensitivity for sub-GeV dark matter particles.
For a better understanding of the measured background a background model is developed. The
background components are considered via Geant4 simulations. At the current state, the CRESST
background model only considers bulk contaminations and treats all detector surfaces as perfect
plains.

This contribution presents potential effects of a surface contamination with radiogenic nuclides, in
combination with the influence of the crystals surface roughness. Nuclide decays near the crystal
surface may lead to partial energy deposition inside the detector, potentially causing MeV energy
events to influence the background in the keV energy range. Since default Geant4 is not capable
of simulating a rough surface, a new extension for simulating a rough surface is developed and the

impact of different roughness configurations is studied.
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1. Introduction

CRESST is a direct detection dark matter experiment, probing the parameter space for low mass
(< 1 GeV/c?) WIMPs with cryogenic crystals (~15 mK). Different types of materials are used [1-3],
e.g. CaWQq [1]. To protect the experiment against atmospheric background, it is located ~1400
m below the Gran Sasso massif at Laboratori Nazionali del Gran Sasso (LNGS) and is equipped
also with further shieldings and a muon veto [4]. An electromagnetic background model using
bulk contaminations was developed to study the residual background with Monte Carlo simulations
[4]. Spectral templates representing the distribution of energy depositions expected from different
backgrounds are simulated. The simulation is done with ImpCRESST, a Geant4-based simulation
tool developed and used by CRESST [4]. Afterwards, the templates are fitted to experimental
background data using a newly developed likelihood normalisation method [5], see Fig. 1 for the
energy range dominated by a-decays. With this method the experimental data can be covered! up to
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Figure 1: Simulated spectra caused by @-decaying bulk-contaminants (colored, filled histrograms) fitted
[4, 5] to experimental high energy data (black, open histogram) of CRESST’s TUM40 detector [6]. An
interactive version of this plot is available [5].

99.6 % [5]. But some features could not be explained by the simulation, see Fig. 1. The remaining,
uncovered parts are, among others, tails around the 238U, 234U or 2*'Pa peak or a single peak at
an energy of ~5300 keV. This is a hint for either: missing contaminants or it may be an effect of
surface contamination and surface roughness, which is not yet included in CRESST’s background
model. Near surface decays can lead to decay products leaving the detector, depositing only a share
of their decay-energy. For example, air-borne >*?Rn may contaminate the crystal surface during the
detector production; subsequent decays would cause surface contaminations with 2!°Po, observed
by CRESST [7], and 2!°Pb, observed by CUORE [8].

This study investigates the effect of decaying contaminants in the vicinity of the crystals
surface on CRESST’s background spectrum. First, I will show different types of surface roughness
profiles of crystals (Section 2). Then two surface contamination models are presented (Section 3)
and different simulated energy deposition spectra generated by using these models are discussed

ICoverage is defined as the ratio of expected events over the measured number of events in the experiment
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(Section 4). At last the impact of different surface contaminations on CRESST’s background model
is investigated (Section 5). We conclude in Section 6.

2. Surface Roughness of CaWQy Crystals
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Figure 2: Surface roughness profiles of a diffused (a) and polished (b) CaWOy crystal, TUM73 and TUM84
respectively. The surfaces were examined by V. Mokina, using a LEICA DCMS8 microscope.

The focus of this work is an extension of the ImpCRESST code that enables the inclusion of
surface background components in CRESST’s background model. As example we will apply it to
highly radiopure CaWOy crystals which were grown at TU Munich as target material for detector
modules [1]. To consider the impact of different surface treatments on the results, we study diffused
and polished CaWOy crystals; their surface roughness profiles were examined by V. Mokina, using
a LEICA DCMS8 microscope, see Fig. 2. Later we will compare our results to the TUM40 detector
[6], which had also a diffused surface like TUM73.

3. Modeling of Surface Contaminations

To simulate surface contaminations with ImpCRESST, two different particle generators were
developed and studied:
Method A, developed by A. Rabensteiner, places contamination nuclei in the vicinity below the
plain surface of a given volume. The placement depth x of the contaminants below the surface can
be sampled from different distributions: an exponential P(x; 1) oc exp(x/A4), a normal N (x; u, o)
and a delta distribution P (x;x9) = §(x—xg). CUORE’s simulation [8] is comparable to this method.
Method B generates the contamination of a "realistic rough" surface using two newly developed,
user controlled Geant4 modules: 1) surface generator, and 2) particle generator.
1) creates a patch of spikes (up to 1000 x 1000) which can vary in height, width and number of
spikes. 2) places nuclides exactly at the surface of the generated spikes. Details like the available
spike shapes are given in the appendix.

4. Simulation of Background from Surface 21°Po

To study contaminants on a flat surface we apply method A. Fig. 3 shows the simulated energy
deposition of Se4 2!°Po nuclide decays in the vicinity of the flat surface; their placement depth
follows either a delta (Fig. 3a) or an exponential distribution (Fig. 3b). From Fig. 3a one can see
the principal impact of the placement depth of 2!°Po nuclei on the spectrum of energy deposition.
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Figure 3: Simulated energy deposition caused by Se4 decaying 2!°Po nuclei placed in the vicinity of the
surface of a simulated CaWOy crystal. The placement depth x of nuclei is following a distribution function
depending on the distance to the surface: (a) a delta distribution §(x — x¢), (b) an exponential distribution

exp(x/A).

Three peaks are visible: a peak at 103 keV when only the recoiling 2°°Pb nucleus is absorbed, a
peak at 5304 keV when only the a is absorbed, and a mixed 2*°Pb+a peak at 5407 keV when both
are absorbed. With increasing depth the pure @ and 2°Pb peak intensity decrease and the mixed
peak intensity increases as it is more likely that both are at least partially absorbed when they are
placed farther away from the surface. For the same reasons, the remaining 2°Pb recoil peak is
shifted to higher energies and broadens. The shift depends on the energy a-particles deposit while
escaping the detector while the whole energy of 2°°Pb is absorbed by the crystal. The increase of
counts in the medium energy range between the 2°°Pb and @ peak can be explained by the same
effect.

Fig. 3b shows the energy deposition for an exponential distributed placement depth. Even in
this more realistic scenario, all three aforementioned peaks are visible. However, with increasing
parameter A the 2°Pb peak does not get shifted as in Fig. 3a. This is because even for large values
of A, some nuclei always decay in the vicinity of the surface and the a-particle can escape without
depositing energy in the detector. To study the effects of surface roughness we apply method B.

—— h=0.1um —— h=0.1um
10* —— h=1.pum 10tH- —— h=1.um
—— h=10. um —— h=10. um

10°

=)
2

(a) (b)

Counts
Counts

10°

=)
R

L ¥ e 1 R

=)

el
PRSI R | P ‘H . P A | Py | S P o L [
2000 3000 4000 5000 6000 0 1000 2000 3000 4000 5000
Deposited energy / keV Deposited energy / keV

P
6000

PR
1000

Figure 4: Simulated energy deposition of Se4 decaying 2'°Po nuclei placed exactly at the boundary of a
rough surface of a CaWOy crystal without energy resolution (a) and with applied energy resolution (b). The
roughness is modelled by spikes of 2 pm width and height 4.

Again, we simulated 5e4 decays of 2!°Po, but this time the nuclei are placed exactly at the boundary
of a simulated rough detector surface. The aforementioned 2*°Pb, @ and 2°Pb+a peaks are visible
and the overall shape of the energy deposition spectrum looks the same as for the flat surface
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(Fig. 3). However, differences are visible: In Fig. 4a the 2°°Pb peak has a non-smooth tail towards
higher energies. This is due to the placement of 2!°Po nuclides exactly at the surface which allows
a-particles to escape without passing through any detector volume. The medium energy range
shows a flattening towards the 2°°Pb peak. With increasing spike height the o peak decreases and
the 2%Pb+a peak increases. This is because of the increasing probability that both, the a-particle
and the 2°Pb nuclide hit the detector volume after the decay of >!°Po. In Fig. 4b time and energy
resolution of the TUM40 detector [4] is applied to the simulation data. The overall spectrum does
not change except for the smearing of the @ and the **°Pb+a peak.

5. Impact of Surface Contaminations on CRESST’s Background Model
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Figure 5: Simulated spectra caused by a-decaying bulk- and surface-contaminants (colored, filled his-
tograms) fitted [4, 5] to experimental data (black, open histogram) of CRESST’s TUM40 detector [6]. The
surface contaminants 2!°Po, 2*!Pa, 2*U and ?*U are placed on a rough, spiked surface, following method B
of this paper, and are marked with the suffix "spikes".

Using the new method B, templates for surface contaminations by 210pg 231py 2347 and 238U
are generated and fitted to TUM40 high energy data using the likelihood normalisation method [5],
see Fig. 5. Compared to the bulk-only simulation (Fig. 1) it can be seen that these added surface
templates can fill so-far unaccounted gaps: the peak at ~5300 keV is caused by surface 2!°Po, the
left tail of the bulk 238U peak is filled by surface 23U and the left tail of the bulk 23! Pa peak is filled
by surface 23! Pa.

6. Conclusion

We simulated for the first time the potential contribution of near surface contaminations to
CRESST’s background budget. We have studied two different methods for simulating surface
contaminations on the example of 210pg (Section 4): method A distributes contaminants in the
vicinity of an actual flat surface modelling a polished crystal surface, method B places contaminants
on a rough surface modelling a diffused surface. The energy deposition spectra simulated using
these methods show a similar general behaviour, but differ below 2 MeV.

We showed (Section 5) that surface contamination with 2'°Po, 23! Pa, 234U and 28U on a rough
surface (simulated with method B) can explain background observed with CRESST’s TUM40
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detector, which could not yet be attributed with CRESST’s bulk-only background model. Hence,
this work is an important first step for the full consideration of surface backgrounds in our background
model.
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Appendix

The repetitive placement of multiple but uniform spikes (Fig. 6) next to each other is repre-
senting a rough surface (Fig. 7).

(a) (b) (©

Figure 6: Visualization of different implementations of simulated spikes in Geant4: (a) simplest form of
a spike, basis is a Geant4 tetrahedron. (b) multiple layers of Geant4 tetrahedrons form the spike, the outer
surface approximates a squared function. (c) multiple layers of Geant4 tetrahedrons form the spike, the outer
surface approximates 1/x.

Figure 7: Geant4 visualization of 3x3 spikes placed at the surface of a target volume to simulate a patch of
rough surface.
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