












































































































































































































































































































































Outside DAC

Intensity (arb. units)
o
2

1E-4 4

1E-5

O Apatite irradiated with
1x10"" U-ions/cm®

7 — hard cylinder model fit

Inside DAC at 1.2 GPa

[0 JApatite irradiated with

1x10"" U-ions/cm”
(inside DAC at 1.2 GPa)

(outside DAC)

— hard cylinder model fit

Intensity (arb. units)

1E-5

0,01

T
0,1 0,01 0,1

Figure 7.1: Upper row: Scattering image of ion tracks in apatite at ambient pressure, outside a DAC
(left) and at a pressure of 1.2 GPa inside a DAC (right). Lower row: Scattering intensities as a function
of scattering vector q. The black solid lines are fits of a hard cylinder model to the data.

and the crystalline matrix in which it exists consist of the same material. Therefore, SAXS is only

observed when electron density inhomogeneities of a certain magnitude exist in the sample [201].

Figure 7.2: Experimental setup for
SAXS measurements inside a DAC
at the Australian Synchrotron in

Melbourne.

The scattered intensity is proportional to the square of the electron
density difference (p; — p,). If p; and p, are equal, the X-ray beam
sees only a homogeneous electron density continuum and no track
[202]. Pre-experiments have been performed on Durango apatite
[Ca;0(PO4)¢(OH, E Cl),, because ion tracks with low electron den-
sity compared to the matrix are easily created. A thin (~ 50 um)
apatite crystal was irradiated with 1x10'! U-ions/cm? with a ki-
netic energy of 11.1 MeV/u. At this fluence, on can assume that
around ten percent of the sample is covered with ion tracks. The
SAXS measurements were performed at the Australian Syncrotron
in Melbourne with a X-ray energy of 12 keV (1.033 A) and a sam-
ple to detector distance of 1.6 m. The samples were mounted on
a three-axis gomiometer for precise alignment. All samples were
tilted by 10° during the measurements. The upper row of Fig. 7.1
shows the detector images of Apatite outside a DAC (left) and in-
side a DAC at 1.2 GPa (right). Although they are very weak under
pressure, in both cases a streaky scattering pattern resulting from
the ion tracks can be observed. The lower row of Fig. 7.1 shows the
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scattering intensities as a function of the scattering vector q. The black lines are fits of a hard cylinder
model (assuming cylindrical ion tracks with sharp boundaries and constant density inside the track) to
the data. The scattering intensity is expressed by I(q) ~ |f (q)|?- e~7b9 where o is the phenomenologi-
cal roughness parameter and f (q) the form factor [203]. The form factor for the hard cylinder model is
given by f(q) = (2nLRAp/q) - J;(Rq), where L is the track length, R the track radius, Ap the electron
density difference between track and matrix, and J; the first-order Bessel function [203]. For a pressure
of 1.2 GPa no strong change in the track radius could be observed. In both cases the fits resulted in values
of 5.1 nm. With increasing pressure the signal intensity weakens, and the track size becomes difficult to
derive. These were just some preliminary test results, but in principle SAXS can be performed in-situ on
pressurized samples and allows the study of ion track behavior as a function of pressure.

7.2 NMR analysis of radiation defects

In this study the investigated material responded to heavy ion irradiation via a structural phase change.
But besides some other materials which amorphize under irradiation, most materials show a different be-
havior. In the case of ionic crystals, especially LiE point defects and related clusters are formed. Mainly
F-centers (also called color centers) consiting of an electron and an anion vacancy are created [204].
Structural analysis yields no information about this kind of defect. Because these defects are paramag-
netic, nuclear magnetic resonance (NMR) is a very good analyzing method to provide information about
the dynamics and concentration of the F-centers [205]. A new experimental setup at the Technical Uni-
versity of Darmstadt designed by A. Gddke and H. Stork allows depth resolved investigation of radiation
defects within ion irradiated crystals without destroying the sample.

The great advantage of the setup designed by A. Gadke and H. Stork is the use of a magnet with static
field gradient and the change from ordinary coils to specialized flat coils [206, 207, 208].

The maximum of the field gradient is at the center with 160 T/m [206] but the field profile radial to
z has a very strong curvature which results in a inhomogeneous radial distribution of the magnetic field
on a macroscopic sample. As measured by A. Gadke, the iso field lines are very flat at a distance of £ 10
cm from the z-center of the magnet. Here, the field gradient with 74 T/m at a magnetic field of 3.8 T is
still large enough for our needs. The advantage of using a magnet with strong field gradient is that each
position of the sample feels a different magnetic field therefore only, a small part fulfils the resonance
condition when a radio-frequency pulse is introduced into the sample. One gathers only information of
a thin slice Az of the sample which can be calculated with [207].

1
vt, G

Az =

(7.1)

with G being the magnetic field gradient and ¢, the pulse duration of the radio-frequency pulse. With a
very accurate stepping motor, the sample is moved, so that each position of the sample is scanned. This
allows a depth resolved analysis of radiation induced defects with an resolution of a few um.
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Figure 7.3: Relaxation rate versus sample depth for LiF irradiated with 3x 10! Xe- and C-ions/cm?. The
red curves are the calculated energy losses within the sample.

7.2.1 Unilacirradiated samples

In ionic crystals, the spin-lattice relaxation is dominated by the spin relaxation on paramagnetic de-
fects. The electron spins of the radiation-induced, paramagnetic F-center interacts via dipole-dipole
coupling with the nuclear spins which creates a faster relaxation of the system towards thermal equi-
librium [209]. From this, one can easily conclude that higher concentration of F-centers leads to faster
relaxation times (T;) of the magnetization towards equilibrium and therefore higher relaxation rates
(T, 1). When heavy ions are shot into LiF with typical UNILAC energy of 11.1 MeV/u, the penetration
depth is limited to ~ 100 um. This means that for samples thicker than 100 um only a small part of
the crystal has been irradiated. For previous NMR analysis on irradiated samples, one could investigate
a the whole sample, measuring a signal mixture of irradiated and unirradiated material. Now, signals
from irradiated and unirradiated positions can be clearly distinguished. Figure 7.3 shows the relaxation
rate profile at various positions for LiF irradiated with 3x10!! Xe- and C-ions/cm?. The red curves are
the calculated energy loss within the sample [22]. The ion range is about 96 um for Xe ions and 255 yum
for C ions. In the first hundred um of the Xe-irradiated sample, the relaxation rate is elevated. Behind
the penetration depth of the ions, the relaxation rate decreases strongly but is still enhanced compared
to a pristine sample. The same effect can be observed in C-irradiated LiE The calculated projected range
is about 255 um. Deeper within the crystal the magnetization rate decreases again to a similar level as
for the Xe-irradiated crystal. Assuming that each F-center has the same effect on the relaxation rate, one
can see that the F-center creation depends strongly on the electronic energy loss.
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Figure 7.4: Relaxation rate versus the sample depth. This graph contains the signal of three individual
LiF crystals which have been irradiated with 3x10!! Xe-ions/cm? and an energy of 170 MeV/u behind
one another. The red line is the calculated electronic energy loss within the sample.

7.2.2 SIS Irradiated Samples

This method can also be applied to larger crystals. This way, the defect profile over a large range
can be investigated. By using mechanically uncoupled crystals behind one another, the origin of defects
beyond the projected ion range can be investigated. Fig. 7.4 shows the relaxation rate profile of three
individual LiF crystals that have been irradiated behind each other at the SIS with 3x10!! Xe-ions/cm?
and an energy of 170 MeV/u. The ion beam travelled completely though the first two crystals and
stopped 500 um below the surface of the last crystal. Because of the high energy input at the end of
the ion range (Bragg maximum) the sample cracked due to large strain at the interface of irradiated and
unirradiated crystal. In the first crystal, in which the energy loss is nearly constant, the relaxation rate
also remains constant at a value which is almost two magnitudes higher than for unirradiated LiF (grey
curve). At the end of the second crystal the energy loss starts to rise to peak eventually in the Bragg
maximum, therefore a rise in the relaxation rate can be observed. In the hindmost crystal unfortunately
the first 500 um are missing due to the crack, but one can still observe a heightened relaxation rate
which corresponds to the Bragg maximum. Beyond the penetration depth of the ions, the relaxation
rate drops but is still elevated for more than 1000 um. Possible causes of this long-ranging defects,
beyond the ion range, might be recoil atoms, fragments, and X-ray emission during irradiation. Stork et
al. [210] proposed that, especially for the low energy irradiations, mainly the emission of characteristic
X-rays produced during the irradiation are the cause of the enhancement of the relaxation rate beyond
the ion range.

Although momentarily limited to the detection of paramagnetic defects in samples at ambient conditions,
this spatially resolved technique allows a new insight into the defect concentration and can be used to
study large-scale defect diffusion e.g. under high temperature conditions. Although very difficult to
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accomplish, a further development of the setup might in future allow studies under high-temperature
and high-pressure conditions.
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