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This paper presents the technical details and commissioning results of a newly upgraded platform for

ion-irradiation experiments under multi-GPa static pressure conditions at the GSI Helmholtz Center for Heavy

Ion Research (Darmstadt, Germany), now accessible to external users. The GSI SIS18 accelerator provides

heavy ions with tens of GeV kinetic energies, capable of penetrating through diamond anvil cells and depositing

extremely high energy densities within the pressurized samples. This energy deposition triggers ultrafast, local-

ized structural and phase transformations at the nanoscale. The platform integrates online optical microscopy

and Raman spectroscopy, providing real-time monitoring of material modifications during stepwise fluence

accumulation. By enabling controlled studies of structural responses and phase transitions under coupled extreme

conditions, this setup opens unprecedented opportunities for research across condensed-matter physics, materials

science, geoscience, high-pressure chemistry, and planetary science.
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I. INTRODUCTION

The behavior of matter under extreme environments is a

central topic across diverse research fields, including mate-

rials science, condensed-matter physics, extreme-conditions

chemistry, geophysics, and planetary science [1–7]. Among

the many forms of extreme conditions, the simultaneous

application of high-dose ionizing radiation and pressure is

particularly compelling, as it can fundamentally transform

electronic structures, bonding characteristics, and defect dy-

namics. Understanding the interplay between high-energy ion

irradiation and high static pressures provides unprecedented

opportunities to uncover phenomena such as phase transi-

tions, the formation of metastable high-pressure phases, and

radiation-induced damage processes in functional materials

and planetary interiors.

Here, we present a first-of-its-kind experimental platform

that combines static high-pressure techniques with con-

trolled exposure to relativistic heavy ions and integrated in

situ diagnostics. The setup enables micrometer-sized sam-

ples compressed within diamond anvil cells (DACs) to be
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irradiated while being simultaneously monitored by in situ

Raman spectroscopy and optical microscopy, allowing struc-

tural and optical changes to be tracked as a function of the

accumulated radiation dose.

Before describing the design, capabilities, and commis-

sioning results of this new station, we provide an overview of

the key ion-matter interaction processes and summarize pre-

vious pioneering experimental approaches to ion-irradiation

experiments under high pressure.

A. Ion-matter interaction processes

Irradiation of materials with swift heavy ions of MeV to

GeV kinetic energy creates unique extreme conditions as each

ion deposits a huge amount of energy within a highly local-

ized region on a subpicosecond timescale [8–11]. At these

high kinetic energies, the incoming ions mainly transfer their

energy to the electrons of the target material (electronic en-

ergy loss), causing strong electronic excitation and ionization.

Along their path, each ion deposits several keV of energy

per nanometer within a narrow cylindrical region only a few

nanometers wide. This highly localized energy deposition

corresponds to a few eV per atom, sufficient to break many

atomic bonds and strongly disturb the local atomic structure.

The timescale of electronic and atomic processes determin-

ing the material response to an ion impact spans over many

orders of magnitude. The initial electronic excitation and

ionization occur almost instantaneously, producing energetic

primary electrons within 10−17 to 10−15 s. This is followed

by a cascade of secondary electrons that radially dissipate
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the energy over timescales of 10−15 to 10−13 s. During this

stage, the atoms remain quasi-immobile until energy from the

excited electron subsystem is transferred to the atomic lattice

via electron-phonon coupling (∼10−13 to 10−12 s), leading

to a transient, highly localized lattice temperature rise that

persists for ∼10−12 to 10−10 s and can initiate atomic motion

and the formation of a cylindrical damage zone, commonly

referred to as an ion track. Although ion-track formation has

been studied for decades, the specific mechanisms driving

structural modifications in the ion track remain a subject of

intensive debate. Proposed processes include transient local

melting, shock waves, rapid recrystallization, and the emis-

sion of secondary particles [10–12].

A widely used framework for describing track formation

is the inelastic thermal spike model, which assumes that the

rapid energy transfer from the electrons to the atoms results in

a transient heat spike that melts a cylindrical zone around the

ion trajectory within a few picoseconds. In this model, defect

creation, microstructural changes, and amorphization in the

track arise during the rapid cooling of the molten zone [13,14].

The creation of ion tracks requires electronic energy loss

values above a material-specific threshold. The track diam-

eters are typically between 5 and 10 nm while their length

is set by the ion energy, extending from tens of micrometers

for ions with specific energies around ∼10 MeV per nucleon

(MeV/u) to several mm for ions at ∼200 MeV/u. The damage

morphology of the tracks can differ significantly, ranging from

continuous cylindrical damage to discontinuous defect frag-

ments or irregular chains of defect clusters. Both track size

and morphology are material specific and depend strongly on

the energy loss of the projectile, which is a complex function

of the ion’s velocity and charge state [15].

The electronic energy loss (dE/dx)e can be calculated

using the Bethe-Bloch formula [16]. It depends on the square

of the ion’s effective charge Zeff, the ion velocity vp (which

scales with the specific energy), and the atomic number of the

target material Zt :
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where Nt is the mass density of the target, me the electron

mass, e the elementary charge, I the ionization energy, and

β = vp/c the projectile velocity with respect to the velocity

of light c. The effective charge Zeff is the charge of the ion

while traveling through matter. It depends primarily on the

ion velocity and can change via electron capture and loss pro-

cesses [17]. At relativistic velocities, the ions are nearly fully

stripped (Zeff = nuclear charge Z), while at lower velocities

the charge state is reduced (Zeff < Z) [17].

To illustrate these dependencies, Fig. 1 shows the elec-

tronic energy loss curves of four different ion species as they

slow down in a steel target over a large range of specific

energies from 1 GeV/u down to 100 keV/u. Each curve ex-

hibits a maximum, denoted as Bragg peak, at approximately

1–4 MeV/u, which corresponds to a remaining range of about

10–40 µm before the ions come to rest. Due to the quadratic

FIG. 1. Energy loss of high-energy ions as delivered by the

SIS18 accelerator of GSI in stainless steel as a function of specific

beam energy for various ion species (note the semilogarithmic scale).

dependence on Zeff, the overall energy loss is largest for ura-

nium ions, used for the commissioning of the platform, and

decreases progressively for lighter ion species.

Most metallic materials and many semiconductors do not

form tracks because their high electrical conductivity en-

ables rapid dissipation of the deposited energy. In contrast,

the best track recording materials are insulators, particularly

those prone to amorphization, such as organic compounds,

phosphates, silicates, oxides, and various ceramics [18–22].

A representative example of amorphous tracks within a crys-

talline ceramic matrix is shown in Fig. 2 [23,24]. Alkali and

alkaline-earth halides tend to form chains of defect clusters

along the ion path.

Some crystalline solids, including zirconia and certain

sesquioxides, do not amorphize but undergo ion-induced

crystalline-to-crystalline phase transitions [25,26]. A few ox-

ides (UO2, ThO2, CeO2, MgO, etc.) exhibit exceptional

radiation resistance, responding only by forming isolated de-

fects along the ion path [18–20].

FIG. 2. Transmission electron microscopy images of amorphous

ion tracks in Gd2Ti2O7 pyrochlore irradiated under ambient condi-

tions with 1.5 GeV U ions (6.3 MeV/u). (a) Highly parallel oriented

tracks of few nanometers in diameter and several tens of micometers

in length [23]. (b) Cross section of a single track embedded within

the undamaged pyrochlore matrix, exhibiting a diameter of a few

nanometers [24].
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B. Experimental background and prior work on ion irradiation

under high pressure

Static high-pressure conditions can be conveniently gener-

ated using DACs. The attainable pressure range and sample

dimensions are determined by the specific DAC design, espe-

cially the diamond geometrical properties and the preparation

procedure (preindentation, drilled hole in gasket). Pressures in

the range of a few to ∼300 GPa are routinely achievable, while

reaching maximum pressures up to 1 TPa requires specialized

DAC designs [27,28]. The transparency of the diamond anvils

allows in situ characterization by a wide range of spectro-

scopic, optical, and diffraction techniques [29–35].

Combining ion irradiation with DAC-based systems, how-

ever, presents several experimental challenges. First, the ion

energy must be sufficient for the ions to penetrate the pressur-

ized sample and should ideally be tuned so that the energy loss

peaks (Bragg maximum) within the sample volume. Second,

beam collimation is essential to prevent coloration effects of

the diamonds and unwanted activation of surrounding DAC

components. Third, precise alignment of the DAC is manda-

tory to ensure the collimated beam hits the micrometer-sized

target. Finally, in situ monitoring during irradiation is key for

tracking structural and phase transformations as they occur,

complementing conventional offline pre- and postirradiation

characterization techniques.

In early approaches, ion irradiations were carried out by

injecting the uncollimated relativistic heavy ions through the

diamond anvil [36–44]. These experiments faced several lim-

itations, including the formation of color centers that reduced

the optical access through the diamonds and the lack of au-

tomated positioning and diagnostic tools, limiting the number

of experiments achievable per beamtime campaign. Moreover,

uncollimated beams activated the DACs and postirradiation

characterization often required months for deactivation.

Despite these challenges, pioneering studies with relativis-

tic swift heavy ions (e.g., Xe, Au, Pb, and U) demonstrated

that the combined application of pressure and ion irradiation

can trigger effects not observed under either condition alone.

Notable examples comprise the following:

(1) Zircon (ZrSiO4), a key mineral in fission-track

geochronology, irradiated under simulated crustal conditions

(750 MPa, 250 °C) exhibited slightly wider fission tracks than

at ambient conditions, likely due to strain effects in the pres-

surized crystal lattice [44].

(2) High-pressure irradiation of zircon at tens of GPa (14

to 37 GPa) led to a decomposition into nanocrystals and

the formation of reidite, a high-pressure polymorph typically

found in meteorite impact sites. Predamaged natural zircon

produced less reidite, indicating that the initial lattice defects

influence phase transformations [43–45].

(3) High-pressure irradiation of pyrochlore (Gd2Zr2O7)

up to 40 GPa demonstrated a distinct pathway for stabilizing

high-pressure phases to ambient conditions, a phase that is

otherwise not accessible by conventional means [46,47].

(4) Similarly, zirconia (ZrO2) under pressure (up to 11

GPa) and irradiation formed the orthorhombic-II phase far

outside its normal stability field, a transformation that does not

occur under pressure or irradiation alone [25,48]. The tetrag-

onal phase generated at high pressures remained stable even

upon decompression, demonstrating enhanced transformation

efficiency under combined conditions.

The upgraded high-pressure irradiation platform is specif-

ically designed to overcome the challenges outlined above. It

features a remote-controlled beam collimation and alignment

system for precise irradiation through the DAC gasket, while

preserving optical access for in situ Raman spectroscopy and

optical monitoring through the diamonds.

The combination of high pressure and swift heavy ion

irradiation imposes several technical requirements:

(1) The sample size must be compatible with the specific

high-pressure device, most commonly a DAC but also multi-

anvil devices (e.g., Paris-Edinburgh press) can be used.

(2) The ions must have enough kinetic energy to penetrate

and traverse the pressurized sample.

(3) The energy loss of the ions must be sufficiently large

to induce detectable material modifications.

(4) The ion fluence (ions cm−2) applied must be high

enough to generate structural changes, observable via tech-

niques such as x-ray diffraction, Raman spectroscopy, or

transmission electron microscopy.

II. ION BEAM FACILITY AND BEAM

PARAMETER OPTIMIZATION

Relativistic heavy ions are provided by the heavy ion syn-

chrotron SIS18 at the GSI Helmholtz Center in Darmstadt

(Germany) (Fig. 3). A broad variety of ion species, from

carbon to uranium, can be accelerated to energies ranging

from 80 MeV/u up to 1 GeV/u, corresponding to velocities of

up to ∼90% of the speed of light. The beam is initially accel-

erated by the Universal Linear Accelerator UNILAC and then

injected into SIS18 at a specific energy of 11.4 MeV/u, with

a typical pulse rate of ∼1 Hz. Beam parameters, including

energy and intensity (ions per spill), can be precisely adjusted

to meet specific experimental requirements.

After acceleration to the requested energy, the ion beam

is extracted from SIS18 and guided through an evacuated

beamline into Cave A. At the end of the beamline, the ions

exit the vacuum through a thin metallic window and travel

through several centimeters of air before entering the DAC.

For each experiment, the initial beam energy must be

carefully adjusted to compensate for energy losses along the

entire beam path. This includes losses from fixed components

such as the ion-beam secondary electron transmission monitor

(SEETRAM) (36 µm Ti), the 50 µm thick aluminum exit

window, and an air gap of 30–50 cm. Beyond these in-beam

components, the largest energy loss occurs within the DAC,

depending on its geometry. The beam can pass either through

the front diamond (for irradiation only, without in situ analy-

sis) or through the gasket (Fig. 4).

To maximize radiation-induced effects, it is essential that

the ions deposit the highest possible energy density into the

sample. This is achieved by using heavy (high Z) ion species

and irradiating the sample at energies close to the Bragg

maximum (Fig. 5). A central challenge lies in accurately

determining the path length through each DAC. Energy loss

and range calculations are typically performed using simu-

lation codes such as srim [49] or atima [50], which require

various input parameters including thickness and density of
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FIG. 3. Large-scale accelerator facility at the GSI Helmholtz Center for Heavy Ion Research in Darmstadt (Germany) providing all ion

species up to relativistic specific energies (given in MeV per nucleon). The experimental station for high-pressure irradiations is located in

Cave A. Further stations for materials research at UNILAC energies are located at M-branch and X0.

FIG. 4. Scheme [panel (a), not to scale] and photo [panel (b)]

of the high-pressure irradiation platform in Cave A. The pulsed ion

beam exits the vacuum beamline through an Al window, is colli-

mated, and then passes through the gasket to penetrate the chamber

containing the sample (purple) and the pressure gauge [usually a

small ruby (red)]. This requires typically an initial ion energy in

the range of 150–500 MeV/u depending on the material composition

and size of the gasket. Beam-induced structural and optical changes

in the samples are monitored in situ and in real time as a function of

accumulated ion fluence.

all components along the beam path. These codes are based

on the Bethe-Bloch formula in combination with interpolated

experimental data and provide estimates for energy loss, ion

range, and straggling values, taking into account the projec-

tile energy, atomic number, and target density. Uncertainties

particularly in the path length through the gasket can lead to

cumulative errors of 10%–20% or more. Previous calibrations

using well-defined diamond thicknesses, however, showed

good agreement between the two codes, supporting their re-

liability under controlled conditions. Figure 5 illustrates an

example of the energy loss as a function of the penetration

depth for U ions with an initial energy of 250 MeV/u. After

FIG. 5. Energy loss along the penetration depth (in red) when

250 MeV/u uranium ions enter the steel gasket of a DAC (not to

scale) from the left. According to SRIM simulations [49], the U ions

at this initial beam energy have a projected range of about 2.25 mm

in the gasket. Ideally, the initial beam energy is chosen so that the

Bragg maximum aligns with the sample volume (orange square). In

this example, lower (higher) initial beam energies would shift the

Bragg maximum toward the left (right).
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FIG. 6. (a) Video camera image of the uncollimated beam spot

on a Chromox screen with a cm-scale raster. A calibrated laser sys-

tem available in the cave provides horizontal and vertical reference

lines, defining a cross-point that marks the nominal position of the

ion beam. (b) Camera image of a representative, centered beam spot

with approximate dimensions of 1.3 mm × 2.7 mm. Horizontal and

vertical beam profiles are analyzed using a Python-based script.

traversing several beamline components, the ions experience

their most significant deceleration within the steel gasket. The

initial energy is chosen such that the Bragg peak occurs within

the sample volume.

A. Technical design and methods

1. Ion beam control and diagnostics

Due to the microscopic size of samples in DACs (usually

30–100 µm diameter), irradiation experiments require careful

collimation and alignment procedures using dedicated beam

diagnostics. Prior to the irradiation of the sample, the ion

beam is focused to a spot of a few millimeters in diameter

using large quadrupole magnets. A further reduction of the

spot size is constrained by the beam’s magnetic rigidity at

relativistic velocities. The intensity of the primary beam is

continuously monitored, pulse by pulse, with a SEETRAM

detector (consisting of three thin titanium foils) installed

inside the evacuated beamline upstream of the beam exit win-

dow [Fig. 4(a)]. Beam position and profile are visualized with

a radiation-resistant scintillation screen (Chromox Al2O3:Cr)

mounted on a flip holder in front of the collimator (Fig. 6).

To further reduce the beam size and prevent undesired

irradiation of DAC components, we developed a collimation

system with a remotely controlled, adjustable aperture. The

system consists of two pairs of tungsten carbide cubes that

fully intercept the primary beam. To ensure homogeneous

exposure of the entire sample, we used a typical aperture size

of 250 µm × 250 µm; however, the system can be adjusted

to smaller or larger apertures ranging from few micrometers

to millimeters to accommodate specific experimental require-

ments. Optimal beam transmission is achieved by fine-tuning

the collimator’s pitch (θ ) and yaw (φ) angles until the ion-

beam signal behind the aperture reaches its maximum.

The entire setup is controlled via a user-friendly software

interface, which enables automated beamline control, colli-

mation alignment, and fluence monitoring. Users can specify

the desired fluence, and the system automatically stops the

irradiation once the target value is reached. All extracted spills

are logged automatically for record keeping and analysis.

For high-pressure irradiation experiments with heavy ions

(e.g., Au or U), typical beam intensities range between 1 ×

108 and 3 × 109 ions per spill, with a spill repetition of

one spill every 1–3 s. The beam intensity is independent

of beam energy and ion species. The irradiation of a DAC

with a fluence of 1 × 1012 ions cm−2 may require 30–90

min, depending on the beam intensity. Even under extreme

beam conditions (i.e., high energy loss and maximum pulse

intensity), calculations indicate that the overall thermal load

remains low due to the short pulse duration and low repetition

rate, and a significant increase in sample temperature can be

excluded.

The applied fluence is adjusted according to the sample

sensitivity and the intended material modifications. As the flu-

ence increases (e.g., from 109 to 1013 ions cm−2), the overall

damage evolution progresses gradually from isolated single

tracks to a track-overlapping regime, eventually resulting in

complete track coverage of the material. The exact transition

depends on the material-specific size of individual tracks that

have a typically diameter between 5 and 10 nm.

To accurately determine the applied fluence at the sample

position, postbeamtime cross-checks can be conducted using

ion-track etching. For this, a thin polymer foil (e.g., 20–

50 µm thick polycarbonate) is placed at the DAC position and

exposed to a defined number of ion pulses. By wet chemical

etching, each ion track is converted into a pore [11]. The ion

fluence is quantified by counting the number of pores per

unit area in the test foil using optical or scanning electron

microscopy.

2. fluka simulation of ion-beam fragmentation through the gasket

While the accelerator provides an initially pure isotope

beam, nuclear reactions in beamline components and in the

DAC gasket can cause partial fragmentation. The most pro-

nounced effects occur within the millimeter-thick gasket. The

relevant nuclear processes can be modeled using the Monte

Carlo simulation package fluka [51]. For example, a pure 238U
beam at 290 MeV/u passing through a 2.5 mm thick steel

gasket retains approximately 70%–75% of the primary 238U
ions, while the remaining 30%–25% undergo nuclear reac-

tions or scattering processes. The dominant channels involve

the emission of neutrons, protons, and alpha particles (1–4

amu), as well as fragmentation into medium-mass nuclei, evi-

dent by the spectrum of isotopes slightly lighter than uranium

in the 80–150 amu range (Fig. 7). Despite fragmentation,

the deposited energy still predominantly (∼90%) originates

from the surviving primary ions due to their higher mass and

relative abundance.

3. Online Raman spectroscopy

To monitor ion-beam-induced modifications during ir-

radiation, a Raman spectrometer is integrated into the

high-pressure platform. Spectra are collected through the

diamond anvils, enabling direct observation of structural

changes under extreme conditions. The system includes a

Horiba, iHR320 spectrometer (f/4.1) with a kinematic triple

grating turret (800, 1200, 1800 l/mm) and is coupled to a
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FIG. 7. fluka-simulated isotope histogram for 290 MeV/u U ions after passing through a 2.5 mm thick stainless steel gasket. Fractions are

normalized to the total number of all particles leaving the gasket.

thermoelectrically cooled charge-coupled device (CCD) cam-

era (−60 °C). The system is positioned behind a concrete wall

to shield it from background radiation. The setup also includes

a fiber optic probe with a low-noise green laser (100 mW, 532

nm). The spot size of the laser beam is about 2µm2. The spec-

trometer is equipped with a Syncerity 1024 × 256 detector

yielding a spectral resolution of 0.1045 nm (FWHM), corre-

sponding to a Raman resolution of approximately 3.3 cm−1 at

532 nm excitation near 1000 cm−1. Complementary to Raman

spectroscopy, white-light illumination and a high-resolution

color confocal camera enable precise visualization of both the

sample and the laser spot during irradiation. Raman spectra

can, in principle, be acquired during ion irradiation. However,

simultaneous ion irradiation during the acquisition leads to a

substantial increase in the spectral background, which signifi-

cantly degrades the data quality and limits a reliable analysis.

For this reason, our standard procedure is to interrupt the

ion beam prior to Raman data acquisition. Depending on the

spectral region of interest and signal intensity, the acquisition

time for a single Raman spectrum is typically several minutes.

B. First experimental findings and emerging

research opportunities

The commissioning of the high-pressure irradiation plat-

form marks a major milestone in our ability to investigate

the interplay between high pressure and ion irradiation in real

time. Extensive testing and optimization have demonstrated

that the setup can reliably conduct irradiation experiments

under controlled static high-pressure conditions. In the initial

series of commissioning experiments, the ion fluence was

increased stepwise, with in situ Raman spectra recorded dur-

ing brief beam interruptions. These experiments demonstrate

that the platform can be reliably employed to study ion-

induced structural modifications under high pressure, with in

situ monitoring via Raman spectroscopy. The irradiation in-

cluded samples from various material classes: (1) the organic

compound benzene (C6H6), (2) the inorganic compounds

gadolinium oxide (Gd2O3) and sodium azide (NaN3), and

(3) bismuth (Bi) nanowires.

Irradiation of molecular systems can induce transitions

from molecular states to extended atomic networks [52,53].

Figure 8 shows a series of Raman spectra of benzene at

10.0 GPa recorded before and after irradiation. At this pres-

sure, benzene exists as a molecular solid with a relatively

low melting point and weak intermolecular bonding. With

stepwise increases in fluence from 1 × 1012 to 3 × 1013 ions

cm−2, the fluorescence background rises progressively, while

the background-subtracted intensity of the C6H6 modes grad-

ually decreases. At the highest fluence, when ion tracks fully

cover the sample, all Raman peaks disappear. This is ten-

tatively attributed to a complete structural transformation of

the benzene, which requires confirmation by synchrotron x-

ray diffraction measurements. Corresponding optical images

show a color shift from its typical colorless state to a distinct

orange-red color.

Another study focused on inorganic solids and their

transformation between different polymorphs or states un-

der extreme conditions. This is relevant, for example, to

mimicking geological processes, synthesizing functional ma-

terials such as superconducting or superhard materials, and

understanding the behavior and transformation pathways of

functional materials [54]. During the first beamtime cam-

paign, we irradiated Gd2O3 and NaN3 samples compressed

to 5.8 GPa with 240 and 200 MeV/u U ions, respectively.

In the case of Gd2O3 and related oxides, understanding

phase transformations and/or stabilization, defect accumula-

tion, and irradiation-induced amorphization under combined

pressure and irradiation conditions is highly relevant for nu-

clear technologies. In contrast, ion irradiation of NaN3 under

high pressure provides a unique opportunity to probe alter-

native chemical pathways in nitrogen-rich systems and may

enable the exploration of polymeric or otherwise unconven-

tional nitrogen phases that are inaccessible under ambient

conditions.

The Raman spectra of Gd2O3 using Ne as pressure medium

[Fig. 9(a)] reveal a gradual phase transformation with in-

creasing ion fluence; however, the transformation remains

incomplete even at the highest fluence of 1 × 1012 ions cm−2.

In comparison, the Raman spectra of NaN3 loaded with

sodium chloride as pressure medium [Fig. 9(b)] indicate the
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FIG. 8. Raman spectra recorded in situ during irradiation (235 MeV/u Au ions) with stepwise increase of the fluence for benzene

pressurized at 10.0 GPa. The corresponding optical microscope images of the sample chamber reveal a clear transformation from the initially

transparent (unirradiated) to a strongly colored sample (irradiated).

formation of a new phase with the original phase almost

completely disappearing at a high fluence of 6 × 1012 ions

cm−2.

These results demonstrate the capability of our platform

to monitor the progression of phase transitions in a con-

trolled manner and, if intended, to stop the irradiation at

FIG. 9. Raman spectra recorded in situ during irradiation with stepwise increase of fluence. (a) Gd2O3 at 5.8 GPa (240 MeV/u U ions) and

(b) NaN3 at 5.8 GPa (200 MeV/u U ions).
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FIG. 10. (Left) SEM image of Bi-nanowire networks fabricated

by ion-track technology [55] and optical image of gasket aperture

loaded with the nanowire network and a microsized reference ma-

terial. The hydrostatic pressure was 2.4 GPa using Ne as pressure

medium. The irradiation was carried out with U ions of ∼30 MeV/u

energy at the sample position. (Right) Raman spectra of nanowires

exposed to various ion fluences.

intermediate transformation states. The different fluence de-

pendence of Gd2O3 and NaN3 demonstrates the ability of the

setup to assess the radiation sensitivity of different materials

by determining the fluence required to induce partial or com-

plete phase transformations.

In addition to bulk and micrometer-sized samples, nano-

materials are of particular interest in high-pressure research

because their stability fields can deviate substantially from

bulk behavior. Nanomaterials often exhibit shifted transition

pressures and distinct crystallographic transformation routes

driven by geometry and size effects [55–58]. The combination

of ion-beam-induced modifications and pressure effects offers

promising opportunities for creating, stabilizing, and recov-

ering previously inaccessible phases through precise control

of the nanostructure dimensions. Figure 10 presents Raman

spectra recorded during the irradiation of bismuth nanowires

at 2.4 GPa, revealing a clear transition from the Bi-I to the Bi-

II phase at a relatively low fluence of 1 × 1011 ions cm−2. To

unambiguously identify the induced phases, future investiga-

tions will involve x-ray diffraction and transmission electron

microscopy. Also, a systematic variation of the nanowire di-

ameter, together with a direct comparison to bulk bismuth

irradiated under identical ion-beam and pressure conditions,

will be essential.

III. CONCLUSIONS

The diverse results reported above highlight the novelty

and promise of this experimental approach, as it enables direct

monitoring of phase transformations as they occur and evolve

under ion irradiation.

The central aspect of our approach is the extremely

high energy density deposited by the ions, which generates

intense electronic excitations and ultrafast thermal spikes

capable of locally raising temperatures well beyond melting

on timescales unattainable with conventional photon-based

sources. This constitutes a unique route to drive the formation

and stabilization of metastable phases; yet the underlying

mechanisms, especially the role of irradiation-induced de-

fects, remain to be fully uncovered.

Beyond enabling new discoveries, the platform provides

an essential tool for validating theoretical models of defect

behavior and phase stability under highly nonequilibrium,

high-energy-density conditions. Together, these capabilities

establish a foundation for a more comprehensive understand-

ing of coupled thermodynamic and kinetic mechanisms that

govern materials far from equilibrium.

In summary, this platform represents a significant leap for-

ward in the exploration of matter under extreme conditions.

It opens alternative avenues not only for discovering previ-

ously uncharacterized materials and phases, but also for their

controlled engineering with implications for both fundamental

and applied high pressure and materials science.

IV. FOOTNOTE: ACCELERATOR ACCESS STATEMENT

Beamtime at the GSI facility and access to the new high-

pressure platform are available to external users through a

proposal-based system with evaluation by an independent re-

view panel. For approved irradiation experiments, users can

have access to the local infrastructure (including e.g., gasket

preparation and a gas loading system) along with technical

support. Further information can be obtained from the corre-

sponding authors and via the GSI website [59].
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