
235

Theoretical and Practical Aspects of Nuclear Microprobe Analysis
of Solid Surfaces and Bulk Solids

Patrick M. Trocellier

CEA-CNRS, Laboratoire Pierre Süe, Centre d’Études de Saclay, 91191 Gif sur Yvette Cedex, France

(Received September 28; accepted December 16, 1996)

Abstract. 2014 The aim of this paper is first to describe the nuclear microprobe and to present the
analytical capabilities of the different methods involved in nuclear microanalysis resulting from the
interactions between the incident ion beam and the solid target, such as proton induced X-ray emis-
sion, proton induced gamma-ray emission, Rutherford backscattering spectrometry, non-Rutherford
scattering, elastic recoil detection and nuclear reaction spectrometry. The respective analytical per-
formances are also discussed. The second purpose of this paper is to illustrate some aspects of nuclear

microanalysis applications from materials sciences to earth sciences and life sciences, using recently
published data. Thirdly, both recent developments and further progresses in nuclear microprobe
technology are detailed regarding as well ion sources, beam focussing as associated microscopic tech-
niques, detection devices and data processing.
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1. Introduction

It is now possible to easily obtain electron, ion, X-ray and laser microbeams. Over the past ten
years, microanalysis has become a common tool for materials study and characterization in a huge
number of research and industrial laboratories around the world. Progress is still running and
nanoanalysis will become a common expression within the next ten years. Surface and bulk solid
investigations are always based on the following dual principle: excitation of the target atoms

by the primary probe and occurrence of secondary radiations - detection and processing of the
analytical signals.

This paper deals with nuclear microanalysis in which a microbeam of MeV light ions such as
protons, deuterons or helium-ions, is focussed on a target surface, producing atomic and nuclear
interactions and leading to the emission of electromagnetic radiations and charged particles in
the energy range keV-MeV
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2. Nuclear Microprobe

2.1 HISTORICAL BACKGROUND. - The first nuclear microprobe was built in 1972, in the Nuclear
Physics Division of the Harwell Research Centre (U.K.). John Cookson and his group obtained
a 3 MeV proton microbeam with a diameter of about 4 03BCm. They showed that it is possible to
reconstitute 2D images of a microscopy copper grid by scanning the beam on the sample and
detecting simultaneously the induced X-ray and backscattered proton signals [1].

Presently, more than sixty nuclear microprobe facilities are in operation all over the world.
The Fifth International Conference on Nuclear Microprobe Technology and Applications (ICN-
MTA96) was recently held in Santa Fe, New Mexico (10-15 November 1996).

2.2 DESCRIPTION. - In a nuclear microprobe, thé ion source is constituted by an electrostatic
particle accelerator (single ended Van de Graaff or Tandem) or by a cyclotron. After transmission
through object slits, the ion beam is focussed down to a few micrometer square using electromag-
netic quadrupoles [2]. The microbeam hits a target placed in a vacuum chamber equipped with
an optical microscope, scanning plates and various detection devices [3].
The nuclear microprobe facility of the Pierre Süe Laboratory is schematically displayed in Fig-

ure 1. Interactions between the incident ions and the target atoms generate secondary electrons,
X-rays, scattered particles, gamma-rays and nuclear reaction products which are detected using
appropriate energy-dispersive solid detectors: Si-Li detector for X-rays, hyper pure Ge detector
for gamma-rays and silicon surface barrier detectors for charged particles (Fig. 2). Thus, sev-
eral analytical methods, which are described in the next section, can be performed simultaneously
from proton induced X-ray emission (PIXE) or proton induced gamma-ray emission (PIGE) to
Rutherford backscattering spectrometry (RBS), proton or helium enhanced scattering analysis
(PHESA), elastic recoil detection analysis (ERDA) and nuclear reaction analysis (NRA). A re-
cent review written by Revel and Duraud contains an abundant bibliography on this subject [4].

2.3 ANALYTICAL METHODS: BASIC PRINCIPLE AND PERFORMANCES. - Table 1 summarizes
the main characteristics of the six ion beam analytical methods listed above.

2.3.1 Proton Induced X-ray Emission. - As in the case of Electron Induced X-ray Emission cur-
rently used with an electron probe, PIXE is based on the detection of the 1 keV-30 keV X-rays
generated by the excitations and ionizations of the target atoms by the MeV incident protons.
Due to the low bremsstrahlung background produced by protons compared with that created by
electrons (1/m dependence of the bremsstrahlung yield), PIXE is not only suited for major and
minor elements but also for trace element analysis in solids from Z = 11 to Z = 92. Detection
limits are strongly dependent on the incident energy (X-ray emission cross section) and on target
composition as it is shown in Figure 3 from Johansson and Campbell [5], detection limits as low
as a few weight ppm can be obtained.
For a thin target, the X-ray yield is expressed by the following equation:

with no the volumic density of target atoms (cm-3), t the film thickness (cm), Ni the incident ion
fluence (cm-2 S-1), 0-Ei the ionization cross-section at energy Ei (cm2), ex the fluorescence yield,
ka the relative intensity of the X-ray line j, e the detector efficiency and AÇ2 the detector solid
angle.

For a thick target, this equation has to be integrated over the whole range of the incident ion
within the target using a term: 03C3(E)Tj(E)/S(E) where S(E) represents the stopping power of
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Fig. 1. - General layout of a nuclear microprobe (the Laboratoire Pierre Süe nuclear microprobe facility).

the target medium for energy E and Tj(E) is the transmission factor of the X-ray line j expo-
nentially depending on the mass attenuation factor (03BC/03C1)j. X-ray emission can also be performed
using deuterons or helium ions as projectiles [5].

2.3.2 Proton Induced Gamma-Ray Emission. - Proton induced gamma-ray emission looks like
PIXE but it concerns the excitation of the nuclei of target atoms. Table II lists the main nuclear
reactions leading to the emission of characteristic gamma-rays used for elemental analysis. Each
nuclear reaction is labelled as A(a, b)B with A the target nucleus, a the incident ion, B the residual
nucleus and b the reaction product. Three possibilities exist for b: -y, 0152’Y, or p’03B3. In terms of
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Fig. 2. - Description of the interactions between an incident ion beam and target atoms in the MeV energy
range.

nuclear interactions, the first one corresponds to radiative capture, the second to nuclear reaction
and the third one to inelastic diffusion. Typical gamma-ray energy ranges from 100 keV to 5 MeV,
and exceptionally rises up to 10-20 MeV One of the most difficult problem to solve with PIGE is
to avoid energy interferences in gamma-ray energies. Practically, PIGE permits to determine the
isotopes of light and medium elements from Z = 3 to Z = 17 in bulk solids with detection limits
lower than 0.1 wt.% [6].
The gamma-ray yield is derived from an equaticn analog to equation (1) assuming that the

attenuation process can be neglected in first approximation:

Gamma-ray emissions induced by deuterons (DIGE) or by helium-4 ions (AIGE) have also been
largely developed [7].

2.3.3 Rutherford Backscattering Spectrometry. - Elastic collisions between incident ions and target
nuclei are the basis of three scattering methods: RBS when the collision is purely Coulombian,
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Table 1. - Characteristics of the main ion beam analytical techniques.

PHESA when resonances appear in the scattering cross section and ERDA when collided atoms
leaving the target are detected.

In the case of Rutherford backscattering, the energy of the mo ion scattered in the direction 0
by a target atom Mi is derived from the incident ion energy by:

Ei = KiE0 (3)

with Ki the kinematic factor, Mi and mo the respective masses of the target atom and the incident
ion (see also Fig. 4). The expression of the Rutherford cross-section is largely discussed in [8],
it exhibits strong dependences with Z?, 1/ sin4 e /2 and 1/ E5’ Figure 4 also describes the elastic
scattering process occuring in a solid target versus depth. The incident ion (mo, Eo) colliding with
a surface target atom (Mi), is scattered in a direction 9 with respect to its initial direction. The
scattered ion carries an energy Ei = ¡¡Eo. Another incident ion penetrates into the sample to
the depth x, looses part of his energy AEin = (Eo - Eô), collides with a target atom Mi and is
finally scattered in the same direction 9 as the previous one. It starts with an energy K¡ Eb, looses
part of its energy before reaching the target surface which it leaves with an energy Ef such as
AEout = Ef - KiE’0. Thus, the energy depth relationship can be easily deduced from the whole
process:

The backscattering yield Yi is in first approximation directly proportional to the concentration Ni
of the target atom Mi. For a thin target, the equation is:
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Fig. 3. - Variation of detection limit in terms of weight concentrations for PIXE analysis versus proton
energy and atomic number of the target atom (from Johansson and Campbell [5]).

Table II. Nuclear reactions leading to the emission of gamma-rays used for light element isotope
analysis [6, 7, 9J.
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Fig. 4. - Description of both elastic scattering and recoil processes: a) elastic scattering (mi, 0) and elastic
recoil (Mi, ~), b) elastic scattering versus depth in a solid target.

For a thick target, equation (6) has to be integrated over the range of the incident ion, taking into
account the energy loss effects described above.
Rutherford Backscattering Spectrometry is very convenient for thin film studies and for the

determination of depth distribution of heavy impurities (Zi &#x3E; 30) incorporated in a light substrate
(Zi  20) [8].

2.3.4 Non Rutherford Scattering or Resonant Scattering. - PHESA method is located at the fron-
tier between RBS and Nuclear Reaction Analysis because it is based on the occurrence of nu-
clear resonances in elastic scattering. This phenomenon essentially concerns the nuclear struc-
ture of light elements from He to Si. For discrete values of the incident ion energy, the relevant
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Table III. - Examples of resonant scattering interactions used in PHESA [6, 7, 9J.

* For a detection angle between 150 and 170°.

scattering cross-section drastically increases by 1 to 3 orders of magnitude in comparison with
pure Coulombian scattering. Table III gives the main characteristics of proton or helium-4 in-
duced resonant scattering used to determine light element distributions in the near surface region
of medium mass solids [6, 9]. PHESA has been recently applied for the characterization of light
element thin films deposited on mineral substrates [10].

2.3.5 Recoil Spectrometry. - Elastic Recoil Detection Analysis is derived from elastic scattering
spectrometry. It deals with the detection of the recoil nucleus after its collision with the incident
ion (see Fig. 4) [11]. By analogywith equation (4), the energy of the recoil nucleus in the direction
is:

Er == !{( Eo (7)

The relationship between the scattering angle and the recoil angle is given by:

A recently published book is exclusively devoted to elastic recoil spectrometry theory and appli-
cations [11], with a complete analysis of the experimental parameters involved, such as the recoil
cross-section which does not obey the Rutherford model for the collision 4He+/1 H. ERDA is cur-
rently applied for hydrogen profiling in solids using 2-4 MeV helium-4 ions with detection limits
of the order of 50 wt. ppm [11].

2.3.6 Nuclear Reaction Analysis. Nuclear Reaction Analysis is based on inelastic collisions be-
tween incident ions and target nuclei, leading to the formation of a reaction product together with
a residual nucleus generally different from the initial one. Table IV contains the main nuclear reac-
tions used for light element isotope determination. Two specificities of nuclear reactions must be
outlined: the occurrence of nuclear resonances with strong increase of the reaction cross-section
and the analytical interest offered by heavy ion induced nuclear reactions (Tab. V).

In the case of a non resonant nuclear reaction, the reaction yield is simply expressed by:
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Table IV. - Nuclear reactions leading to the emission of charged particles used for light element
isotope analysis [6, 7, 9].

* For a detection angle between 135 and 1700 and without absorber in front of the detector.

Table V. - Nuclear resonances in NRA and heavy ion induced reactions [6, 7, 9].

An unknown sample is generally compared to a standard material irradiated in the same condi-
tions and a common relationship can be derived from (10):

with Y and Ystd the respective yield detected for the sample and a standard sample and ni and
(ni)std the respective concentration of atom z.
NRA is well adapted to the investigation of depth distribution of light element isotopes (Z = 1

to Z = 30) in the near surface region of solids [12].

2.4 COMPARISON OF METHODS. - Table VI gives the analytical performances allowed with nu-
clear analytical techniques. Figure 5 gives examples of typical spectra obtained on a glass (70 at. %
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Table VI. Comparison of the analytical performances allowed by nuclear microprobe methods.

Si02, 10 at.% Na20, 10 at.% CaO, 5 at.% Sn02 and 5 at.% PbO) with a 20 nm carbon surface
coating to ensure charge flowing.
X-ray and gamma-ray spectra in Figures 5a and 5b are typical line spectra in which the peak

energy gives the nature of the element and the peak area is proportional to the concentration.
Scattering spectra in Figures 5c and 5d are composed of successive continuous steps ranged in
increasing mass order corresponding to thick elemental distributions (0, Na, Si, Ca, Sn and Pb)
and/or narrow peaks corresponding to thin elemental distributions (for example C). The ERDA
spectrum of Figure 5e can be divided in two parts: a surface H peak and a continuous bulk dis-
tribution, this data indicates the superficial hydration of the glass sample. The NRA spectrum of
Figure 5f is composed of several energy zones, each corresponding to a specific nuclear reaction:
(d, p) reactions on 160 and 12 C in our case. The shape of the zone is the image of the depth dis-
tribution of the analysed element. The narrow carbon peak corresponds to the nuclear reaction
events occuring within the surface coating.
The quantitative interpretation of such spectra is generally based on "simulation-iteration"

computer programs including a complete description of all the basic physical processes involved.
It also requires the knowledge of the target contents for major elements for a correct modelling
of energy loss and attenuation effects [11, 13-17].

Table VII tries to compare the analytical capabilities of nuclear microprobe analysis combining
these six methods with those from other current microanalytical techniques used for bulk solid
characterization or surface analysis, such as Electron Microprobe Analysis, Micro X-ray Pho-
toelectron Spectroscopy, Auger Microprobe, Secondary Ion Microprobe and Laser Microprobe
Mass Analysis.
The main characteristic of nuclear microanalysis lies in its ability to quantitatively determine

the isotopes of light elements from 1 H up to lys Nevertheless, depth resolution and detection
limits are not as good as for ion probe. Scattering techniques (RBS, PHESA and ERDA) are
essentially devoted to surface analysis while PIXE, PIGE and NRA are efficient for bulk analysis.
One of the major limitation in the use of nuclear microanalysis lies on the irradiation sensitivity
of the target material.

3. Applications of Nuclear Microanalysis

A lot of application examples of nuclear microanalysis in materials sciences, earth sciences and
life sciences have been published since the beginning of the seventies and particularly in the pro-
ceedings of the four first nuclear microprobe conferences [18-21]. In the following sections, we
will try to briefly illustrate the analytical capabilities of nuclear microanalysis in different fields
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Fig. 5. - Typical nuclear microanalysis spectra obtained by irradiating a glass sample under appropriate
conditions: a) PIXE data; b) PIGE data; c) PESA data (1.725 MeV proton beam, 10 x 10 ¡.Lm2, 100 pA,
0.1 ¡.LC); d) RBS data; e) ERDA data (3 MeV 4He+ beam, 10 x 10 ¡.Lm2, 100 pA, 0.5 ¡.LC); f) NRA data
(0.9 MeV deuteron beam, 10 x 10 03BCm2, 200 pA, 0.5 03BCC, 12 03BCm Al absorber in front of the detector).
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Table VII. - Comparison of the analytical capabilities offered by various microanalytical techniques.

using when they will be available data obtained with the nuclear microprobe facility of Labora-
toire Pierre Süe.

3.1 MATERIALS SCIENCES. - Nuclear microprobe applications in materials sciences deal with
the characterization of thin films and multilayered solids and the study of elemental transport
mechanisms through interfaces as well for metallurgical and microelectronics purposes as for new
materials or in nuclear technology (see Sects. IX and X in [21]).

For example, Cachoir and coworkers studied the alteration mechanisms of bulk uranium diox-
ide by a granitic groundwater in order to determine the nature of secondary phases able to control
its solubility. Under oxic conditions they have found that U02 solubility is governed by the crys-
tallisation of U(VI) hydrate: schoepite. A micro-PHESA spectrum is given in Figure 6 showing
the splitting of both uranium and oxygen steps corresponding to the presence of a few 03BCm partially
dehydrated U02(OH)2 crystal onto the U02 surface [22].

3.2 EARTH AND PLANETARY SCIENCES. - Earth sciences applications of nuclear microprobe in-
clude trace element geochemistry, earth structure and geological processes studies (see Sect. VIII
in [21]). Cosmochemistry has been also considered for a long time as a potential application field
for nuclear microprobe analysis, essentially through meteorites characterization [23].

Strong efforts are now devoted to the study of platinum-group minerals in order to understand
their formation mechanisms. Criddle and co-workers combined electron probe microanalysis and
microPIXE to investigate the distributions of platinum-group elements in samples from the collec-
tion of the Natural History Museum in London [24]. Figure 7 gives an example of the data they
obtained on a compound grain of Pt-Fe alloy and osmium bearing ruthenium from the Esterly
mine, Oregon, USA. Darker regions in the maps indicate higher concentrations of the elements.
The Pt-richest regions rarely exceed 20 wt. ppm. Elemental mapping demonstrates the extreme
inhomogeneity of the grain with platinum-rich zones within its ruthenium-osmium host alternat-
ing with platinum-poor zones. The authors found that microPIXE seems to be more useful than



247

Fig. 6. - Comparison of experimental spectra for a schoepite crystal onto the surface of a leached U02
sample and a reference U02 sample (unleached): protons 3.47 MeV, beam spot = 10 x 10 mm 2 current
= 100 pA, dotted line = schoepite spectrum, full line = reference spectrum (data from [22]).

EIXE as an exploratory tool in rapid analysis of such complex materials, essentially due to the
better detection limits available.

3.3 LIFE SCIENCES. - The use of 1 03BCm2 proton microbeam in life sciences gives rise to relevant
applications in the field of cell biology or medicine (see Sect. VII in [21]).
For example, in a recent review Watt and Landsberg reported data concerning the control for

patients suspected of heavy metal poisoning [25]. Hair strand cross section were mapped using
microPIXE (Fig. 8). Hair was taken from a patient known to have clinical symptoms corre-
sponding to lead poisoning. Ca, Cu, K, Si and Fe are identified with contamination caused by
external sources, relatively to internal constituents of hair with uniform distributions as S and
P The contamination level goes from a few wt. ppm for Pb to hundred of ppm for Ca and Si.
The contamination process is not homogeneous because poisoned hair is enriched in Fe, Si and
Ca around its perimeter while Cu contamination is quasi uniform inside the hair. Pb has a typical
distribution which is low in the centre of the hair and increases slowly towards the perimeter. This
perhaps reflects the metabolic mechanism in which heavy metals are sequestered in the hair by
means of a transcellular route through the root sheath. In the poisoned hair, the average content
of lead is 13 wt. ppm and in a normal hair it is not higher than 3 ppm.

3.4 HUMAN SCIENCES. - Archaeometry and arts also constitute a typical application field of
nuclear microprobe, located at the crossing between materials and life sciences (see Sect. XI in
[21]).
Barré and Trocellier have recently demonstrated that the combination of microPIXE using

a 3 MeV proton microbeam and microNRA using a 1.8 MeV deuteron microbeam allows
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the distributions of the main constituents of ancient bone tissues to be measured. In the case

of a transverse section of a femur issued from a woman skeleton from a French necropolis near
Lyon (fourth to sixth century), Ca, 0, C and Pb profiles are given in Figure 9 [26]. This skeleton
was burried in a lead sarcophagus and nuclear microanalysis data show that lead was strongly in-
corporated in the calcium phosphate matrix, leading to a decrease of the alteration of the bone
tissue in terms of both alkali ions and organic fraction losses due to the precipitation of mixed Pb
and Ca phosphate and carbonate.

Fig. 7. - a) MicroPIXE elemental maps of a Pt grain (3 MeV proton microbeam, diameter of 1 03BCm,

250 pA). Maps of Pt, Ru, Ir and Fe are presented, the area of each map is 500 03BCm and darker regions
indicate higher concentrations of the elements; b) and c) linear distributions along the horizontal centre line
of Figure 5a. The data is presented as raw counts per channel and is not background-corrected (data from

[24]).
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Fig. 7. - (Continued)
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4. Récent Developments and Further Progresses

4.1 ANALYTICAL METHODS. - Since the beginning of the nineties, reliable progresses in nuclear
microprobe analysis deal with the development of new imaging techniques. First of all, scanning
transmission ion microscopy (STIM) is based on the transmission of incident ions (3-4 MeV pro-
tons for example) through thin targets (0.1-10 /mi) with a very low beam current density (10-15 A
in 50 nm diameter probe) [27]. 3D elemental distributions can be obtained using energy loss or
X-ray spectroscopies.

Ion microtomography (IMT) constitutes the extension of STIM combined with a spatial rota-
tion of the sample under investigation [28]. lonoluminescence (IL) is based on the detection of
light photon emission induced by the incident ion bombardment [29].
2D images and data on the electronic configuration of excited atoms can be obtained. Ion beam

induced current (IBIC) is similar to EBIC technique that is largely used to study semiconductor
materials [30].

Channeling techniques have been extensively developed for studying defects in monocrystalline
and polycrystalline solids [31]. Single ion techniques seem to offer interesting opportunities to
study the behaviour of basic functional units of microelectronic circuits under irradiation or the
radiation sensitivity of the constituents of biological cells [32].

Fig. 8. - a) PIXE maps (90 x 90 03BCm2) of a cross section of a hair strand from a patient diagnosed as
suffering from lead poisoning obtained with a 0.5 03BCm diameter 3 MeV proton microbeam (100 pA): top row
S, K and P, middle row Ca, Fe and Zn, bottom row Cu, Pb and Si; b) PIXE line scans across the same section
of a hair strand (data from [25]).
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Fig. 9. - Carbon, oxygen, calcium and lead distributions in a transverse femur section issued from a woman
skeleton from a french necropolis near Lyon determined by microPIXE and microNRA (3 MeV proton
microbeam and 1.8 MeV deuteron microbeam, 1.2 nA, beam size = 15 fLm x 15 ,um, 300 s/pixel). The
concentration scales are expressed in wt.% (data from [26]).

4.2 BEAM TECHNOLOGY. - Ion optics and ion sources benefit fromvaluable developments in or-
der to improve the spatial resolution (0.1 03BCm) and to increase the probe brightness [33]. Strong ef-
forts are devoted to the limitation of parasitic aberrations for focusing lenses (see Sect. II in [21]).
The use of high energy heavy ions focused beams appears as a very promising research axis [11].

4.3 DATA PROCESSING AND DETECTION DEVICES. - Recent progress also concerns the devel-

opment of computing codes for data handling and probe control (see Sect. III in [21]). Moreover,
the use of several new detection devices as for example solid state telescope constituted by a thin
detector (AE) and a thick detector (Er), electromagnetic filter, gas ionization chamber, electro-
static and magnetic crossed fields spectrometer, time of flight spectrometer and the development
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of coincidence spectroscopy strongly improve the mass separation power and the sensitivity of ion
microbeam techniques [11].
4.4 APPLICATION Topics. - Application of nuclear microanalysis techniques in the field of en-
vironmental sciences knows a growing interest [34]. Last but not least, nuclear microprobe starts
to be also used for more fundamental studies on ion beam interactions with condensed matter.
For example, Boutard and coworkers have demonstrated the influence of the microbeam current
density on elemental loss for thin copper or gold coated on silicon [35]. Berger and coworkers
have measured the temperature gradient induced by a microbeam irradiation in the near surface
region of a glass [36]. Mosbah and coworkers have determined the 3D distributions of Na and Ca
in ternary glasses around the microbeam impact [37].

Conclusion

With this overview on nuclear microprobe analytical methods, application examples and recent
developments, it can clearly be concluded that the quantitative elementary analysis and imaging
capabilities of the nuclear microprobe have continuously been strengthened over the past ten
years, raising nuclear microanalysis to a very competitive level with other microanalytical methods.
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