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4Institut für Geowissenschaften, Friedrich-Schiller-Universität, Burgweg 11, 07749 Jena, Germany
5Max-Planck-Institut für Kernphysik, Saupfercheckweg 1, 69029 Heidelberg, Germany

(Received 9 November 2005; revised manuscript received 28 March 2006; published 17 May 2006)
0031-9007=
In many solids, heavy ions of high kinetic energy (MeV-GeV) produce long cylindrical damage trails
with diameters of order 10 nm. Up to now, no information was available how solids cope with the
simultaneous exposure to these energetic projectiles and to high pressure. We report the first experiments
where relativistic uranium and gold ions from the SIS heavy-ion synchrotron at GSI were injected through
several mm of diamond into solid samples pressurized up to 14 GPa in a diamond anvil cell. In synthetic
graphite and natural zircon, the combination of pressure and ion beams triggered drastic structural
changes not caused by the applied pressure or the ions alone. The modifications comprise long-range
amorphization of graphite rather than individual track formation, and in the case of zircon the decom-
position into nanocrystals and nucleation of the high-pressure phase reidite.
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High-pressure and high-temperature experiments have
aimed at reproducing the extreme conditions of the Earth’s
interior in order to better understand the material properties
and quantify geodynamic processes [1–3]. In materials
science, high pressure and temperature became important
for manufacturing novel substances with, e.g., particular
electrical, magnetic, or mechanical characteristics [4–8].

Alterations in solids, induced by heavy ions with pri-
mary kinetic energies up to several GeV, have been studied
in great detail (see, e.g., [9]). One of the most crucial pa-
rameters is the energy loss per unit path length (dE=dx) of
the projectiles. The rapid and intense energy transfer to the
target electrons excites and ionizes atoms along the ion
path. Via electron-phonon coupling, most of the energy is
finally transferred to the lattice. Especially in insulators,
this leads to formation of tracks, cylindrical damage trails
around the ion trajectories, with diameters of order 10 nm
and macroscopic lengths (given by the ion energy) be-
tween a few �m and several mm. Track formation typi-
cally occurs above a critical material-dependent dE=dx
threshold [10]. Examples of material modifications are
crystalline-to-amorphous-phase [11] or superconductor-
to-insulator [12] transformations, creation of a high-
temperature [13] or high-pressure phase [14], generation
of defect clusters [15], enormous irreversible deformations
[16,17], and elastic inclusions [18]. For the mechanism of
ion track creation, different models such as Coulomb ex-
plosion and thermal spike have been proposed [19,20].

Though there exists a large body of ion track data,
almost no experimental information was available up to
now [18], of how a solid copes with the simultaneous
exposure to high pressure and energetic heavy ions: Can
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such ions drive a pressurized material into a high-pressure
phase? Two experimental conditions are indispensable for
such investigations: (1) The sample must be enclosed in a
high-pressure cell, and (2) the ions require sufficient ki-
netic energy to travel completely through one of the pres-
sure anvils to reach and traverse the sample.

Here we report first experiments where pressure-
exposed samples of synthetic, highly oriented pyrolytic
graphite (HOPG) and of natural single-crystalline zircon
(ZrSiO4) [21] were irradiated with swift heavy ions. We
chose HOPG and zircon because a considerable amount of
data from ion irradiation of nonpressurized samples is
available for both materials. An additional reason was that
the graphite/diamond transition is an example for a time-
consuming reconstructive phase transformation, whereas
the zircon/reidite transition represents a fast displacive
high-pressure transformation to a scheelite-structured
polymorph. Furthermore, radiation damage of zircon is
of particular interest in geoscience and with respect to
the possible application of this material for nuclear waste
storage [22]. Prior to ion beam exposure, the zircon
samples were annealed at 700 �C (24 hours) to eliminate
preexisting natural damage such as dislocations and tracks
from fission and �-recoil nuclei.

Using diamond anvil cells (DAC) of the Merrill-Bassett
type [23], we applied pressures up to 14 GPa. A 4:1
mixture of methanol and ethanol served as pressure trans-
mitting medium, and the pressure was measured via ruby
fluorescence [24]. Subsequently, we exposed the pressur-
ized samples at room temperature (RT) to a beam of either
238U or 197Au ions accelerated to relativistic energies up to
70 GeV by the SIS heavy-ion synchrotron of GSI (see
1-1 © 2006 The American Physical Society
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FIG. 1. Experimental scheme for the irradiation of pressurized
samples with relativistic heavy ions (not to scale). The sample
inserted in the diamond anvil cell is about 100 �m in diameter
and 50 �m thick.
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Fig. 1). The initial beam energy was chosen such that the
energy loss inside the sample was for both materials above
the experimentally known track formation thresholds
[10,25]. We used a parallel pulsed beam (pulse width
>50 ms, rate �1 Hz) of flux �108 ions=s cm2, low
enough to avoid sample heating. The fluence applied was
between 2� 109 and 2� 1011 ions=cm2, i.e., well below
the onset of substantial track overlapping. Under ion irra-
diation, the diamond anvils emitted intense bluish-white
luminescence; ion-induced coloration of the diamonds was
not observed. The DAC pressure proved to be the same
before and after irradiation, indicating that the diamond
(known for its property not to record ion tracks) did not
undergo any radiation damage impairing its functioning.
The pressure was released instantaneously when opening
the DACs after irradiation. As reference, HOPG and zircon
were also irradiated without external pressure, i.e., outside
the DAC using 238U ions of 2.6 GeV from the UNILAC
linear accelerator of GSI. Details of essential irradiation
parameters are summarized in Table I.

The samples were analyzed with transmission electron
microscopy (TEM) in preexisting thin edge regions with-
out further thinning to avoid any change or destruction of
ion-induced features. Irradiated either without or under a
low external pressure of 0.5 GPa, HOPG exhibited in both
cases clearly defined ion tracks with an amorphous core of
TABLE I. Experimental details of the irradiation experiments. Ei a
the first diamond anvil, respectively. The values were calculated w
thickness of the different in-beam components (exit window, air gap
were confirmed by test experiments [25].

Material Pressure [GPa] Ion Fluence �ions=c

Graphitea no 238U 1:0� 1011

Graphite 0.5 238U 1:9� 1011

Graphite 8.4 238U 1:0� 1011

Graphite 12.1 197Au 1:0� 1011

Zircona no 238U up to 8� 10
Zircon 14.2 238U 2:0� 109

aIrradiations performed in vacuum chamber at UNILAC (no diamon
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about 20 nm in diameter, embedded in the well-ordered
crystalline matrix and surrounded by a strain halo
[Fig. 2(a)]. These findings are comparable with previous
results obtained by scanning tunneling microscopy on
HOPG irradiated without external pressure [10]. The
smaller track size reported was probably due to the use
of bulk rather than microscopic samples.

After irradiation at 8.4 and 12.1 GPa, TEM did not find
any individual ion tracks but revealed a spatially extended
conversion of HOPG into the amorphous state, interfused
by bands of layered crystalline graphite with random ori-
entations [Fig. 2(b)]. These nanocrystalline flakes are in-
terconnected in the form of a turbostraticlike texture.
Electron diffraction of the nonpressurized sample created
the characteristic diffraction pattern of crystalline graphite,
whereas the sample irradiated at 8.4 GPa produced several
rings and spots resulting from randomly oriented graphite
crystallites, and a diffuse background due to an amorphous
matrix [see inset of Fig. 2(b)].

At RT, without pressure and also at 0.5 GPa, graphite is
the thermodynamically stable form of carbon. On the other
hand, graphite is, at 8.4 and 12.1 GPa, in the stability field
of diamond but does not undergo any structural alterations
in this pressure range [27,28]. While exposing our samples
to 8.4 and 12.1 GPa, also the ions were not able to trigger a
transformation to stable diamond. The absence of diamond
in our high-pressure irradiations can be attributed to the
sluggish kinetics of the phase transformation, preventing
the formation of the stable phase [28]. However, the ions
induced a long-range amorphization that represents a very
different change compared with nanometer-sized tracks
formed without pressure or at 0.5 GPa. In addition, we
want to emphasize that this spatially extended damage
occurred at dE=dx values that were significantly smaller
than for the nonpressurized and 0.5 GPa samples (see
Table I), underlining the pressure influence.

Also zircon exhibited novel effects when irradiated at
14.2 GPa with 238U ions (2� 109 ions=cm2). At 14.2 GPa
and RT, natural zircon is, according to [29], in the stability
field of reidite, the high-pressure polymorph of ZrSiO4. At
RT, a transition to reidite is known to occur only for
nd Ef denote the initial kinetic ion energy and the energy behind
ith the SRIM code [26] by inserting the stopping power and

, anvil). Within the SRIM uncertainties of up to 15%, the results

m2� Ei [GeV] Ef [GeV] dE=dx �keV=nm�

2.6 2.6 27.0
44.7 17.1 13.0
68.3 40.5 8.0
42.2 19.7 8.3

12 2.6 2.6 43.0
47.6 13.8 24.5

d anvil involved).
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FIG. 2. TEM images of HOPG irradiated with about
1011 uranium ions=cm2 in a DAC at (a) 0.5 and (b) 8.4 GPa.
The c axis is in both cases normal to the image plane and parallel
to the ion trajectories. Micrograph (a) shows ion tracks consist-
ing of an amorphous core and being surrounded by a strain halo
within the otherwise undisturbed material. Image (b) displays an
extended amorphous zone containing recrystallized graphite
flakes with random lattice orientations. The phase change is
supported by the electron diffraction pattern (inset).

FIG. 3. Raman spectra of zircon (a) before and (b) after irra-
diation with 2� 109uranium ions=cm2 at 14.2 GPa, revealing
new bands (810 and 840 cm�1) of the high-pressure polymorph
reidite.
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pressures around or above 23 GPa [30] (for synthetic
zircon, this transition occurs at a lower pressure of
�20 GPa [31]). Our energetic ions, however, triggered
the creation of this phase already at a pressure as low as
14.2 GPa. This was evidenced by Raman spectroscopy
(after taking the sample out of the DAC) revealing bands
of reidite [30–32] (Fig. 3). In contrast to this, after irradi-
ating zircon without external pressure at the UNILAC, we
19570
did not find any reidite bands even up to a fluence of 8�
1012 uranium ions=cm2. Furthermore, TEM of the high-
pressure sample visualized a composite of zircon and
randomly oriented reidite crystallites with sizes of several
nm (Fig. 4). We did not detect any individual amorphized
ion tracks, as found in nonpressurized zircon [33–35].

In summary, our results demonstrate that the simulta-
neous exposure to high pressure and to ion beams triggers
drastic structural changes in synthetic graphite and natural
zircon not inducible by the applied pressure or the ions
alone. Our TEM observations reveal that the combination
of high pressure and a large amount of energy, deposited by
swift heavy ions, stimulates alterations reaching far outside
the ion trajectories, but does not create individual tracks.
These modifications, comprising long-range amorphiza-
tion of graphite, and decomposition of zircon into nano-
crystals and nucleation of its high-pressure phase reidite,
are possibly generated by pressure-pulse propagation
[14,32,36].

We finally remark that the energy loss of the ions that we
employed in the zircon experiment and the energy loss of
nuclear fragments, generated by spontaneous fission, in
natural minerals, are of similar size. Therefore, our results
1-3



FIG. 4. TEM image of zircon after irradiation with 2�
109 uranium ions=cm2 at 14.2 GPa. The ions induced a conver-
sion of the pressurized zircon sample into an aggregate of zircon
and reidite nanocrystals, several nm in size. The right inset
shows a reidite nanocrystal, the left inset represents the charac-
teristic electron diffraction pattern of reidite.
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may also shed new light on the formation of reidite in
nature.
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