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SCANNING ION MICRO-BEAM TECHNIQUES FOR MEASURING DIFFUSION IN
HETEROGENEOUS MATERIALS
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A raster scanning MeV micro-beam of 'H+ or 3He+ ions was used to study the diffusion of
small molecules in heterogeneous materials. The location of elemental contaminants (heavier
than Lithium) in polymer insulated cables was studied with *H micro-Particle Induced X-ray
Emission (jxPIXE). Concentration profiles of a deuterated molecule in a hair fibre were
determined with 3He micro-Nuclear Reaction Analysis (jxNRA). Chlorine and heavy water
(D2O) diffusion into cement pastes were profiled using a combination of 3He p,PIXE and
uNRA.

The Ion Beam Analysis laboratory at the University of Surrey consists of a 2 MeV Van de
Graaff Accelerator capable of producing 'H"1", 3He+ or 4He+ ions with energies between 0.7 to
2 MeV. The facility has three main analysis lines, a channeling/RBS line, an energy loss
NRA line, and a scanning micro-beam line. The scanning micro-beam line is shown
schematically in figure 1 and the arrangement is described.
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Fig.l Schematic of the scanning micro-beam line at the University of Surrey, the main
components of the line are shown, as is a simplified version of the analysis chamber.

A homogeneous section of the beam is selected by a set of circular apertures of diameters
ranging from lmm to 25|im. The beam is raster scanned by software and hardware,
controlling X-Y electric fields, developed by the Electronic and Electrical Engineering
Department at the University of Surrey[l]. This allows the scan position to be correlated to
any detected signal. The controlling software allows the scan size, at the sample, to be varied
between lOOxlOOpm to 2x2mm. The beam then passes through a set of Russian Quadruplet
focusing magnets, which reduce the beam spot size by a factor of five at the focus in the
analysis chamber. The micro-beam analysis chamber consists of a translatable, liquid nitrogen
cooled, sample stage. There are two thick silicon surface barrier proton detectors, positioned
symmetrically about the beam, and an ATW Si(Li) X-ray detector, all positioned at backward
angles of 145°.

U.PIXE analysis was conducted in the following manner. An X-ray detector was used in
conjunction with the raster scanning software to correlate beam position information with
detector output. A JH ion beam is commonly used for PIXE, although a 3He beam can also be
used but with a much reduced X-ray yield. Energy ranges from the total spectrum can be
selected by the software and counts mapped as a function of position. This allows specific
elemental peaks to be spatially correlated and hence two-dimensional maps can be obtained.



By using a reference standard of known concentration and using suitable software, such as
PIXAN[2], absolute concentration maps can be obtained.

uPIXE has been used to determine the concentration of elemental intrusions in polymer
insulated high voltage cables, field aged in an aggressive environment. A NIST standard
(bituminous coal) was used to construct areal absolute concentration maps of elements such as
the sulphur map shown in figure 2.

(iNRA uses signals from two proton detectors which are summed passively (after gain
matching). Different energy ranges from the spectrum can be mapped versus position,
similarly to fxPIXE. The most common type of NRA used at the University of Surrey is,

3He + 2H -> 5Li* -» 4He Q, Q=18.4MeV

3He ions in the beam collide with 2H nuclei and create unstable 5Li* nuclei. The products of
the decay of the 5Li* nucleus are *H and 4He. As the reaction is exothermic a 2 MeV 3He ion
beam will produce JH and 4He particles having energies distributed around 12 MeV and 1.6
MeV respectively. Thus the 4He signal is often masked by the Rutherford backscatters,
however the proton signal is completely unambiguous. If the deuterated substance is
dispersed in a matrix containing carbon, the protons detected from the 12C(3He,p)14N (which
have an energy distributed around 5.2 MeV for a 2 MeV beam of 3He ions), can be used to
calculate a ratio of the proton counts from the carbon reaction versus the deuterium reaction.
Thus normalisation to the constant concentration of matrix carbon allows the relative amount
of deuterium present in different samples of the same material to be quantified.

|j,NRA was used to determine the concentration profiles of a deuterated molecular species in
hair fibres[3]. The molecule to be located was synthesised replacing some of the hydrogen
atoms with deuterium. The hair fibre was exposed to a solution containing the deuterated
molecule. The hair fibre was then sectioned radially and exposed to a 2 MeV beam of 3He
ions. Hair fibres with different histories were analysed, as well as a hair fibre which had not
been exposed to the deuterated species, to provide background deuterium levels. The carbon
normalisation method was used to compare the deuterium concentration in each of the hair
fibres. A typical deuterium concentration map for a perm damaged hair fibre is shown in
figure 3.
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Fig.3 Areal map of the relative deuterium
concentration in a cross section of a
damaged hair fibre after exposure to a
deuterated species.
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Fig.2 The absolute areal concentration
map of a sulphur intrusion into high
voltage cable polymer insulation. The grey
scale represents the parts per million
concentration of sulphur.



JJPDCE and u,NRA are complementary in many diffusion processes of importance. For
example if the diffusant is (heavy) water containing trace elements fiNRA can be used for
water detection (sensitivity level of order l:104), whilst fiPIXE can be used for the trace
elements (sensitivity level of order l:105).

The combination of jxPIXE and |LLNRA were used to study the diffusion of aqueous chlorine
into cement paste blends[4]. Cores of cement paste blends were exposed to a solution 0.5%
NaCl in heavy water (D2O). The cores were then sectioned to negate edge effects. uPIXE
was used to determine the chlorine profile. jxNRA was used to profile the deuterium oxide.
Profiles were obtained from the two-dimensional maps by summing the counts vertically to
construct a horizontal distance versus counts plot. The diffusion profiles were then fitted to a
semi-infinite model of Fickian diffusion which yield diffusion coefficients for both the
chlorine and deuterium oxide. The graph of the experimental data for ordinary Portland
cement and the fitted diffusion profiles is shown in figure 4.
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Fig.4 Chlorine ( • ) and D2O (A) diffusion profiles in ordinary Portland cement for an
exposure time of 14 days. The dot-dashed line shows a Fickian fit to the chlorine data and the
dashed line is the fit for the D2O,both yield a diffusion coefficient of (2±0.2)xl0"11m2s1.

The applications of the techniques are only some of those undertaken using a combination of
scanning ^iPIXE and jiNRA. The following projects are in progress and illustrate the variety
of materials which can be analysed; diffusion of water and drugs into drug release polymers;
diffusion of cosmetics into skin; diffusion of sewage into wood; the segregation of surfactants
in latex films.
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