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The graphitization of diamond is of significant interest for nanodiamond synthesis from laser-shocked
hydrocarbons, for its use as a detector material, and for the application in diamond anvil cells. The
transition can be triggered either locally through sufficiently rapid energy deposition, or thermally

at temperatures above 1800 K. We report on an experiment in which a heavy-ion beam was used to
volumetrically heat monocrystalline diamond, investigating the intermediate regime between these
two competing mechanisms. Our sample is probed using x-ray radiation generated from a laser-driven
titanium plasma. The ratio of elastic to inelastic scattering in backward direction allows for measuring
the samples’ bulk temperature. We observe good agreement between the x-ray based technique and
stopping power simulations up to ~ 2000 K. When increasing the heating further by fully stopping the
ions in the target, we reach conditions where graphitization is predicted to occur. In this regime, elastic
x-ray scattering is notably stronger than expected for pristine, heated diamond. Simultaneous x-ray
diffraction measurements show a modification of the previously sharp diamond peaks in this range,
which is also accompanied by changes in the optical properties of the sample. A thermally induced
transition to graphite provides the most plausible explanation of the observations.

Despite being exceptionally hard, diamond is a metastable carbon allotrope at ambient pressure and temperature
conditions. Its optical and electronic properties allow for a plethora of applications in medicine and technology.
Several studies investigated the stability of diamond under heating, and its transition to graphite, which begins
at about 1800 K and drastically accelerates with temperature!. In contrast to these experiments in which the
graphitization occurs on the timescale of minutes, an ultrafast (fs), non-thermal transformation has been
observed when using a free-electron laser depositing energies around an electronvolt per atom®>. Heavy-
ion beams enable unprecedented heating rates for samples of mm-size while allowing to study the interplay
between temperature effects and ionizing radiation®. They bridge the gap between the experiments above by
granting access to intermediate time scales of order of hundreds of ns and bulk temperatures of thousands of
Kelvin. Such conditions are directly relevant for the cooling and expansion phase of diamonds created in laser-
shock experiments”?, are realized when diamonds are used in particle detectors’, and provide a valuable testing
case for theoretical modelling of carbon in the onset of the warm dense matter (WDM) regime. Furthermore,
diamond anvil cells can be combined with heavy-ion irradiation to study extreme radiation- and pressure
conditions, simultaneously!®-!2. Understanding the damage thresholds of the anvils is crucial for the success of
such experiments.
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Recent studies on ion-heated diamond established an x-ray based technique to measure the temperature
of the sample in-situ'®. The previous experiment’s accuracy has been limited by notable noise on the signal,
and suffered from the limited heating achieved. Temperatures were on the order of ~ 1300 K, too cold to
expect significant graphitization. In the present study, we report on a follow-up experiment, mitigating noise
and increasing the heating. The latter was achieved by scaling the available ion numbers, improving focussing
and - to reach the highest peak temperatures — by using a degrader slab to slow down the ions such that they
were stopped inside the diamond target'“. This way, we generated temperatures in excess of ~ 2000 K, where
graphitization is predicted.

After introducing the method to measure temperature and the experimental setup in sections X-ray
based temperature measurement and Experimental setup, respectively, we present the results of the scattering
diagnostic in section Measurement of diffuse elastic scattering, and compare the inferred temperatures to ion
stopping power simulations. We then connect the increase in the diffuse elastic scattering to x-ray diffraction
measurements and optical recordings of the sample (section XRD and imaging analysis), finding indicators for a
phase transition. Its nature will be discussed in section Discussion of possible graphitization, by comparison to
classical molecular dynamics and radiation damage simulations.

X-ray based temperature measurement
The following section provides a brief overview of the applied temperature diagnostics. For a more extensive
discussion, we refer the reader to prior work!3.

Despite being an important thermodynamic state variable, temperature is demanding to measure in WDM
experiments. X-ray based techniques promise insight into the bulk material, and are applicable to temperatures
and samples that cannot be studied by pyrometry. For warm dense fluids, x-ray diffraction (XRD) can be
leveraged as a temperature diagnostic'>!® by comparison with density functional theory molecular dynamics
(DFT-MD) simulations.

Here, we attempt to measure the temperature of a lattice, instead. With rising temperature, the vibration of
atoms in a crystalline sample increases, which in turn reduces interference effects responsible for Laue spots. This
effect is well-known in the XRD community as the Debye-Waller effect, describing the reduction in intensity
of the diffraction lines and increased diffuse scattering off a heated target!”"!8. However, employing XRD to
obtain the temperature of diamond is challenging due to the high dynamic range required and the adequate
normalization of individual shots, or the large angular range that has to be covered®’.

Instead, spectrally resolved x-ray Thomson scattering (XRTS) can be measured, mitigating these issues.

Typically, contributions to the XRTS signal are distinguished based on the states occupied by the electron
before and after the scattering process with a photon?*?!: The full dynamic structure factor Sio®(k,w) can be
written as

See' (k,w) =|f (k) + q(k)[*Sii (k) x §(w)

1
+ See(kw) + 82 (k,w) + Sel (b w) w
where ik and Aw are momentum and energy transfer in the scattering process, respectively, / is the reduced
Planck constant, and § is the delta-distribution. With f we denote the atomic form factor, q the free-electron
screening cloud, S;; the static ion-ion structure, and S& (k,w), SEL(k,w), and S (k,w) are the free-free,
bound-free and free-bound?? dynamic electron-electron structure factors, respectively. The first line of eqn. (1)
describes the elastic scattering on electrons which follow the movements of the ions closely. The aforementioned,
temperature-induced changes in the lattice structure are encoded in S;; (k), which is linked to the ion-ion pair-
distribution function via a Fourier transform.

From the inelastic contributions in the second line of eqn. (1), only the bound-free scattering has to be
considered for the temperature range in the scope of this study, which is still relatively low. For the same reason,
q(k) can be neglected. Performing the integral over w, and using that the L shell ionisation energy is small
compared to the Compton energy in backward scattering geometry, one can derive for the static electron-
electron structure factor!320:23-25
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and hence link S;; to the ratio of elastic to inelastic scattering Ze1/Zinel:
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Here, fr, is the contribution of an electron in state # to the full structure factor, which can be calculated analytically
for hydrogen-like atoms?°. The sum considers all Zp weakly bound electrons (Zy1, = 4 for carbon).

Sii can, on the other hand, also be obtained from ab initio DFT-MD simulations, for a given set of state
parameters such as density and temperature. By mapping the measured ratio of elastic to inelastic scattering to
the ion-ion static structure factor and linking this value to the DFT-MD inputs, we can leverage the former as a
diagnostic for the crystal bulk temperature.
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It should be noted that a measurement of the phonon modes of the lattice in the millielectronvolt regime
allows for a model-free temperature assessment via the detailed balance relation?’. Such methods have, however,
strong requirements on the x-ray source only satisfied by free-electron-lasers, and are not suitable for single-shot
measurements.

Experimental setup

The experiment has been conducted at the high-energy, high-temperature (HHT) beamline at the GSI
Helmholtzzentrum fiir Schwerionenforschung in Darmstadt, Germany'*. Here, the PHELIX laser®® generated
He, x-ray emission at 4.75 keV from a titanium backlighter foil. The laser was operated at ~ 160 to 180 ]
at 527 nm wavelength within a 2 ns pulse, and focussed to 30-40 um spot sizes (FWHM). To ensure stable
laser performance and thus a reproducible backlighter source, the experiment was limited to one shot with
x-ray diagnostics per hour. The schematic setup is shown in Fig. 1. All components depicted were placed in an
evacuated chamber at few 10™* mbar.

GST’s SIS18 accelerator provided a 233U7** beam at 400 MeVu! with particle numbers up to 4.4 x 10° per
bunch. One such bunch was used to heat the sample. The pulse-length was varied between 125 and 300 ns
FWHM without notable changes in integrated ion numbers. We used a fast current transformer at the target
chamber entrance to measure pulse-length, particle number, and the relative timing between ion beam and
probing laser. The latter could be clearly identified by its electromagnetic pulse superimposed on the current
transformer signal. Summarizing all losses we find an effective beamline transmission of (0.75 + 0.10) from
the comparison with pyrometry measurements on 0.8 pum thick aluminum foils heated using similar beam
parameters.

To record XRTS, we fielded a Greateyes CCD detector (GE-VAC 2048 512 BI) with a cylindrically bent HOPG
(highly oriented pyrolytic graphite) crystal (radius of curvature: 50 mm, mosaicity: 0.5°, thickness: 100 um) in
von Hamos geometry® at a scattering angle of 130°. To monitor the x-ray source, an identical camera was used
with a planar HOPG crystal of 100 pm thickness and with a mosaicity of 0.5°. For selected shots, the monitor
spectrometer was replaced by an imaging setup to optically record the sample shortly after the heating (see
section XRD and imaging analysis). The spatially resolved XRD pattern was measured by a GE Healthcare BAS
IP SR 2040 E imaging plate (IP) at (70.7 + 1.5)°. As samples, we used commercially available monocrystalline
CVD diamond discs of optical quality with a diameter of 3 mm. The 100 um thick cylinders were cut so that
their faces were oriented in [100] direction and rotated to position the (111) Laue peak on the XRD detector.
According to the manufacturer Giinter Wicke Handels-GmbH, the impurity level for nitrogen was below 1 ppm.

To increase the heating, a glassy carbon degrader (density 1.42 g cm™3) was fielded ~ 5 cm in front of the
target, reducing the kinetic energy of the ion beam. This additional component allowed us to slow down the
projectiles while keeping the accelerator settings optimal for focussing the heavy-ion beam. At sufficiently low
kinetic energies, projectiles deposit nearly all their energy within the sample, generating a sharp increase in the
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Fig. 1. Sketch of the experimental setup. The diamond in the center was heated by a uranium-ion beam
(red). To increase the energy deposition, a glassy carbon degrader (dark gray) has been used to slow down
the particles. The sample was probed by laser-generated titanium He,, x-ray emission. A gold pinhole was
used to limit the divergence of the x-rays. Inset a: Temperature profile for a 12 mm thick degrader, according
to the stopping power simulations. b: Calculated temperature realized along the axis of the ion beam for
different degrader thicknesses. The probed region is marked by a circle and the gray area in the insets a and
b, respectively. For both insets, the calculations were performed with 4 x 10° uranium ions per shot in the
beamline. Note that the ion-beam is widened by the degrader slab; the extent is, however, overstated here and
not to scale.
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stopping power curve known as the Bragg peak (see inset b of Fig. 1). We emphasize that this phenomenon is
distinct from the ‘Bragg reflections’ known in the XRD community. Tuning the degrader length allowed for
shifting the Bragg peak’s position within the diamond. We fielded three degrader configurations:

1. A setup without degrader.

2. A degrader of 12 mm length, in the direction of the ion beam. With this setting, the Bragg peak was located
within the sample, but not in the region probed by x-rays. We will refer to this setup as short degrader setting.

3. The long degrader configuration, using 14 mm of glassy carbon. Here, the Bragg peak is in the probed region,
achieving significantly higher peak temperatures at the cost of spatial homogeneity of the heating.

Inset a of Fig. 1 shows exemplary simulations of the heating achieved with the short degrader setting. These
calculations were performed using the stopping power code SRIM>’. We accounted for the ion spot sizes (up to
(0.87 x 0.48) mm? without degrader for maximal ion numbers) obtained by argon fluorescence measurements'*!,
and used ray tracing simulations to model the individual particles’ paths in the target. To calculate temperatures
from the deposited energies, we used temperature-dependent heat capacities reported by Reeber and Wang?2.

By fielding a degrader, we also alter the ion beam’s composition. FLUKA*3* simulations predict a non-zero
probability of splitting the uranium into lower-Z species, when interacting with the degrader material: About
2.4 % of the primary projectiles fragment per mm in glassy carbon. Due to the increased angular spread and
lower atomic number of the fragments, their contribution to the heating of the sample is reduced, effectively
lowering the number of ions for the stopping power simulations. The effect has been accounted for in the effective
ion numbers and resulting temperatures presented in this manuscript (e.g., in Fig. 3). FLUKA simulations also
provide an extended, effective focus size of the ion beam with degrader by increasing the beam’s divergence. We
have accounted for this by convolution of the simulated energy deposition profile of a pencil beam interacting
with degrader and propagated to the target with the measured distribution of the incident particles. This
correction reduces the temperature by ~ 200 K for high ion numbers when using the long degrader setting and
has been applied to all data presented. Our calculations only consider a pristine, cold degrader, as no damage to
the material was visible, even after multiple shots.

Compared to previous experiments'?, the x-ray diagnostics were fielded upstream of the target with respect
to the ion beam, as we found that the particle background - caused by the ion beam interacting with the degrader
and our target - is highly directional'®. This setup-change, in combination with increased shielding, notably
increased the signal-to-noise ratio by more than 3 x (see insets a and b of Fig. 2).

Measurement of diffuse elastic scattering

The XRTS signal was fitted as a sum of two contributions: the elastic and inelastic part of the spectrum. An
exemplary fit for data with substantial heating is shown in Fig. 2. Emission of the titanium plasma was modelled
by the PrismSpect software® to best reproduce the measured source spectrum!®. During our campaign the
performance of the PHELIX laser was reasonably consistent, producing a stable source. For shots in which
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Fig. 2. Fit of the XRTS spectrum as sum of an elastic and inelastic contribution. In the insets, the two-
dimensional raw-data show the notable decrease in parasitic signal when fielding the spectrometers up- instead
of downstream of the target with respect to the ion beam. The prominent traces in inset a are attributed to
particles generated by the heavy-ion beam interacting with sample and degrader®. Inset ¢ presents the raw
data corresponding to the lineout depicted in the main figure. The elastic to inelastic scattering ratio is visibly
increased when using a degrader length such that the Bragg peak is in the probed region.
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the sample imager was fielded instead of the monitor spectrometer, we used typical plasma conditions of
temperatures around k7T ~ 2keV 2 keV and ion number densities of 4.2 x 102c¢m=3. The elastic signal has
been modelled by convolution of the source spectrum with the XRTS spectrometer’s instrument function.
The inelastic contribution was inferred from a sample not irradiated by the ion beam. From the recorded
cold XRTS spectrum, the elastic contribution at room-temperature (Ze1/Zine1 ~ 1.7%, according to our DFT-
MD simulations) has been subtracted. We allowed for small shifts in the dispersion between shots due to the
uncertainty of target and source alignment.

Figure 3 shows elastic to inelastic scattering ratios measured for different temperatures - achieved by varying
ion number and degrader setting. We can compare these values to SRIM simulations, as they are shown in inset
a of Fig. 1. For doing so, we average the two-dimensional temperature-maps over the area illuminated by x-rays,
determined by ray tracing our experimental setup. These averaged temperatures are plotted on the x-axis of
Fig. 3. The stated error bars account for uncertainties in the beamline transmission and the alignment of the
target, but not in the kinetic energies of the projectiles.

Without degrader and for maximal ion numbers, XRTS measures a ratio Zei/ine1 of 0.064 - corresponding
to temperatures around (1200 + 120) K when compared to DFT-MD calculations. Similar conditions were
accomplished in a previous campaign'. These temperatures are slightly below the SRIM simulations, which
predict (1480 + 135)K. With the short degrader we find notably higher ratios of 0.11, corresponding to
temperatures of about (2000 + 200)K, assuming pure diamond. The stopping power calculations agree, predicting
(2000 + 190)K.

When probing the Bragg peak by using the long degrader setting, the deviation between the two methods
notably increases: While below 1900 K, both temperatures coincide, the elastic scattering intensity reaches up
to 50 % of the inelastic intensity at the highest ion numbers. This ratio exceeds not only the expectation for the
average temperature as they are displayed in Fig. 3, but even for the predicted peak temperatures (presented in
inset b of Fig. 1), when assuming a pristine diamond sample. Even at 5000 K, we would expect a scattering ratio
of only 0.27. As such an interpretation of the data yields unrealistic results, we conclude that the assumption of
pristine diamond is incorrect, and the XRTS signal indicates alternation of the sample in the Bragg peak. Our
upscaled DFT-MD calculations (see Methods) do not capture a possible phase transition in the target, as the
neural network which computes the forces on the ions during the simulation was solely trained on diamond
lattices. A graphitization or amorphization of parts of the sample could, however, explain the increase of diffuse
elastic scattering.

The light gray areas in Fig. 3 show the expected ratio @e1/Zinel for graphite at varying temperatures. They
were obtained by classical MD-simulations performed with the software package LAMMPS?, using the
AIREBO-M interatomic potential, which predicts experimental values for the interlayer spacing of graphite
reasonably well*’, and the environment-dependent interaction potential (EDIP)¥-40, respectively. For further
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Fig. 3. Ratio between elastic and inelastic scattering over mean sample temperature according to ion stopping
power simulations. We corrected for the fragmentation of the ion beam in the degrader, the probing time, the
focus size, as well as for the beamline’s transmission. Ratios for pure diamond (from DFT-MD calculations) or
graphite (calculated from classical MD with the AIREBO-M potential and EDIP) are given by the gray shaded
areas. The black star in the lower left shows the measured ratio for a sample at room temperature. The degrader
settings are distinguished by different symbols. We observe good agreement with expected ratios for diamond
up to 2000 K. Above this value, the elastic signal increases notably. The pink, secondary axis to the right
indicates temperatures to which the 1 /Zinel correspond to, for monocrystalline diamond. The highest ratios
measured exceed reasonable values notably.
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details, we refer to the Methods section of this manuscript. It is apparent that XRTS measurements of graphite
would show notably more diffuse elastic scattering than diamond at the same temperatures, for the conditions
probed in our experiment.

In the previous study, a macroscopic fracturing of the sample was observed by XRD'3. This result has been
confirmed here, as it will be discussed in section XRD and imaging analysis. Lattice defects introduced by the
diamond breaking on a macroscopic level would lead to disorder, and therefore to an increased elastic scattering
- similarly as increased lattice vibrations due to temperature effects do. Rigorous modelling of this effect is
challenging, and a quantitative analysis is out of the scope for this work. Exemplary calculations (shown in the
Supplementary figures), however, suggest that the observed increase in Sj; is higher than predicted with simple
defect models. Furthermore, we reason that for both datasets utilizing a degrader, the Bragg peak was located
within the sample. Hence, macroscopic changes to the whole sample due to temperature gradients — and with
it expansion of the diamond - leading to stress and, eventually, breaking, should be similar for both setups. We
note that while the probed region has a temperature of ~ 2000 K using the short degrader setting, the peak
energy deposition in the full sample is rather comparable to the most heated shots with a long degrader, as inset b
of Fig. 1 shows. As we observe the rapid change in the diffuse scattering intensity with temperature in the center
of the target discussed above, shattering of the sample appears insufficient to explain the strongly enhanced
elastic peak. Graphitization or amorphization would be more locally confined than tension-induced fracture,
and might therefore explain the observed steep increase better. Further insight into the samples, supporting this
hypothesis, are provided by XRD measurements as well as direct imaging of the sample after ion irradiation.

XRD and imaging analysis

For selected shots we fielded an imaging system instead of the monitor spectrometer for measuring optical
images of the backlit sample. Two PCO DiCams recorded the target using a green and red color filter, respectively.
To prevent damage to the cameras, we triggered them up to few microseconds after the PHELIX laser was
incident onto the backlighter foil. A shot with a 12 mm degrader is displayed in Fig. 4. The green imaging system
shows regions in which the optical properties of the sample change and the diamond becomes opaque. We
link the area downstream of the ion beam to the Bragg peak in the target (see inset a in Fig. 1) and the other
to the region where hot plasma from the backlighter, being confined by the pinhole, hits and heats the sample.
This circle therefore coincides with the area probed by the x-ray flash. However, as the x-ray pulse ends way
before the plasma expands to the target, the scattering volume should be solely heated by the heavy ions at
the time of probing. Fracture is very prominent in these recordings, both with and without degrader (see also
Supplementary figures).

Signs for the diamond breaking apart were also clearly apparent in the diffraction images. The left side (a)
of Fig. 5 compares two degrader settings and shows how the continuous lines observed for a cold sample split
into multiple segments with increasing delay between heating and probing. These changes occur for several
shots with varying xe1/Zinel scattering ratios, and not only for those which show the highest elastic signal. We
therefore reason that the macroscopic breaking of the target — while potentially contributing — does not seem to
be the only explanation for our observations in the scattering diagnostic.

The effect of fracture can also be seen in an increase in the overall recorded diamond diffraction signal, which
is presented in Fig. 5b. The area shaded in gray highlights events for which the ratio of elastic to inelastic scattering
agrees well with the expectation based on the temperature from SRIM calculations — assuming pristine diamond.
As this ratio translates to the temperature nearly linearly in this regime'?, we observe an increase in the signal
from the (111) Laue spot with heating. This effect might be unexpected, as it was discussed in section X-ray
based temperature measurement that the Debye-Waller effect should reduce the scattering intensity, instead.
However, due to the high Debye temperature of diamond, the reduction amounts to only 5 % when heating to
2000 K'3. A counteracting effect could be a decreasing grain-size of the diamond sample: It is well-known that
the reflectivity of a mosaic crystal is higher than that of a monocrystalline sample*!. Practically, most materials
can be described to be mosaic, with correction terms for deviations from this model which reduce the reflectivity.
Such extinction effects have been reported to have strong relevance for CVD diamond*2. The so-called primary

Bragg peak

Fig. 4. Optical imaging of the diamond after the irradiation, using (a) a green and (b) a red color filter. Due to
different timing settings of the cameras, the data shows slightly different stages of the sample after irradiation,
~ 3 s after the onset of the ion beam. In the Bragg peak, the sample becomes opaque in the left recording.
Further, we clearly observe the target fracturing.
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Fig. 5. Results of the x-ray diffraction diagnostics. a: XRD recordings for different delays for no degrader
(top) and the long degrader setting (bottom). The curvature of the signal arises from the divergence of the
x-rays on the sample. Cold diffraction (upper left) shows distinct lines from the backlighter emission. Signs

of fracture can be seen for driven shots — with and without degrader, albeit fracture and vanishing of the
diamond signal are most prominently visible for long delays with the long degrader setting. For high-ratios

of elastic to inelastic scattering (numbers in the lower-right corner), we see the diffraction lines smear out. As
high and low ratios were measured for comparable fracture patterns at 0.5 ps, we conclude that shattering of
the sample alone does not provide a sufficient explanation for the increase in the elastic scattering. All images
are displayed on the same colorscale, showing a notable increase in the signal strengths when comparing the
cold with driven shots (see right). b: XRD signal integrated over the whole area shown in panel a over the
measured ratio of elastic to inelastic scattering. The intensity is divided by the inelastic XRTS signal to account
for fluctuations in the x-ray flux. They gray area indicates where the temperatures from XRTS and ion stopping
power calculations agree well, assuming a diamond sample, as shown in Fig. 3. In this area we see an increase
in the XRD scattering signal (see text). At higher ratios, a reduction is observed, which could be attributed
either to diffracted signal leaving the detector or to a phase transition of the sample. Shots with probing times
of 1 ps or later are indicated by open symbols.

extinction corrects for the finite size of the crystallites. For the conditions of our experiment, a reduction of grain
size from 20 to 1 pm would increase the reflectivity by about 7x, due to this effect’>*4. We remark that fracture
on the considered scale seems not to impede the XRTS temperature measurement.

We also observe further features in the XRD measurements of shots with the degrader: The diamond XRD
signal intensity reduces for high-ratio shots and long delays (see Fig. 5). Again, a possible explanation for this
drop in the diffraction signal might be graphitization/amorphization of the sample. Another interpretation
could be a fractured target, where parts rotate so that the signal leaves the active area of the IP. Additionally,
with increased heating, the distinct lines from the source spectrum are blurring out. This behavior is expected,
as thermal expansion of the lattice shifts the spot’s position, and temperature inhomogeneity therefore results
in a wider peak.

Given the huge temperature gradients in our samples due to the degrader, the XRD data seems inconclusive
beyond assessing the aforementioned macroscopic integrity of the diamond at early times. In any case,
fragmentation of the target would be expected to facilitate the transition to graphite, as the resulting increase in
surface area could promote the onset of the phase transformation.

Discussion of possible graphitization

While direct evidence for graphitization is still lacking in our experiment, we nevertheless noted at several
places that a graphitization or amorphization of our sample is a reasonable explanation for our experimental
observations. To summarize, we saw a high ratio between elastic and inelastic scattering when the Bragg peak was
in the probed region; the amount of diffuse elastic scattering cannot be explained by mere heating while keeping
the monocrystalline diamond structure intact, as the required temperatures would be significantly higher than
predicted by stopping-power simulations. Fracture has been discussed as a potential source, but since it can also
be observed in lower-ratio shots, according to XRD, this does not seem sufficient, either. Finally, we observe the
sample changing optical properties in the imaging diagnostics. Graphitization, which is predicted to occur at the
temperatures reached in the Bragg peak, appears to us as the best explanation, as it would result in higher diffuse
elastic XRTS as well, according to classical MD simulations.

To further investigate the phase transition and its cause, we will in the following briefly discuss thermally
driven graphitization and radiation-driven graphitization/amorphization of diamond. To study the former, we
performed classical MD simulations with different potentials: the reactive empirical bond order (REBO-II)
potential?>, AIREBO-M?’ developed from it, and the EDIP3-, Previous studies on the graphitization from
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amorphous carbon showed vast discrepancies between the potentials used*®. The phase transition studied
here yields results of similar ambiguity, highlighting the complexity of the carbon system. All potentials agree
on graphitization starting from the surface at low temperatures and ambient pressures, and predict a strong
directionality of the process, which is fastest along the [111] crystal direction of diamond. This finding is in-
line with experimental observations? and early computational studies of the phase transition*”*%. The actual
graphitization speed, however, was found to vary by about an order of magnitude between the different potentials
investigated, impeding quantitative conclusions with regard to the experiment. To highlight this, we fitted the
velocity of the advancing graphite layer linearly, finding (0.2 + 0.2), (1.43 + 0.27), and (5.57 * 0.05) ms™! for
AIREBO-M, REBO-II, and EDIP, in [111] direction at 2000 K, respectively. Even the highest speeds appear to
be too slow to transform the whole sample, given typical probe times < 500 ns would result in 2 95 % of the
diamond remaining intact. The [100] direction, along which our samples were cut, proves all the more stable,
with only the EDIP suggesting graphitization at 2000 K, and with reduced velocities of (1.82 + 0.14) ms™'. When
considering the notably higher peak temperature of the Bragg peak, the graphitization velocity increases for all
potentials. While the transformation speed remains comparatively slow for the AIREBO-M potential, EDIP
and REBO-II predict that notable parts of the diamond could graphitize during the time between heating and
probing. Along the fasted [111] direction, REBO-II estimates ~ 80 % of the target to graphitize at 3000 K; the
EDIP even calculates a complete phase transition. The latter potential furthermore predicts a slow onset of a
volumetric graphitization, at temperatures around 2 1800 K, on top of the surface effect, at ambient pressures.
This behavior can, however, not be observed when using the AIREBO-M or REBO-II potentials up to 3000 K.

Additionally, stress-induced fracture, as discussed above, could result in smaller diamond splinters,
graphitizing a volume faster. Given these uncertainties and the vast difference in the behavior of the potentials
tested, thermal graphitization might suffice as the driving mechanism of the ghase transition. This would be
indicated most by the EDIP, that has been benchmarked to describe the sp®/sp>transition properties well.

The stability of diamond under radiation has been investigated mainly due to its application in particle
detectors®*. In these studies, the integrated dose typically exceeds this experiment by orders of magnitude, but
the sample is irradiated over a much longer time. Track formation within diamond due to radiation damage
has only been recently observed by Amekura et al*®. In their work, they find that tracks can only occur for slow
particles with huge stopping power, i.e., for heavy projectiles. While uranium in its Bragg peak might be barely
above the threshold for track formation, according to MD simulations, experimental evidence has only been
obtained when using accelerated fullerene molecules®. Tracks from uranium have not been detected in ambient
diamond!'!, and while radiation damage in the uranium Bragg peak itself has been observed, it was limited to
length-scales much smaller than micrometers®'.

Ion irradiation studies typically observe a (partial) amorphization. Fairchild et al. attribute this failing of
the diamond lattice to the density-change caused by damage in form of vacancies due to the ion beam®2. This
is supported by diamonds showing amorphization under mechanical stress®. In their work, the threshold for
amorphization is given by 3 x 10?2 vac/cm?, with other studies finding up to three times higher or lower values®.
SRIM simulations of the damage in our samples suggest vacancy densities more than three orders of magnitude
lower than this threshold. It should be noted that these simulations consider a cold target, and neglect any
dynamic effects. The interplay between heating and local energy deposition by the ions on the generation of
vacancies in diamond is, to our knowledge, not exhaustively explored.

The experimental setup presented should be well suited to shed light into the mechanism of the observed
phase transition if an increase in ion flux would allow for reaching temperatures around 1800 to 2000 K without
a degrader. For now, a thermally driven graphitization appears to be the most plausible explanation for the data
at hand, as it would be compatible with (some) MD simulations - and there is no indication for a dramatic loss
of radiation hardness of heated diamond.

Conclusions and outlook

We performed XRTS and XRD measurements on ion-heated, monocrystalline diamond targets. In comparison
to previous studies'®, we notably increased the signal-to-noise ratio by improving shielding and fielding the
x-ray diagnostics upstream of the sample, relative to the ion beam. These improvements directly support the
simulations performed by Hesselbach et al.'%, experimentally.

The use of a degrader slab enabled us to increase the heating of the sample notably by moving the Bragg
peak into the probed area. While the temperature measurements from XRTS agree well with ion stopping power
calculations below ~ 2000 K, both methods differ for the most-heated shots. The most plausible explanation
for this discrepancy seems to be a graphitization of the sample. However, direct insight into nature of the phase
transition cannot be obtained with the current setup. Analysis of the sample post irradiation, e.g., using the
techniques of electron microscopy or Raman spectroscopy, could provide a complementary view. Recovery of
the sample would require altering the setup, and could be pursued in future work.

Finding that diamond breaks in our setup has direct implications for ion-irradiated and ion-heated diamond
anvil cells. While ions remain a good option to heat the whole sample volume and trigger extreme chemistry
and phase transitions via jonisation, forgoing the highest achievable energy deposition rate might be required to
ensure the stability of the anvils.

Our experiment shows the current capabilities at GS's HHT beamline. We have demonstrated the ability of
our platform to measure bulk temperatures and explore phase transitions, on large spatial and temporal scales,
by using a degrader. The presented approach can be extended to study further sample types and different heating
rates. The study at hand gives valuable insights for fielding x-ray based diagnostics at a heavy-ion accelerator
facility, showing the importance of simple setup considerations to overcome unique sources of noise. Such
effects are even more relevant for the increased ion numbers envisioned for the FAIR facility’. An increase in the
ion flux would allow heating to comparable temperatures without fully stopping the ions, giving direct insight
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into the mechanism behind the phase transition as we could decouple heating from the energy deposition of an
individual particle. Further, this would create more homogeneous sample conditions, and lift constraints on the
ion stopping and fragmentation simulations, allowing for a more robust analysis.

Methods

DFT-MD simulations

The DFT-MD simulations of diamond shown in this work were performed with the Vienna ab initio simulation
package (VASP)>*-5. The electronic and ionic parts were decoupled by the Born-Oppenheimer approximation.
At fixed ion positions, the electronic problem was solved in the finite temperature DFT approach®” using a
projector augmented wave pseudopotential (labeled PAW PBE C_ h)°®*® and the Perdew-Burke-Ernzerhof
functional® for the exchange-correlation contribution. A 4x4x4 grid, centered at the I'-point was employed for
the k-space sampling, and a plane wave cutoff energy of 1000 eV was used. To scale the simulations to 8000 ions,
the forces and energies predicted by DFT were learned by a Behler-Parrinello high-dimensional neural network
potential (HDNNP)®! implemented in the n2p2 software package®-%4. The symmetry functions were chosen
according to the scheme presented by Imbalzano et al.®® with a maximum cutoff radius of 4 A. The trained
HDNNP was used to compute the electronic forces on the ions in the MD simulation within the LAMMPS
software package®. See Schérner et al.% for further details. The temperature control in all MD simulations was
performed by a Nosé-Hoover thermostat®”-6,

Classical MD simulations

Classical MD simulations employing varying potentials were used to assess the graphite static structure factors,
and graphitization velocities of diamond samples. For the former application, boxes with 1.1 x 10° to 1.5 x 10°
atoms arranged in a graphite structure (COD entry 9000046) were simulated at constant temperature and
pressures with periodic boundary conditions. Structure factors have been averaged over different snapshots and
simulations with varying atom numbers to reduce box size effects. Simulations with a different initial structure
(COD entry 9011577) yielded comparable results.

The graphitization speed was addressed by initializing a diamond structure with a temperature dependent
lattice constant® where one of the directions - the surface — allowed for expansion, while the others were set
to periodic boundary conditions. The “Identify diamond structure” contribution’® to OVITO”! was used to
calculate the fraction of atoms remaining in the initial lattice at all time steps. This quantity has been used for
calculating the speed of the graphitization process that started from both free surfaces of the diamond.

Data availability
The data that support the findings of this study are available from the corresponding authors upon reasonable
request.
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