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1 Introduction

Diamond is a monoatomic, wide-bandgap crystal that is both highly radiopure and hosts

a versatile room-temperature quantum sensor in the nitrogen-vacancy (NV) center. These

properties make it an attractive medium in which to detect and characterize nuclear-recoil

damage tracks left by rare particle interactions. In particular, next-generation Weakly In-

teracting Massive Particle (WIMP) dark matter (DM) detectors will soon encounter the

“neutrino fog,” where solar-neutrino backgrounds obscure a DM signal [1]. Directional de-

tection can overcome this limit by exploiting the differing angular distributions of neutrinos

and WIMPs, rejecting backgrounds through imaging of nuclear-recoil damage tracks paired

with conventional diamond-based real-time event detection [2–4]. Natural diamonds ex-

tend this reach into the past: with Gyr-scale exposure ages and intrinsic radiopurity, they

are candidate paleodetectors in which optically stable color centers could record an in-

tegrated DM/neutrino dose over geological time [5]. More broadly, diamond is an ideal

pathfinder mineral for the emerging program of mineral-based detection [6, 7]. Although

less abundant than other mineral candidates such as quartz or olivine, it uniquely com-

bines high-purity synthetic and well-characterized natural samples, a deep knowledge base

of defects, color centers, and computational modeling, and the capability to host a highly

versatile and developed NV quantum sensors that aid the study of track formation and

morphology. Together, these features allow the readout and simulation techniques the field

requires to be developed and experimentally validated in a single, well-understood material

before being applied to other minerals.

Building on our contributions to previous MDνDMs [8, 9], we report recent progress

at the UMD QTC on (i) multi-scale reconstruction of individual nuclear-recoil tracks, now

reported in full in Ref. [10]; (ii) a maturing, mineral-agnostic simulation-and-inference

toolchain; and (iii) a new natural-diamond paleodetection direction based on H3 centers.

2 Multi-scale reconstruction of single-ion tracks

We recently demonstrated multi-scale readout of individual sub-MeV nuclear-recoil tracks

in nitrogen-rich diamond [10]. Single 800 keV carbon ions implanted at the Sandia Na-

tional Laboratories microbeam facility produce spatially localized ensembles of NV centers

after annealing, detected by confocal photoluminescence with a mean of 17.50± 0.38 NVs

per ion across 222 sites. We then developed an experimentally calibrated forward model

using SIIMPL [11] to model vacancy production during implantation followed by kinetic
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Monte Carlo modelling of the annealing process which produces nitrogen-vacancy (NV)

centers [12]. We found that applying a correction for second-nearest-neighbor defect reac-

tions (discovered from first principles calculation) brings the predicted yield from ∼24 into

agreement with the measured value (∼16.6). Crucially, head–tail directional information

is partially retained through annealing and is recoverable by a simulation-based inference

(SBI) [13] machine-learning (ML) classifier with ∼95% efficiency (correctly assigning head–

tail direction for 95% of tracks) at a false-positive rate below 5%. The ML algorithm main-

tains similar directional reconstruction performance on simulated 100 keV tracks. Finally,

spin-coherence measurements (T2 ≈ 1.47 µs) indicate that nanoscale, magnetic-gradient

NV imaging of the resulting tracks is feasible [4, 14]. Full details are given in Ref. [10].

Alongside this single-ion work, we are advancing several complementary efforts to de-

velop novel methods for imaging damage tracks in diamond, including a light-sheet quan-

tum diamond microscope (LS-QDM) [9] that adapts selective-plane fluorescence microscopy

to NV-rich diamond for rapid, widefield three-dimensional imaging of the lattice strain im-

printed by a recoil damage track [15]. With the first generation LS-QDM at the QTC,

we have measured a light-sheet waist of ∼6.5 µm in diamond and demonstrated volumetric

strain mapping in both isotopically purified and natural-abundance (13C) synthetic dia-

mond. Work is underway to refine the performance of the device and analyze the resulting

3D images of growth-induced strain structures.

3 Toward end-to-end event reconstruction in mineral detectors
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Figure 1: End-to-end simulation-and-inference pipeline for mineral track detection. A

signal model and recoil spectrum (future work) feed vacancy production (binary-collision /

molecular dynamics), defect annealing (kinetic Monte Carlo), and readout (optical, quan-

tum, X-ray, TEM); the inverse problem is solved by simulation-based inference. Each stage

can be applied to any candidate mineral.

A central goal is an end-to-end simulation pipeline that maps a signal model (dark

matter, solar/atmospheric neutrinos, muons, and radiogenic backgrounds) to the damage

tracks produced in mineral detectors and subsequently observed by diverse readout methods

(Fig. 1). Such a forward simulation pipeline can then be utilized to address the inverse
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problem, which provides the ability to analyze and interpret experimental data. At UMD,

work has focused on developing forward simulations for vacancy production (using software

packages such as SRIM, SIIMPL, and GPUMD), annealing (SPPARKS), and developing

an SBI-based, ML-driven framework to solve the inverse problem. Other stages of the

pipeline will be developed in tandem with other members of the MDDM collaboration,

which UMD recently joined.

3.1 Forward modeling at scale with machine-learned molecular dynamics

Fully atomistic molecular dynamics simulation tools (MD) capture channeling, recombina-

tion, phonon transport, and other damage cascade phenemona that typical binary-collision

codes such as Stopping and Range of Ions in Matter (SRIM) cannot. However, conventional

MD methods are prohibitively slow for high-energy cascade work in diamond, requiring

thousands of CPU hours per ∼10 keV track with typical codes such as LAMMPS [16]. We

have transitioned to machine-learning-driven MD using the GPUMD package [17] with a

neuroevolution potential (NEP) [18] trained on first-principles data [19] supplemented with

close-range theory [20]. The potential reproduces DFT steady-state behaviors as bench-

marked via elastic constants and energies (Table 1), and is supplemented with electronic

stopping [21] and short-range nuclear stopping, enabling accurate modeling of cascade dy-

namics. Test runs show a ∼100× speedup that should enable recoil cascades up to ∼40 keV.

Figure 2 shows some preliminary test cascades and the resulting vacancy statistics. This

approach generalizes to any mineral, requiring only suitable DFT training data for less-

studied materials.

Constant (GPa) NEP (this work) optB88-vdW DFT

C11 1039 1061

C12 127 126

C44 557 559

Table 1: Elastic constants of diamond: NEP potential trained at UMD vs. DFT-based

values (optB88-vdW).

3.2 Solving the inverse problem with simulation-based inference

To address the inverse problem, we use simulation-based inference (SBI) [13], training a

neural posterior estimator on ∼200k SRIM-generated 3D tracks. Whereas Ref. [10] ad-

dressed only one-dimensional head–tail classification, here a geometric graph neural net-

work (GVP-EGNN) [22] is capable of inferring both the energy and the recoil direction

in full 3D. As shown in Fig. 3, this substantially outperforms conventional summary fea-

tures (principal-component axis, longest string, centroid-to-centroid, vacancy count, track

length), with the largest gains at low recoil energy where simple descriptors fail. Efforts are

ongoing to refine the model to incorporate diamond crystal structure using SIIMPL [23]

and the effects of finite track imaging resolution.
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a)

b) c)

Figure 2: GPU-accelerated-MD (GPUMD) simulation of nuclear-recoil damage cascades

in diamond. (a) representative vacancy distribution for a 3 keV recoil, with the crystal axes

indicated; typical behaviors of both channeling and non-channeling cascades are shown.

(b) distribution of the number of vacancies per cascade over N=1250 runs. (c) wall-time

calculation cost for 0.5–10 keV cascades, showing how GPUMD enables simulating cascades

beyond the reach of conventional MD.

4 Natural diamond as a paleodetector

While most mineral detection efforts at UMD have focused on synthetic diamond, natural

diamond has recently emerged as an attractive paleodetection target. Diamonds typically

reside in the mantle for ∼1–3Gyr before kimberlite eruptions carry them to the surface,

giving exposure times comparable to the oldest paleo-mineral candidates [24, 25]. The lat-

tice is also intrinsically radiopure, with sub-ppb uranium abundances confined to inclusions

rather than the lattice [5], while synthetic diamond is widely available for method devel-

opment. The main challenges are the comparatively uranium-rich host kimberlite, which

generates a radiogenic background [26], and deformation-induced defects which could mimic

or obscure genuine recoil tracks.

The readout also differs from synthetic-diamond directional detection. NV readout re-

quires isolated substitutional nitrogen (type Ib), which is rare in nature: over 95% of natural
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diamonds are type Ia, with nitrogen aggregated into A-centers (2N) and B-centers (4N) [27].

We therefore propose the H3 (N–V–N) centre as the natural-diamond-compatible readout,

formed when radiation-induced vacancies migrate during annealing and are trapped at A-

centres [28]; mantle temperatures readily drive this migration, and the resulting centres are

stable to temperatures exceeding 2000◦C [29]. The calibrated track-formation framework

of Sec. 3 and Ref. [10] can be extended to incorporate these constraints and predict H3

yields under geological thermal histories. At high (≳103 ppm) nitrogen concentrations,

however, H3 fluorescence is quenched by nearby aggregated nitrogen via a non-radiative

energy-transfer process [28, 30], thus likely requiring filtering of candidate samples via

FTIR screening. H3 centers are otherwise bright and photostable [31], rendering them

promising for the light-sheet and super-resolution imaging being developed for color cen-

ter readout; stimulated-emission-depletion imaging of single H3 centres has already been

demonstrated [32, 33]. H3 centres thus merit experimental characterization in natural dia-

mond to assess their suitability for paleodetection. As part of a preliminary study, we have

obtained three natural diamond samples from De Beers containing H3 centres and plan to

examine them with optical microscopy.
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Figure 3: Simulation-based-inference reconstruction of recoil direction and energy from

3D vacancy distributions, using SRIM-generated tracks. (a, b) Distribution of the 3D

angle between the true recoil axis and the predicted axis, for the GVP-EGNN model

compared to three classical summary-feature baselines (longest string, centroid-to-centroid,

principal component analysis), at (a) 30 keV and (b) 3 keV recoil energy. GVP-EGNN

is sharply peaked at small angles in both cases, though at 3 keV it exhibits a secondary

peak near 80◦ that is still under investigation. (c) Median absolute percent error in energy

reconstruction as a function of true recoil energy, comparing GVP-EGNN to two classical

baselines (number of vacancies, track length). GVP-EGNN outperforms both across the

full energy range, with the largest relative gains at low energy.
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