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Abstract

Static magnetic field gradient NMR has been used for one-dimensional spatial '°F spin—lattice
relaxation profile studies (resolution of the order of 10 um) in a LiF crystal irradiated with U
ions. Technical aspects of the use of large static magnetic field gradients are discussed as well
as a special data acquisition mode allowing for effectively measuring spatially resolved
spin-lattice relaxation rates as low as 10~ s~!. In addition to the expected enhanced
spin—lattice relaxation rate within the ion range, also an enhanced rate beyond the ion range has

been found.

1. Introduction

The present work deals with the use of a spatially
resolved nuclear magnetic resonance (NMR) method for the
investigation of heavy ion radiation damage in ionic crystals.
Radiation damage studies by magnetic resonance spectroscopy
(NMR and EPR) were started in the 1950s. In thermal neutron
irradiated LiF, radiolysis products were observed—fluorine
molecules by means of NMR [1, 2] and Li colloids by means
of EPR [3]. Metallic Li colloids were observed by means of
NMR in LiF irradiated with fast electrons [4] and both NMR
and EPR were applied in the study of heavy ion induced defects
in LiF crystals [5, 6]. Regardless of the kind of radiation, a
correlation between the nuclear spin-lattice relaxation rate 7, '
and the paramagnetic defect density was experimentally tested
in these studies and the dynamical and thermal properties of the
defects were investigated through their temperature and field
dependence. As a mechanism the authors suggested relaxation
at radiation induced paramagnetic F-centres and magnetization
transport towards these centres due to spin diffusion.

When comparing the wealth of NMR results with
those from other relevant spectroscopic methods (e.g. optical
absorption [7] and luminescence spectroscopy [8], scanning
force microscopy [9] and profilometry (swelling) [10]) one
should note several aspects. First, there are several
NMR methods [11] able to detect structural properties
(NMR spectroscopy) as well as dynamical processes (NMR
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relaxometry, NMR diffusometry) while most other methods
record static structural information (i.e., only the defect type).
A smart combination of various available NMR methods
(relaxometry, spectroscopy, diffusometry) might have a high
potential in identifying both geometry and timescale for defect
dynamics. Second, unfortunately, the NMR technique is a
quite insensitive method and can by no means compete with the
EPR technique and, especially, optical spectroscopy. However,
as will be discussed below, nuclear spin diffusion may strongly
enhance the ability of NMR studies to detect radiation induced
defects. And third, so far NMR has never been used to reveal
spatially resolved information on radiation damage with the
required resolution on the um scale.

As far as homogeneously irradiated samples are con-
cerned, spatial resolution is not needed. However, heavy ions
typically have an energy dependent penetration depth and a
complex damage morphology (depending on the energy loss of
the ions). In this study, depth dependent NMR relaxation mea-
surements on LiF crystals irradiated with heavy ions are pre-
sented for the first time. The technique used is known as stray-
field imaging, microimaging or microtomography [11, 12].

2. Experimental details

A LiF single crystal (5 x 5 x 0.4 mm?®) has been irradiated at the
UNILAC linear accelerator of GSI Darmstadt with 23U ions of
2640 MeV at a fluence of 10'" ions cm~2. Their mean spatial

© 2008 IOP Publishing Ltd  Printed in the UK
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Figure 1. Pulse sequence used for the spatially resolved NMR
measurements. First, the magnetization is destroyed by a sequence of
eight 90° pulses. After the evolution time ., the actual value of the
nuclear magnetization, relaxing back towards its thermal equilibrium
value, is read out from the amplitude of a free induction decay (FID)
signal following a single 90° pulse.

energy loss density was 27.2 keV nm~' and their penetration
depth about 95 pum.

The NMR measurements have been performed using a
home-built specialized NMR spectrometer usually being used
for static field gradient diffusometry [13]. The experiments
have been carried out at a magnetic field of 3.74 T and a
magnetic field gradient of 74.3 Tm~'. At corresponding
positions the isolines of the magnetic field are sufficiently
parallel to allow pum resolution. The resonant nucleus was
YF (resonance frequency 149.6 MHz) and the experimental
temperature was set to (295 + 2) K. For measuring the
nuclear spin-lattice relaxation rate, a ‘saturation-recovery’
pulse sequence (figure 1) was chosen. It consists of a burst
of pulses aiming for saturating the nuclear magnetization,
followed by a variable evolution time 7., and a rectangle shaped
probing 90° pulse. (Since the flip angle is not well defined in
an inhomogeneous field we denote as ‘90° pulse’ a pulse with
a length maximizing the signal intensity.) Due to a narrow
excitation bandwidth it has been possible, instead of using
echoes, to record the signal from the free induction decay
(FID). The amplitude S(t.,) of the FID invoked by the probing
pulse is recorded as a function of z,. By fitting the test function
S(tey) = A+ B exp(—tey/ T) to the measured FID amplitudes,
the spin—lattice relaxation rate Tl_1 is determined.

In a magnetic field gradient (G) the excited slice thickness
of a rf pulse with duration #, is Az = y%tp (with °F
gyromagnetic ratio y). For our experiments the thickness of
the excited slice was 7.5 um according to a pulse length of
45 ps. The limiting factor for the pulse length is the short 7,
of a few tens of us.

The position of the sample can be changed by a stepping
motor parallel to the magnetic field gradient (figure 2). The
home-built stage allows repositioning precision within 2 pm.
The precision in long term measurements is limited to about
10 wm due to thermal expansion.

When the sample moves, the excited slice passes across
the sample. This results in spatially resolved signal intensity
profiles. A typical set of such profiles—with the evolution
time 7., being the parameter—for the irradiated LiF sample of
400 pm thickness is shown in figure 3. From these data it
is straightforward to obtain spatially resolved magnetization—
recovery curves and thereby spin—lattice relaxation rates (see
figure 5).

In order to limit the measurement time, a sampling
scheme has been applied as shown in figure 4. The idea

A ‘ A

Sample
excited slice5-10um |

Position

Figure 2. Sample moving in a magnetic field gradient (G). The grey
arrow shows the direction of the movement. The horizontal lines
symbolize isolines of the magnetic field B,. The excited slice
remains at the position corresponding to the reference frequency wys.

is to read out the signal intensities consecutively at many
positions before repeating the whole cycle for signal averaging
instead of accumulating the signal at each one position and
thereby always waiting the evolution time f.,. Therefore
the pulse sequence in figure 1 has been slightly modified
for long evolution times. Before the first accumulation the
magnetization is destroyed at several positions by a saturation
comb. After the evolution time the signal intensity is
measured and the magnetization destroyed by a following
saturation sequence at the same positions. In order to
exclude influences of the pulse on neighbouring positions,
the order has been staggered. The minimum distance As
between positions which are set directly one after another
has been determined experimentally to be about 67 pm.
From figure 5 it is seen that for smaller steps (33 pum and
below) the signal amplitude gradually decreases and the profile
becomes distorted. However, figure 6 shows that this does
not simultaneously influence the relaxation rate profile, since
for a step size of 33 um there is no significant difference in
spin—lattice relaxation rate Tfl as compared to 67 um. The
sampling scheme obviously only works when the time needed
for the transfer of the sample is less than the evolution time. To
extend the scope of this method, the distance has been divided
into two (as exemplified in figure 4), four or eight sections.

For large values of t., the number of accumulations
has been reduced. The applied sampling scheme decreases
the measurement time by about two orders of magnitude.
It has been implemented in the home-written spectrometer
control platform ‘DArmstadt MAgnetic Resonance Instrument
Software’ (DAMARIS) [14] which provides the necessary
flexibility. Another important factor for measurement time
reduction has been the use of newly designed flat rf coils
which, due to the optimized filling factor, lead to an increase
of the signal to noise ratio by approximately a factor of 2 to
3 as compared to that for conventional solenoid rf coils. A
detailed account of the design and the invoked gain in the
signal to noise ratio of those flat rf coils will be the subject
of a forthcoming publication. Using these concepts, the typical
duration of a position dependent nuclear spin—lattice relaxation
rate experiment on an irradiated LiF crystal has been less than
two days.
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Figure 3. Signal intensity profiles for selected evolution times #.y. For #., < 2532, for4 s < f,, < 1024 s 16, for t., = 2048 s 8 and for

fey = 4096 s 4 accumulations have been taken, respectively.

Accumulations

Position

Figure 4. Applied sampling scheme. The numbers mark the
chronological order of the experiments. For instance: at a given
position three accumulations have been performed such that ‘17 is
followed by ‘3 and by ‘5’. In the meantime experiments have been
performed at other positions, the step width being As. In any case
the correct time interval 7., in between subsequent accumulations at a
given position (for instance in between ‘1’ and ‘3”) has been ensured.
In the figure, two sample sections are scanned consecutively.

3. Results and discussion

The above presented experiments result in position dependent
spin—lattice relaxation rates Tlf1 (see figure 6). There has
been some ambiguity in assigning the zero position, i.e. the
crystal surface. In figure 3, this zero position has been
pragmatically defined by demanding that the fully relaxed
signal intensity reaches 25% of the maximum intensity. The
resolution is not limited by the slice thickness but by the
flatness of the crystal surface. In the relaxation profiles,
three regions can be distinguished from each other. First,
the heavy ion irradiated zone (below about 100 pum) can
easily be identified due to the significantly larger relaxation
rate. Second, there is a transition region up to approximately
130 um where the relaxation rates decrease rapidly with
increasing depth. Since the ion penetration depth (95 um) is
defined within less than 3 um only [15], we cannot exclude
that the width of the transition region is caused by a not well
defined crystal surface. In any case, in this transition region the
signal intensity profiles show multiexponential contributions
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Figure 5. Signal intensity profiles for several step widths As. In
each case 16 accumulations have been taken. The evolution time was
setto t,, = 512 s.

(figure 7). Therefore the monoexponential model fits the data
only poorly, which is reflected by the increased error bars in
the transition region. In the third region (above about 130 ptm)
there is a gradient in the relaxation rate decreasing gradually
towards the background relaxation rate of the non-irradiated
sample. According to [16], in the zone beyond the ion range
the relaxation might be due to the presence of paramagnetic F-
centres created by the bremsstrahlung (x-rays) from § electrons
in the ion tracks. However, the increased relaxation rate
observed in the nominally non-irradiated zone, denoted above
as the third region, has never been observed before.

4. Summary and conclusions

One-dimensional NMR microimaging (microtomography) has
been introduced as a new method for the investigation of heavy
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Figure 6. Spatially resolved spin—lattice relaxation rates 7, for two
step widths As of 67 um (open symbols) and 33 pm (full symbols).

The horizontal line symbolizes the spin—lattice relaxation rate of the

non-irradiated LiF sample.
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Figure 7. Signal intensity versus evolution time 7., at position
120 pum. The fit curve is biexponential with relaxation times
T¢ = (54+£29)sand TP = (235 £ 52) s.

ion radiation damage in solids. A spatial resolution of the order
of 10 wm has been achieved. In the case of U irradiated LiF
crystals, spatially resolved '°F spin—lattice relaxation rates turn
out to be sensitive to the paramagnetic defect density gradient
along the ion track direction. Three regions can be identified
and distinguished from each other: first, the part within the
ion range (down to about 95 um penetration depth); second: a
transition region (95-130 pm); third, the deep crystal interior
(beyond 130 pm) not penetrated by the ions. In the first
region the relaxation rate turns out to be raised by about
three orders of magnitude compared with non-irradiated LiF.
A relaxation gradient in the third region indicates the presence
of paramagnetic defects due to secondary x-rays.

This paper marks the starting point of an extended NMR
project. Even limiting ourselves to the currently available
irradiated LiF crystals, a couple of other experiments remain

to be done: LiF samples irradiated with different ion types,
energies and fluences should be investigated. An important
scientific question is that of the defect saturation. Does it
depend on the ion type, on the energy, on the energy loss
density dE/dz? For better specifying the defect type and the
relaxation mechanism, also spatially resolved ’Li relaxation
measurements are envisaged, and NMR spectroscopy should
be applied looking for structural defects, e.g. the possible
appearance of F, molecules. In the longer term, it will be
a challenge to study the frequency dependence of relaxation
rates (spatially resolved field cycling) and the (spatially
resolved) annealing behaviour. Obviously, also EPR and
optical absorption experiments should be performed, thus not
only hoping to obtain an independent F-centre concentration
determination but also to learn about structural details of these
centres.

There are excellent perspectives that spatially resolved
NMR might lead to significant progress in the understanding
of heavy ion radiation effects in ionic solids.
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