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1.1 Introduction

The next generation of WIMP dark matter detectors are expected to approach the ”neu-
trino fog,” where coherent scattering of solar neutrinos will be observable, making it chal-
lenging to extract the WIMP signal [1]. However, due to the differing expected angular
distributions of the WIMP and solar neutrino fluxes, the capability to determine the di-
rection of an incoming particle would allow the rejection of solar neutrinos and provide
insights into the cosmological origin of a WIMP signal [2, 3]. This could be performed by
a hybrid “conventional-directional” solid-state dark matter detector where nuclear recoils
are registered in real-time by conventional readout techniques and directional information
is extracted by high-resolution imaging of the resulting crystal damage track inside the
material [4-6]. Such a detector is particularly promising due to its higher target density
compared to gaseous or emulsion detectors [7-9], the availability of materials with favorable
semiconductor properties and low nuclear mass [10, 11], and the ability to utilize color cen-
ters in the material for fast and precise identification and characterization of the damage
track [5, 6].

1.2 Detector scheme

The detector would consist of a ~m? volume of diamond or silicon carbide (SiC) divided
into numerous removable millimeter-scale segments. Occasionally, a WIMP or neutrino
interacts with the detector mass. Simulations with diamond indicate that a ~1-100 GeV
WIMP particle would lead to a ~10-100 keV nuclear recoil, producing a ~10-100 nm long-
lasting damage track [4]. Localization and measurement of this signal would proceed in
three stages (Fig. 1). In stage 1, the nuclear recoil is recorded in real-time using charge,
phonon, or photon collection similar to those in existing semiconductor-based detectors [12,
13]. The location of the interaction is also identified and the corresponding detector segment
is removed for further analysis.

In stage 2, the location of the damage track within the mm-scale detector segment is
identified with micron-scale precision. Two readout strategies are possible [6]. The first
is optical strain spectroscopy of pre-existing color centers in the material, looking for a
strain spike in color centers located near the damage track. The second is to use material
with few existing color centers and detect the fluorescence from new centers created by
the damage track. Both of these methods can be applied to color centers such as nitrogen
vacancies (NVs) in diamond [14-16] or divacancies in SiC [17-20].

Having identified the ~um3 voxel containing the damage track, we proceed to stage 3,
where nanometer-scale imaging techniques such as X-ray diffraction spectroscopy [21, 22]
or superresolution spectroscopy of color centers [5, 23, 24] are applied to measure the shape,
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Figure 1: Multi-stage detection in a solid-state directional matter detector. a) Solar
neutrinos and WIMPs stream through the earth with distinct preferred directions. b) Stage
1: WIMP or neutrino particles interact with a macroscopic detector, causing a nuclear
recoil recorded in real-time with conventional readout methods. c¢) Stage 2: micron-scale
localization with a QDM. d) Stage 3: nanoscale imaging of the damage track. Figure
adapted from [5].

orientation, and length of the damage track. This information can then be correlated with
stage 1 real-time data to determine the direction and origin of the signal. In order to
keep up with the anticipated event rate of a full m3-scale detector, stages 1-3 need to be
completed within a conservative benchmark time of 3 days [6].

1.3 Recent experimental progress and future outlook

Here, we report recent progress and future outlook toward developing such a detector at the
Quantum Technology Center (QTC) at the University of Maryland. Due to the maturity
of conventional (stage 1) detection techniques with semiconductor materials [12, 13] and
ongoing efforts on implementing similar techniques in diamond detectors [10, 25-28], our
research has focused on stage 2 and 3 detection using NV centers in diamond, a leading
platform for quantum sensing [14, 29].

1.3.1 Stage 2: micron-scale localization

For stage 2, precise, high-throughput optical strain spectroscopy can be performed with
a quantum diamond microscope (QDM) [30]. To localize a damage track from a 10 keV
nuclear recoil, a strain sensitivity of at least 1 x 1077 /4/Hz pum—3 with 1 um3 voxel size is
required [5]. In 2022, we demonstrated strain sensing on a confocal QDM with a sensitivity
of 5(2) x 1078/4/Hz um—3, exceeding this requirement [16]. For higher imaging through-
put, 2D strain sensing was also performed on a wide-field QDM with 150 x 150 pm? field
of view and similar levels of strain sensitivity. With chemical vapor deposition, NV-rich



diamonds can be synthesized with low background strain [31], favorable for localization of
strain spikes caused by damage tracks.

However, 2D strain imaging lacks depth resolution, and WIMP damage tracks can
randomly occur within the entire volume of the diamond detector segment. Our current
research is focused on developing full 3D strain imaging capability using light sheet mi-
croscopy [32, 33]. By shaping the excitation laser light, a light sheet QDM (LS-QDM)
would permit interrogation of a pm-scale-thick layer of NV centers [34]. As an initial
demonstration, we aim to construct an LS-QDM with ~5 pm resolution, ~ 100 x 100 um?
field of view, and strain sensitivity comparable to Ref. [16]. In the longer term, achieving
1 pm resolution is feasible [35]. For the alternative stage 2 readout method, which looks
for fluorescence from NV centers created in the vicinity of the damage track, conventional
LSMs akin to those used in other mineral detectors [36, 37] will be useful.

1.3.2 Stage 3: nanoscale track imaging

For stage 3, nanoscale imaging of diamonds using scanning X-ray diffraction microscopy
(SXDM) has been explored at the Argonne National Laboratory. In this technique, a beam
of X-rays is focused to a 10-25 nm spot inside a sample held at a Bragg angle [38]. As the
beam is scanned, local differences in the resulting diffraction pattern encodes the crystal
structure of the diamond. In the 2021 experiment [22], strain sensitivity of 1.6x10™* was
achieved, which would be sufficient to detect 10 keV recoils. A limited survey of low-strain
regions of the sample found no natural strain features which would impede detection of nm-
scale damage tracks. Future efforts will be geared towards performing SXDM of artificial
damage tracks with similar spatial and strain resolution.

An alternative stage 3 readout method is to perform super-resolution imaging of color
centers using techniques such as spin-RESOLFT [23]. This technique has been used to
perform 2D magnetometry with ~20 nm resolution [24], and is relatively straightforward
to extend for strain sensing. Z-resolution can be obtained by combining this technique with
super-resolved Fourier magnetic gradient imaging [5, 39]. By mapping the position of all
the color centers inside the region of interest, pattern recognition algorithms can be used to
reconstruct the damage track [4]. Compared to X-ray microscopy, a significant advantage
of this readout method is that it can be performed locally at the detector site with a
tabletop setup. Super-resolution NV imaging techniques have been previously developed
in our group [23, 24, 39, 40], and construction of a super-resolution-enabled confocal QDM
at the QTC is currently in the preliminary stages.

1.3.3 Artificial damage tracks for sensitivity characterization

To characterize the sensitivity of the aforementioned imaging techniques, it is crucial to
have methods to generate injected signals in a diamond sample. We have an ongoing col-
laboration with the Ion Beam Lab at Sandia National Laboratory, where their microbeam
facility can implant low numbers of carbon ions on the surface of a diamond sample with a
spot size of ~1 um and minimum energy of 0.8 MeV [41]. In situ ion counting can be used



to significantly reduce the ion intensity uncertainty in an ion pulse, allowing for determin-
istic implantion of single ions [42, 43]. Another method to produce artificial tracks is to
irradiate the diamond sample with energetic neutrons [44]. Preliminary simulations with
MCNP [45] indicate that irradiation with a monoenergetic 14 MeV neutron source would
produce a small but sufficient number of > 0.1 MeV nuclear recoils in diamond. Unlike
ion implantation, which is restricted to the surface, neutron irradiation can create tracks
inside the sample and would be useful to study the effects of neutron backgrounds which
are common in mineral detectors [37, 46].

1.4 Conclusion

In conclusion, a three-stage conventional-directional solid-state dark matter detector is a
promising prospect for detecting WIMP dark matter beyond the neutrino fog, by com-
bining techniques in conventional real-time nuclear recoil detection and quantum sensing
with color centers. Current research at the QTC aims to extend and fine-tune state-
of-the-art quantum sensing techniques to demonstrate the technical feasibility of such a
detector within the next few years, including determining the best readout method for
each detection stage. Although current research has predominantly concentrated on NVs
in diamond, development of similar techniques with color centers in silicon carbide should
also be explored in the future, given its potential for easier scalability.
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