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1 INTRODUCTION

In vecent years there has been an inercasing demand for analytical
methods to measure the concentration and the depth distribution of various
elements in different matrices. In metallurgy rapid, low-cost, multi-element
deteetion methods are required, that arc capable of reliably mapping the
distribution of light clements in the metal surface. Dynamical processes,
such as corrosion and the transport of oxygen under specified thermal
conditions, are of interest in a variety of contexts as, for example, in
the design of reactor fuel cladding material.

A range of techniques, that have been recently devised, and which
facilitate the analysis of a special group of elements in a well defined surface
layer of a given matrix, have one thing in common, namely that they are
based on the principle of charged particle induced reactions. Owing to
their limited penetration into matter charged particles provide an ideal
tool for surface analysis. )

This thesis comprises some experimental investigations which extend
the flora of analytical techniques for the quantitative measurement of low
concentrations and their depth determination in metal surfaces by means
of charged particle induced reactions. To date there is no method which
is so general that it could be successtully applied to all types of samples.
The development of new quantitative techniques-that are capable of assaying
specified elements under real conditions might therefore make a valuable
cnntribution to analytical work.

In order to understand the relation between the experimental techﬁiques
that form the basis of this thesis and the analytical methods that are at
present available this work includes a survey of the literature on this
subjeet. The papers presented here are then summerized at relevant places
in this review of the state of the art of measuring low concentrations and
determining concentration profiles of both light and heavy nuclides in
a wide range of matrices.

Prcliminary results concerning parts of this work have been presented
at the following meetings:

1 Nordic Conference on Tracc Elements
Aarhus, Danmark, 1971

11

111

v

Conference in Physics
Lund, Sweden, 1972

International Mecting on Activation Analysis
Saclay, France, 1972

The thesis includes the following papers:

Ahlberg M. Akselsson R, Brune D and Lorenzen J
Proton-induced X-ray analysis of steel surfaces for microprobe
purposes.

Nucl Instr Meth 123 (1975) 385.

Lorcnzen J and Brune D

Determination of oxygen in zircaloy surfaces by means of charged
particle activation anulysis.

Nuecl Instr Meth 12_3 (1975) 379.

Lorenzcen J

Depth distribution studies of carbon in steel surfaces by means
2

of the nuclcar reaction 1"C (p, y)lsN.

Nuecl Instr Meth 121 (1974) 467.

Lorenzen J
Depth distribution studies of carbon. oxygen and nitrogen in metal
surfaces by means of neutron spectrometry.

AE-502 (1975).



11 CONCENTRATION MEASUREMENTS

1 Genceral remarks

The clemental composition of solids can be studied by means of charged
particle induced reactions. For such investigations "Surface analysis”
is a fundamental term. The reader may probably understand what is meant
by the surface of a solid, although there is no quantitative, physical definition
found in the literature. ln fact, the term "surface" is confusingly used
with different interpretations. Sometimes it may define a boundary, a starting
point for in-depth calculations; sometimes it refers to the front zone of
the specimen which is to be explored. The author whishes to make clear,
that in the following discussion surface is to be understood as the upmost
layer of material in the sample. The thickness of this layer, however,
is defined by the range of the charged particles used in the analytical
method concerned. This definition allows a distinct difference to be made

between surface analysis, which eontrols the first atomic layers of the

specimen, and bulk analysis, which extends over the whole voiume of
the sample.

The sturly of the physieal and chemical phenomena that take place
in the surface of solids requires the quantitative determination and location
in depth of elements in very small amounts. In this context charged particle
induced redactions offer the possibility of non-destructive investigations
with a high degree of sensitivity and selectivity.

Neutron and photon activation analysis ean be used with advantnp:e
to measure bulk impurities of elements in trace quantities in thick samples.
Owing, however, to the limited range of ions in matter charged particle
induced reactions are specificly useful for concentration measurements
in the surface of substrates. They allow studies in fundamental problems
related to metallurgy such as diffusion phenomena, growth mechanisms
on thin films, corrosion phenomena, trace contamination of surfaces, ion
implantation etc.

Generally, the quantitative methods can be divided into two groups:
the first contains methods which permit measurement of the concentration
of the elements concerned, the second contains mcthods, that also include

the determination of the concentration profile as a function of depth.

The methods considered here are consequently discussed in two
scparate chapters, depending on whether they belong to the first group
or the second.

Some definitions
The capability of the various techniques can be indicated by the use
of different parameters. Concentrations are usually given in per cent.
For very small amounts, however, the sensitivity can be expressed in
ppm (parts per million) or ppb (parts per billion), which denotes the
ratio of the trace quantities detected to the number of matrix atoms in the
analysed volume. Detection limits can be given in ug and ng, or as the
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minimum number of atoms to be detected (e.g. 10 ntoms/cma). Values

expresscd in ug;/cm2 actually concern a layer of material. Resolution might
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also be expressed in atomic layers. A monolayer is defined by N where

N is the number of host atoms per cms. Alternatively resolution can be

given in ym (10 %m) or &ngstrom units (14 = 10710

m).

The term "effective range" or "effective depth” is sometimes used
for the total surface region in which the concentration is measured.: This
parameter has been developed out of the necessity to distinguish between
the rangc of the charged particle and that part of the range within which
nuclear reactions are cnergetically possible. For nuclear reactions with
negative Q-values no radiation can be emitted for particle energies below
threshold, i.e. beyond the "effective range".

The quantitative measurement of X-rays provides information about -
the elemental concentration in the sample surface. Due to the cnergy
dependence of the production cross-section and of the attenuation of the
emerging X-rays the contribution of a given atom to the total radiation
emitted, depends on its location within the surface. Many authors have
therefore adopted the term "effective depth" to denote the volume within -
which a certain part of the total radiation is produced.

2 _ Microanalysis by means of non-nuclear reactions

The most important non-nuclear methods for quantitative surface analysis
are Rutherford scattering, ion-induced X-ray-emission and Auger clectron
spectroseopy.. They have heen annlied
a‘comprehensive description dealing with the complementary nature of
these and other techniques has been given by Mayer and Turos (1), The



capubility of these methods s Indiceated nand 1 varioly of oxamplos for thelr
application has been collected in the very earofully writien review articlo
of Lukas (2].

Eleetron spectroscopy will not be further discussed here since this
has already been dealt with in o rigorouy manner by Siegbahn et al, (3]
in their well known ESCA-book.
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Elnstic seattoring and X-ray production have some interesting features
in cominon, The analytical principle of Rutherford scattering is based
on the knowledge of the kineties of atomic encounters, A mono-energetic
heam striking the surface atoms of a target matrix, is scattered in such
n way that the cnergy of the emitted particles, observed within a given
angle, inercases with the mass of the seattering atom, The energics of
the characteristic X-rays produced in the atomic collision with the incident
ions are also an increasing function of the atomic number of the matrix
clement (Moseley's law). Accordingly the measurement of the energy spectrum
of Rutherford seattered charged particles and of the emitted characteristic
X-rays provides fundamental information about the atomic species that
are simultancously present in the matrix, This corresponds to a quantitative
multi-element analysis. ' '

The impinging charged particle Joses energy when penctrating the
matrix and so does the scattered ion. With regard to backscattering the
thickness of the analysable leyer is thus much smaller than the range of
the bombarding particle. Owing to the increased absorption of soft X-rays
only a negligible part of the yield produced at greater depths can reach
the detector. Both methods are thus typically suited to surface analysis.

A third factor, the supreme elemental resolution, i.e. the separation
of adjacent atomiec numbers, which is a feature of both Rutherford scattering
and ion-induced X-ray emission, makes both methods highly attractive
for multi-element surface analysis. Owing, however, to the stopping power
of the matrix a phrticlc scattercd at a given depth is emitted with an energy
lower than that of a surface-scattered ion. This fact results in an ambiguity; *
a surface emitted particle scattered by an atom of a given mass may have
the same energy as a particle scattered by an atom of larger mass positioned
at greater depth. The conscquence of this is that heavy atoms in light

matrices may be detected without interference whereas, in thick targets
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ol lenst, light elamoents in hoavy matrices are hardly annlysable [4] The
same 18 true for annlysis by means of X=ray maoasurements ns o rosult
of the inerease of sclf-absorption for the lower X-ray energics emitted
from lighter elements in n matrix consisting of heavy atoms.
As fur as Rutherford seattering is conecrned this inadequacy is compensa-
ted for by the application of forwnrd seattering and "channeling".

Forward scattering has been successfully applied to the determina-
tion of carbon in sllicon [5], Thoe sample used had a thickness ol 9 000 A
and was contaminated with carbon on both the front and the back surface.
Energy speetra for 1. 8 MeV and 1,0 MeV tie*-ions were measured at 90°
relative to the ineident beam direction for forward and bhackscattered ions.
The forward scattered ions from the two enrbon layers were distinetly
resolved and also separated from the broader matrix contribution. This
method is supposed to provide a sensitivity of a few monolayers,

Ions which are allowed to strike a crystal surface at n well-defined,
80 called, critical angle can penctrate deep into the crystalline material,
They are then gently stecred through the "channels" in the atomic lattice
by correlated collisions. Well-channeled ions do not come closer to the
lattice rows than, approximately, the Thomas-Fermi screening distance
which is of the order of 0.1 A, Conscquently no atomic or nuclear encounter
can take place unless the atoms are displaced from their lattice sites by
more than this value. Accordingly, on irradiating a crystal and applying
the channeling technique the contribution made by the matrix atoms to
the emitted radiation arises mainly from the first atomic layers. Impurities
that are located at interstitial positions are cxposed, however, to the ion
beam even at greater depths, From this it can be understood that the signal-
to-background ratio is considerably increased, by the order of two magni-
tudes, compared with measurements made in a "random dircction" or on
amovphous targets.

The channeling technique 1s frequently applied to the measurement
of the disorder in crystals created by radiation damage [6]. or to phase
structure studies in polyerystalline material {7]). In this context the different
sublattices of one crystal arc often measured separately by applying n
nuclear technique to the detection of the light element and a non-nuclear

method for studying the heavy sublattice,
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Low cnergy backscattering has also become an attractive technique
in analytical work. Systematic studies have shown that a maximum in
the scattering cross-scetion is reached at energies of about 3 keV. At
these energies hackground is reduced duc to the absence of nuclear reactions.
The general teatures of this technique have been described in a review
article by Smith [8].

Proton-induced X-ray emission (PIXE) has the great advantage of
a low Bremsstrahlung tontribution as compared with the X-ray emission
produced by photons and electrons. This technique has been developed
into a versatile tool for microanalysis by Johansson and co-workers [9].
These authers report a detection limit of about 10—12g obtained by irradiating
small samples (~ 1 cmz) with protons at energies between 1.5 and 2.5
MeV and a current of about 1 pA. With this technique all elements of the
periodic table with Z > 15 can be studied simultaneously if the sample
can be applied to thin supporting high purity carbon foils (~ 40 ug/cmz).

The background- Bremsstrahlung observed in PIXE spectra is due
to the production of secondary electrons which have received kinetic
encrgy by collision throughout the range of the primary particles. The
usc of thin backing foils is therefore necessary if background radiation
is to be reduced appreciably. Furthermore, thin target foils render corrections
for self-absorption unnecessary. .

It is well known that the ionization cross-section increases with the
energy of the protons up to a certain maximum value. The energy dependence
of these maxima, however, is a decreasing function of the atomic number
of the target atom. For Ca, Ti and Ni for instance the value of o(p, XK)
attains a maximum of 5 000 b, 4 000 b and 1 500 b at energies of 8.5 MeV,
10. 4 MeV and 16. 6 MeV, respectively [10]. The cross-section also increases
with the mass and the multiplicity of the X-ray generating ion (~ ZZ).
However, the maximum energy E, of secondary electrons (me), which
give rise to Bremsstrahlung, can be caleulated from the mass (M) and
the kinetic encrgy (Eion) of the ion by using the expression
4Mme

E = — <= _FE.
(] (M+me)2 ion
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A direct conscquence of this relationship is that the Bremsstrahlung
energy increases with the energy of the accelerated jon. Thus, the increase
of sensitivity due to larger cross-secetion values is counteracted by enhanced
background under the bholo peak (c. g£. Ee = 20 keV for 10 MeV protons.
which corresponds to a Bremsstrahlung continuum up to Z = 45 (Rh)).

It is also necessary to toke the effects of Compton scattering and of
nuclear reactions into consideration. The problem arising from the induced
background in high encrgy, charged-particle induced X-ray emission
has been treated in detail by Folkmann and co-workers [11]. Their study
indicates that the scnsiiivities attainable by this technique cxtend to vatues
of 1to 0.1 ppm.

The question thercfore arises whether the detection limits observed
could be further decreased by an optimal choice of ions and their kinetic
energy. This problem has been investigated to a certain extent by Herman
and co-workers [12]. Their experimental studies with protons (2-10 MeV).
alpha particles (6-25 MeV) and 160+

that 2. 2 MeV protons and 6 MeV alpha purtic’les are the most suitable cnergies

-ions (6-40 MeV) indicate strongly

and ions for use in analytical work. Despite Athc favourable increase in
cross-section with ion energy (do/dEion ~ 120 barn/MeV) the ecnhanced
background due to Bremsstrahlung and nuclear reactions makes a significant
reduetion in the signal-to-noise ratio. Owing to their shorter range, heavier
ions dcposit more energy in the thin backing {oils than do protons so that
the supporting backing can be destroyed due to increased heating. Lower
currents must therefore be used in such instances.

Sensitivity studies have been extended to the use of protons, a-particles
16

.and " O-ions at energies of 1-5 MeV/amu [13]. On the basis of a careful

‘anqusis of the different background contributions it was found that of
these three ions protons at energies between 1 and 4 MeV are the best
suited to analytical work. , o

‘Tl“le investigations of Watson and co-workers [14jabout the analytical
capabilities of X-ray emission induced by 50 MeV «-particles indicate that
sensitivitics of 50 ppm could be obtained for clements with Z between 22
and 50 and of 130 ppm for elements with Z > 50. In particular they rrported
that the detection limits for Cu, Sn and Pb deposited o‘n 1 ;1;5/(:m2 VYNS
backings were 1.9 1072 ¢, 3.2 10712 g and 5.5 10712 ¢, respectively.

Sensitivities at even higher «-energies (up to 80 MeV) have been in-
vestigated as a function of the atomic number of the target, buacking thickﬁvss.


file:///vork

beam charge, energy and flux of the incident charged particles [15].
The conclusions of these measurements are in agreement with those of
the carlier mentioned, namely that no improvement of sensitivity is obtained

on using ions with increased encergies.

The tendency towards the use of thick targets in connection with PIXE
demands improved knowledge of cross-section values. Measurements of
ionization cross-sections have been carried out for Fe, Co, Cu, Zn, Ga,

Ge and As using protons at energies between 0.5 MeV and 2.0 MeV. This
compilation is useful for the application of PIXE to the study of thick targets
[16]. Cross-sections for C, Mg, Al, Cu, Nd, Sm, Gd, Tb, Dy and Ho

at proton energies between 15 and 1 900 keV in thick targets have been
compiled by Khan and co-workers {17,18]; who were also the first to

use PIXE for analytical work.

A comparison between the cross-section values obtained by (o, X)-
and (Ne2+. X)-reactions measured in thin and thick metal tnrge‘ts (Al,

Cu, Ag and Au) in the energy region 1 to 5 MeV has been recently reported
[19]. For K and L X-rays the agrecement was excellent, whereas for M
X-rays the approach was unsatisfactory owing to large uncertainties

in the self-absorption correcti’ ns.

The Sn KG/KB-ratio has been studied as a function of the sample thickness

[20]. The expcrimentally obtained results were compared with theoretically

predicted values and a 20 % discrepancy was found and subsequently accounted

for in terms of a thickness effect. This experiment emphasizes that special
care must be taken when PIXE is applied to thick targets.

It is intended that PIXE should be applied to proton microbeam studies,
which are under development in the VdG laboratory at Studsvik [21].
Measurement of the detection limits that are valid for thick targets was
therefore of special interest. This investigation is described in Paper I.
Microbeam conditions were simulated by a narrow beam 2 mm in diameter
and by a proton current of the order of 10-100 nA. When thick targets
are used the main contribution to the X-ray yield is consequently made
by the matrix atoms to nearly 100 %. The dominating yield due to the matrix
can be suppressed, however, by introducing an absorber (X-ray fiiter)
with an absorption edge corresponding to the energy of the characteristic
X-ray line emitted from the matrix. Accordingly, in the experiments in-
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volving steel targets the Fe K - (. 403 keV) and Fe KB-(7. 057 keV) lines
are strongly attenuated by the absorption edge of chromium (5. 99 keV).

A chromium absorber, 12.5 ym thick, was therefore used in these experi-
ments and the transmission of the Fe Ku-rndiution was consequently reduced
to 1.5 %. Owing to the absorption function of Cr, the transmission of X-
rays for elements with Z > 26 (iron) is increased to more than 10 % above
10 keV.

Since attenuation is a continously increasing function of the absorber
thickness Mylar foils of two different thicknesses (920 ym and 4 000 ym)
were also used. From these experiments it was found that the thicker Mylar
foil can successfully be applicd when X-rays with energies above 7 knV
arc to be studied (Elements with Z > 28). The detection limits obtained
by this technique are of the order 10-100 ppm for a running time of 1 0G0
sec.

Owing to the variation of the effective proton range with energy and
to the increase of X-ray attenuation with depth of production only a part
of the X-ray yield emitted from a certain element at a given depth below
the surface can reach the detector. The parameter "effective depth" has
been introduced to describe what fraction of the X-ray yield produced
within a given layer contributes to the measured spectrum. This concept
can thus be used to facilitate quantitative depth profile analysis. This
topic will be discussed in a later section. However, in this connection
the "semi-quantitative depth distribution study" of chromium in an iron
surface is worth mentioning [22]. In that study comparison was made
between the Cr Ku/Fe Ka ratios obtained by irradiation with 150 keV and

- 400 keV protons, respectively. Information was thus gathered about the

change of the Cr-concentration in a 0. 25 ym surface layer compared 1o
that of the first 1 ym. About 90 % of the Cr K(l yield was measured in each
instance.

Another elegant application of the idea of "effective depth" is illustrated
by the work of Necdham and co-workers [23]. They were able to measure
oxide films with thicknesses ranging between 10 and 200 A using 120 keV
protons.. Because of the limited range of these low energy protons and
thie 1/e-attenuation for oxygen X-rays (K{l =-523 keV) in a surfuce layer
of 1 485 A there is a negligible contribution [rom the low oxygen bulk
concentration in the matrix (2.3 ppm 1-’(:3()4) by comparison with the yield

emitted from the first few monolayers in the surface. On the basis of this
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principlc the growth ratec of oxygen in the surface of Battelle-iron was
determinled for temperatures between 200 and 350°C.
In recent studies Musket [24] clearly demonstrated the feasibility
of PIXE a!t low X-ray energies by the quantitative detection of the light
elements iincluding boron. In this experiment polished boron, polished
graphite, copper and anodized aluminum targets were irradiated with
350 keV érotons and the characteristic X-rays B Ku, C Ku, 0 Ku, Cu Lu,B
and Al Kiu’ 8
The results mentijoned in this chapter show that non-nuclear techniques

were observed using a windowless Si(Li) detector.

allow quantitative measurement of low concentrations throughout almost
the entire periodic system. However, whereas these techniques can be
used to determine heavy nuclei, nuclear methods which are described
in the foll‘owing chapter appear to be useful for the quantitative assay of

light elements.

3 Microanalysis by means of nuclear reactiong

Nuclear techniques provide an alternative means for determining small
amounts of nuclei. For analytical work protons, deuterons, tritons, 3He,

4He and a-particles have been used since long in the energy region 0.5

to 5 MeV per nucleon. Recently heavier ions such as IZC. 16O and the
ions of the noblc gases have been upplieq to the investigation of thin surface
layers. Beam currents are chosen in the range of nA to several pA depending
on the type of target. Low currents may be necessary in order to avoidﬂ
thermal destruction and radiation damage or in order to reduce the dead-
time.
Nuclear reactions induced by charged particles are hindered by
the Coulomb field of the target atom. The Coulomb barrier which is propor-
tional to the atomic number Z of the bombarded atom is thus lower for lighter
elements. This is important for analytical purposes. Consequently this
technique is best suited to the detection of light impurities in a heavy matrix.
Microanalysis by charged partiele induced nuclear reactions was first
applied in 1962 by Amsel [25], in studies of the oxygen transport in anodic

aluminum oxide. He recently pubiished a very extensive compilation covering’

the nuclear microanalysis of light clements [{26] and reported that ZH.
GLi, 7Li, 12C, 14N, 16O. 18O. 19F and 2713.1 are routinely determined in
a 2 MeV-VdG laboratory. Albert described the microanalysis of oxygen,

carbon and nitrogen by means of proton, deuteron and triton irradiation
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[27]. Applying nuclear reactions detection limits between 107 ug and
10“11 ug (corresponding to 10-4 - 10-6 ppm) can be achieved for light
elements in metals. 1t should be stressed that these values could be obtained
only in targets that feature high purity. The result might be compared
with the detection limits for activation analysis by y-photons (10-2 nEd)
[28] and by ncutrons (10-3 ug, for medium and heavy nuclei) [29]. For
low concentration bulk measurements, however, using thermal, epithermal
or fast neutrons, as well as photons generally chemical separation must
be applied in order to achieve extreme sensitivities.

It is well known that the use of tritons and Sﬂe—pm‘ticles. especially
at higher energies, provides extremaly low detection limits. Because of
their low binding encrgy (8. 482 MeV and 7. 717 MeV, respectively) they
can undergo many nuclear reactions that are exoergic. The systematic
compilation of Markowitz and Mahony [30] on the use of 3He-~induccd acti-
vation analysis has become classical. The list of elements that ean be studied
6Li to 48Cn.
Tritons are not so frequently used in view of the accompanying risk

successfully in these reactions ranges from

for contamination of the facility due to this active ion. For the quantitative
analysis of oxygen 2 MeV triton-irradiations of "very pure van Arkel zir-
conium” have been reported [31]. Measurement was made of the 511 keV-
decay aclivity of 18F ('1‘1/2 = 109. 7 min) and a detection limit of 5 10_3
ug/cm2 oxygen was claimed.

Fast methods

In many applications the material to be studied is rarcly of extreme
purity. On the other hund, easily managed analytical methods nre required
with good sensitivity and a high degree of rapidity. In this connection
a fast, non-destructive technique for measuring low concentrations of
oxygen in zircaloy has been developed. This experiment is described
in Paper II. In this work zirconium oxide and zircaloy samples (800 ppm
oxygen) were irradiated with deuterons at energies of 2.3, 2.6 ond 3.0
MeV. The method employs the comparison of the yield of promptly emitted
870 keV y-rays produced in the reaction 150 (d, py) 170 with the activity
from the reaction 16O(d,n)”F. 17F is n f',+-cmitter (11)2 = 67 sce) which
produces 511 keV-annihilation radiation. It was found that, while for the-
activity measurement, the detection limit is dependent on the initial deuteron

encrgy (40 ppm at 3. 0 MeV) the prompt y-ray measurcment provided a



constant detection limit of 10 ppm (7 10-2 ug/cmz). The result is discussed
in the light of the "effective range" of the deutcrons and the difference

in cross-section of both reactions. These measurements demonstrated that
a total amount of 2 10_8 g oxygen can be detected within the effective depth
of 20-30 um in the zircaloy samples. The running time for an irradiation
yielding 1 % stutistignl uncertainty for each sample was about 60 sec, which
clearly demonstrates the rapidity of the technique.

Another fast method for the determination of nitrogen in single seeds
has been reported recently [32]. The light elements present in the surface
of single grains were,studied by deuteron induced reactions. Nitrogen
concentrations of 1.5 to 3.5 % have been determined measuring the energy
spectra of the emitted protons and a-particles. Running times of the order
of 20 sec were sufficient to achieve a statistical uncertainty of 5 $. The
authors expect it to be possible to decrease the time of irradiation in the
near future to 1 sec for routine analysis. 1t has been observed during
the course of these experiments that up to a few per cent of the total volume
of the grain might be destroyed by the beam. The result of this effect
should be studied separately.

Some experimental problems in connection with the determination
of light elements in metallic targets using charged particle induced reactions
have been described by Weber and Quuglih [33]1. Phenomena concerning
the target behaviour such as oxygen content decay., wear effects and carbon
build-up are instructively discussed and can be avoided if corresponding
precautions are taken by the experimentalist. B

A special technique for the reduction of background and interferences
has been developed by Pretorius [34]. This technique is based on the
coincident measurement of complementary particles (CMCP). The energy
of the complementary particles emitted in the nuclear reactions of charged
particles with light elements are measured by separate detectors. The
correlation between the energies of such particles and the given angles
at which they are simultaneously emitted is given by classical nuclear
"L
in natural samples [35]. Thin targets of 10 to 200 ug/cm2 thickness were

kinetics. This method has been applied to the measurement of 6Li and

irradiated using 1.9 MeV protons and deuterons and the emerging a-particles
and 3He/4He—particles were measured in forward and backward directions.
The irradiations lasted for 3 to 10 min. A comparison between spectra

with and without coincidence clearly demonstrates the ability of this method
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to suppress any kind of interference.

The methods described in this chapter are capable of detecting small
amounts of impurity in the surface of various matrices. However, the con-
centrations measured in this way might not be representative for the bulk
composition of the sample. Such an assumption can be disastrous for inhomog-
encous distributions. It should be emphasized that the concept of the "effective
ronge" offers the possibility of relating the measured concentration value
to a limited volume in the specimen. In the following chapter methods will
be discussed that can be used to measure inhomogeneous concentration
distributions.

II  DEPTH DISTRIBUTION STUDIES

4 General remarks

The aim of depth distribution studies is to gather information about
the amount of a given element present in a well defined layer in the surface
of a solid. The thickness of this layer can bc chosen arbitrarily but the
lowest value that can be obtained is determined by the resolution of each
technique. The minimum laycrs attainable by the different methods that
have been developed range from parts of monolayers, measured in several
Angstrém units, to "slices", some micrometers thick. The depth over which
the concentrations are measured are logically in direct correspondence
to the resolution and vice versa.

In general each method belongs to one of the following principle groups.

5 Sectioning technique

This technique is based on the preparation of consecutive "slices"
of fhe specimen, taken in a dircction perpendicular to the beam axis, in
such a way that the concentration of the element to be studied is not affected.
The amount of the element present in each slice is then measured separately.
The analyses belonging to this group are definitely destructive.

The technique is applicable to any quantitative method available. On
a point of curiosity it is worth mentioning that neutron activation analysis,
which is typically adopted for bulk measurements. has heen used in this
way to study the concentration profiles of phosphor and gullium'in silicon
[36]. In this instance layer sectioning was performed by means of wet
etching at a rate of 2 um/min and the neutron induced actjvity in cach
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layer was subsequently measured by means of y-spectrometry.

Concentration profiles of tritium in zircaloy-2 have been studied by
the successive removal of sections ranging from 1 to 2 ym in thickness
using chemical polishing [37]. The 6Li (n, a) 3H—renction was used to
injeet tritium into the specimens. The diffusion profile was subsequently
measured by monitoring the amount of tritium in each layer using radioassay
techniques and with the help of a gas flow proportional counter.

The nature of "sectioning" varies with the application. Common technigues
are pure chemical dissolution, electrochemical anodization and subsequent
selective dissolution of the oxide, vibratory mechanical polishing and
sputtering. Mechani&ll grinding is often used in connection with microscopical
studies.

Fine~-stepping profile measurements benefit from the erosion properties
of bombarding ions when using an ion microprobe. The rate at which the
target material is sputtered away depends on ‘the yield of the accelerated
ion and the ratio of the atomic masses in the collision. Concentration profiles
of boron implanted in silicon have been measured with 5-50 keV argon
ions at a sputtering rate of the order of 200~400 A/min and at a depth resolu-
tion ~ 200 A [38]. The quantitative analysis of profiles based on this
technique assumes that the sputtering rate is constant. However, deviations
from linearity have been observed in the first resolvable layers [39].

The sputtering technique has further been utilized for profile measurements
of oxide films in various metals [40, 41). A comprehensive review article
dealing with the analytical applications of the ion microprobe is given"

by Bayard [42].

The measurement of a concentration profile using the sectioning technique
can be a rather long and tedious operation. Consequently, automatization
of this process in an invaluable asset.

An automated system for the analysis of impurity concentration profiles
in silicon has recently been reported [43]. The method is based on neutron
activation of the specimen for a period of 2-15 days. This is followed by
sequential sectioning performed by anodie oxidation and stripping in steps
of 150-700 A. The total analysis takes about 1 hour. Since most of the activated
nuclides are strong B-emitters Cerenkov-radiation counting is used for
the eclement assay. Concentrations as low as 107 atoms/cm3 have been deter-

mined.
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6 Scanning techniques

A second direct method, the scanning technique, employs focussed
beams. A beam with a diameter of the order of micrometers is made to
traverse a polished sagittal cut of the target material. Measurement of
the emitted radiation from a chosen element as a function of the translatation
provides information about the concentration distribution of that element
with depth. Movement in lateral direction is provided by the beam, using

.electrostatic deflection or of the sample, employing x-y-tables. The analyses

accomplished with these techniques can be non-destructive,

This technique is usually applied in electron microprobe studies [44].
By traversing the electron beam over the target area in a certain pattern
(raster) it is possible to determine the spatial concentration distribution
of nearly all elements of the periodic table.

Pierce applied this technique in microbeam studies as early as 1967
{45]. He reported the use of well collimated proton beams (30-180 um)
for elemental and surface layer analysis. Protons with energies between
0.5 and 5 MeV were directed at samples attached to a support, that could
be moved perpendicular to the beam direction using micrometer screws.
Lateral concentration distributions were measured by backscattering and
v-emission produced by nuclear reactions.

A further development of the proton microbeam technique has made
possible the production of a 4 um-diameter 3 MeV proton beam [46]. This
raises the lateral resolution to a level comparable to that obtained with
electron microbeams.

In a recently published work by Pierce and co-workers [47) scanning
microbeam technique was applied to the measurement of carbon diffusion

" profiles in steel. Carbon concentrations were determined by proton spectro-

scopy and X-ray measurement induced by 1. 3 MeV deuterons. It is reported
that carbon determination using the scanning technique suffers from carbon
build-up on the specimen surface. A special cooling finger had to be devised
in order to climinate this disturbing effect.

In the same laboratory a method was developed for pi‘ofile meuasure-
ments of magnesium in aluminum (48]. For this purpose mecasurement
of theh'pr'oton spectrum due to (d, p)-reactions was applied in prefcrence
to the analysis of fast neutrons from (d, n)-reactions, The reported sensitivity
for the detection of Mg in the light Al matrix was 0.37 % (by mass) at an
optimum deuteron encrgy of 1, 80 MeV.
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7 Resonance reactions

The oceurrence of resonances in the cross-seetions of nuclear reactions
is a well known phenomenon. Charged particle induced nuclear reactions
that exhibit sharp resonances in the keV-MeV region provide a powerful
tool for depth distribution studies.

Assume that a nuclear reaction A(p, v)B has a resonance at E_ =
= Eres' When protons with an energy Eres strike a target that contains
clement A the y-yield is mainly due to the production of nuelide B in
the uppermost layers of the target. On penetrating into the target the
protons lose energy (duc to the stopping power (dE/dx) of the matrix)
and this is followed bY a reduction of the reaction cross-section since

Ep is now less than E 1f Ep is raised to Ep + dE the protons have to

res’
pcnetrate a layer of the target surface of thickness dx, defined by dE

(dE/dx) ! before the kinetic energy is reduced to E._ = E s+ The resonant

part of the cross-section is thus responsible for the y—rayr;e)roduction within
a layer below the surface. Progressive increase of the particle energy
permits a measurement of the concentration of A at subsequent depths

and the depth profile can be established. The thickness of the different
layers defined in the analysis is a function of the width of the resonance,
the stopping power of the matrix and the energy uncertainty at the instant
of resonant reaction, the so-called straggling. The existence of sharp
resonances in many charged particle induced nuclear recactions in the
energy rung;: of 100 keV to some MeV has encouraged application and study
of this technique in many Van de Graaff laboratories. A list of energies’

for which (p, y)-resonances occur has already been published [49].

The analytical applications of (p, y)-resonance reactions for proton
cnergies of 0.5 MeV have been described by Pierce [50]. In this paper
resonance reactions for the light elements lithium to sulphur have been
compiled. Data that are necessary for the analysis of these elements are
included. It should be mentioned that not all of the reactions chosen in
this work are suitable for profile measurements. The presence of multiple
resonances leads to interference and complicates the analysis.

The classical example that demonstrates the usefulness of this method
15 the deteetion of fluorine in zircaloy [51]. The nuclear reaction
wl-‘(p. uy)lGO exhibits two suitable resonances at Ep = 1 348 keV and

1

1 - 340 mb (FWHM = 11 keV) and 9y =

= 158 mb. Measurement of the emitted y-rays in the energy runge of 6.1

Ep" =1 375 keV with vaiues o

]
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to 7. 1 MeV has permitted determination of fluorine coneentrations down
to (0.01 + 20 % pg/cmz) in surface layers less than 0.1 ym thick.

The fact that the cross~section function exhibits {wo resonances close
to each other complicates the analysis since, in order to establish the con-
centration profile, it is necessary to solve a set of linear equations determined
by the number of depth layers.

Since straggling leads to a deterioration of the spatial resolution at
greater depths these workers recommend the application of sectioning-
techniques in combination with the (p, ay)-reaction for surface analysis.

In a work reported by Mackintosh [52 ]the same reaction is employed
but the use of comparative standards removes the need for accurate knowledge
of the proton flux and detector efficiency. This approach still suffers from
the absence of a single resonance.

Dep'th profile determinations of Al in the surface of SiO2 have been
reported by Dunning [53], who made use of the nuclear reaction
2TA1(p, v)*83i. This exhibits n sharp resonance (FWHM = 100 eV) at a
proton energy of Ep = 991. 9 keV. The depth resolution afforded by the
reaction is of the order of 100 A. The time required to determine the depth
yield curve for a 4 ym thick layer was about 2 hours.

Recently this technique has been extended to the profile measurement
of sodium [54] using the reaction 23Na(p. 7)24Mg, which has a resonance
atE_ = 1416. 8 keV (FWHM = 90 eV). Detection limits of the order of

101&’

that the impurity atoms lic in the upper 10% & of the specimen. A sensitivity

atoms/cm2 are claimed for favorable host-impurity combinations provided

of about 1 ppm coupled with a spatial resolution of < 20 A demonstrates

" the feasibility of (p, y)-reactions for profiling techniques. It should be

mentioned that the emission of high energy y-rays (lgF: 6.1-7.1 MeV,

2741 ang 23

measured y-radiation.

Na: 9.5-14 MeV) favours a high signal-to-noise ratio for the

An attempt has been made to determine carbon coneentration profiles
in stecl surfaces by means of the (p, y)-resonance technique [55]). In
this instance measurement was made of the prompt 2. 365 MeV and 3.510
MeV y-rays emitted from the residual 13N nucleus. At these energies prompt
y-rays suffer interference from the baciground radiation continuum. Thus
the low sensitivily obtained in these mecasurements is a consequence of
the poor signal-to-background ratio. Carbon, however. is onc of the most

important components in steel and there is, quite naturally considerable
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interest in the possibility of developing a sengitlve enrbon profiling technique.
Depth distribution studies concorning carbon in steel surfaces have
therefore been continued, Those studies employ the measurement of the
511 keV-unnihilation radiation emitted as a resultl of the proton uctivation
of carbon and ave reported in Puper I{I, The residual nucleuy 3N s a
¢t -emitter (1'20 = 1,19 MeV) with a half-1ife of 10, 0 min, The efficiency
of the Nal (T'1)-crystal used is by a factor of 3 greater for 511 keV y-rays
than for the prompt y-rays around 3 MeV. The probability for the deteetion
of one of two annihilation quanta is also greater than that for a single prompt
y-ray. By umizing“u low- background detection chamber for post-irradiation
y-ray measurement and Increasing the solid angle It was finally possible
to raise the sensitivity by more than an order of a magnitude, The running
time was now decreased from sceverul hours to a perifod comprising the
irradiation time of 10 min followed hy the subsequent measurement of the
deeay activity for two half-lives. .
In renl sumples carbon depth distributions are of interest over the
first 10 to 20 ym, Thus, straggling effects that are pronounced at greater
depths are neeessarily included in the analysis. The cross-seetion of
12C (p y)wN exhibits two resonances, at Ep1 = 456.8
keV (a1 = 127 yb, FWHM = 36.5 keV) and at Ep2 =1 698 keV (02 = 35
ub, FWHM = 72 keV). The difference of 1 241 keV between the two resonances
makes possibte the annlysis of a enrbon profile within a 13 ym thick surface

the nuclear reaction

region, using the lirst resonance only.

Steel samples with inhomogeneous carbon concentrations were p;repared
and measured by the developed technique. Absolute concentrations were
determined by ccmparison with carefully homogenized standard samples
at corresponding incident energies. It was thus possible to avoid making
otherwise nccessary corrections for the self-absorption at higher.proton
energies and to exclude errors due to uncertainties in the cross-section.

Reliability of the method was demonstrated by the measurement of
a steel sample featuring a decarburized surfnce zone extending to 4 um
at levels of 0.15 to 1.2 % carbon. This gradient was determined by employ-
ing both resonances. Microscopical measurements and the application of
the (d, n)-method (to be explained in Paper 1V) confirmed the result.

The depth resolution, that can be obtained ranges from 0. 25 ym at
the surface to about 0.6 ym at a depth of 10 um. The detection limit of
0.1 % is duc to the low values of the resonant cross-section, This is offset,
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however, by the fact that in steel the carbon concentrations of the gradients
arc of the order of per cent,

The technique of using (p, y)~resonances for profile measurements
has heen applied to zssi and 325, in order to investigate their dopant
distribution in the semiconductor material GaSb [56]. Both elements
exhibit several resonances in the MeV-region and the measurements were
therefore concentrated on depth layers below 3 ym with a depth resolu-
tion of 0.2 um,

The emitted prompt y-rays were detected with a Ge (Li)-detector,
which cnables simultancous measurement to be made on several dopants,
The sensitivitios for Zn, Si and S were 300 ppm, 90 ppm and 700 ppm
respectively, obtained levels, which correspond to detection limits of
the order of nanograms for the dopants measured.

Resonance reactions are not restricted to the measurement of y-rays.
Concentration profiles of the light element oxygen have been measured
utilizing the resonance reaetion 18O (p, @) 15N.

The cnergy release in this reaction is @ = 3 970 keV. Owing to the
negative Q-value of the .160(p. u)lsN reaction and the small Q~vdlue of
the 170'(p,'a)14N reaction (Q ='+1, 19 MeV) there is no interference from
these oxygen isotopes. This makes it possible to detect the 180 nucleus

in natural oxygen in spite of its low abundance (160: 99.76 %, 17O

0.04 %, 18O: 0. 204 %). Based on the use of the sbove resction many resonances
have been reported to be employable for profile analysis. The lowest resonance,
at E_ = 629 keV [57], has been found to be very attractive for surface

analysis [58]. Since the angular distribution is backward peaked the
ae-particles were detected at 150°. Introduction of a Mylar foil stops the

0. 7 MeV backscattered protons whereas 3 MeV a-particles penetrate and

can be detected.

The small width of the resonance (FWHM = 2.5 keV) provides a depth
resolutions of 230 A at the surface and 800 A at a depth of 0.3 ym. The
analysable depth is limited, however, to 2. 2 ym as a result of interference
from a second, broader resonance at Ep = 830 keV. Nevertheless interference
can be avoided, however, by keeping the proton energy so low that the
higher resonance is not excited. On the contrary, when the higher resonance
is employed the proton energy will always be decreased in thick targets
and finally reach the lower resonance energy. This nppcarcnﬂy incvitable
interference was nevertheless avoided by Price and Bird in the study of



.
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oxygen profiles in titanium and zirconium welds [59]. Discrimination

of the alpha energy spectrum was applied so that only 830 keV-resonant
a-particles were measured. The actual profile was then studied by moving
the sample in lateral dircctions with respect to the fixed beam. A 50 pm
aperture collimated the proton beam on the targets which were studied
over a range of some millimeters.

A third resonance in the 18O (p, a)lsN reaction at E_ = 1 165 keV was
uscd as early as 1962 by Amsel to measure oxygen diffusion profiles in
aluminum [25]). Although the extremely small resonance width of 0. 1 keV
allows a depth resolution of better than 200 A, the use is restricted to
depths of less than 0.5 pym owing to the proximity of other resonances.

On moving to still higher proton energies a sharp increase of the (p, a)-
cross-section is reported at Ep =1 760 keV (60]. This resonance is asymmet-
ric and the analysis of oxygen profiles nt. these energies is therefore as
complicated as those which suffer from multiple resonances and requires
a similar procecdure.

8 Non-resonant reactions

The principle of the resonance technique spplied to profile measurements
requires a successive variation of the energy of the incident particle in
order to determine the depth. The yiéld of the emitted particles provides
information about the conccntrntion. of the studied element present in layers
at these various depths.

In non-resonant nuclear reactions the energy of the emitted particle
is dcpendent upon the energy available at the instant of reaction, and this
is in turn, related to the kinetic energy of the initial particle. A charged
particle continuously loses kinetic energy on its way through matter. Nuclear
reactions that are induced by monoecnergetic charged particles can therefore
be expected to give rise to product partieles with different energies, depending
on where in the target the nuclear encounter has taken place. In this instance,
however, the energy of the emitted particles provides information about
the depth parameter, whereas their yield is proportional to the coneentration
of the clement under review within a layer at this depth.

Such methods have obviously the advantage that depth profiles can
be obtained in a single run. The result is dependent on the energy of
the incident particle only to the extent that the experimental conditions
may be optimized as regards desir«a ,ange and resolution, or signal-to-
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noise ratio and the employment of advantagcous regions of the cross-section

function [61].

From the review of the literature it is obvious that methods which
are based on Auger-electron spectroscopy or X-ray excitation are not
specially suited to the measurement of chemical profiles. As regards depth
determination these techniques are only semi-quantitative in character.
The depth parameter is determined either by controlling the sputtering
rate [e.g. 62] or by the energy-range rel'ationship for the incident particle
together with estimates of the production and attenuation of the emitted
X~radiation [e.g. 63]. In both cases the ranges over which profiles can
be studied extends to ~ 1 000 A. Many authors claim that depth control
applied in sputtering is accompanied by large uncertainties. These may
arise from the creation of non-planar surfaces during ion bombardement
and from the deformation of the profile due to head-on collisions.

A new approach has been reported by Pabst [64 ]». He made use of
the variation of the X-ray yield as a function of the tilting angle of the
target in order to unfold the yield spectra obtained from thick target irra-
diation. 1t seems to be difficult to make an exact profile determination owing
to the uncertainties in the data used and to oscillations in the adopted smooth-
ing function. However, it was possible to obtain a profile for Te atoms
in a InSb matrix over a range of 2.5 um. The total uncertainty of the method,
however, is not reported.

The use of Rutherford scattering for profile measurements has been
successfully tested in many laboratories and it is to date a well established
technique. The typical application of Rutherford secattering in analytical

“work is the determination of heavy elements in a light matrix. The one-

to-one correspondence between the energy of the scattered ion and the

depth of collision for a given scattering atom makes possible the measurement
of depth profiles. In this sense dynamical processes such as diffusion

can be studied by consccutive measurements on thermally treated samples.
An’uexumple of this approach is the investigation of the diffusion of heavy

‘mctals in silicon using 2 MeV He' backscattering [67 1. The results obtaincd

suggested that some metals (Fe, Co and Au) are gettered s!owly. whereas

others (Cu and Ni) are removed more rapidly from ion-damaged surfaces.



Backscattering has been used successfully for the investigation and
localization of low-concentration, high Z impurities in semiconductor mate-
rial.

The introduction of the channeling technique permitted both the sensiti~
vity and the range of the backscattered ions to be increased appreciably.
Depth distribution in three dimensions could now be studied and distinction
madc between foreign atoms on lattice sites and those present in interstitial
positions [e.g. 66].

Contrary to the trend, whereby Rutherford scattering is applied to
the detection of heavy atoms in light matrices, n very elegant experimental
study concerning the depth distribution of hydrogen in metal matrices,
has been reported by Cohen et al. (67]. Thin targets of Ti, Zr, Al and
Fe were used and hydrogen was detected by proton-proton forward scattering
at 17 MeV. The speciality of the technique was to make use of the fact
that a hydrogen atom and a2 proton have-identical mass. Both nuclei are
observed at an angle of 45° with respeet to the incident proton beam. Thus
for the momentum and energy to be conserved the energy of the scattered
hydrogen atom must be identical to that of the scattered proto;l. Both particles
can thus be detected using time coincidence technique. On penectrating
the matrix both the incident and the scattered protons lose energy. Owing,
however, to the non-linearity of the stopping power as a function of cnerg-yA
the scattered proton loses more energy per depth interval than the incident
pvoton.. The arising difference can be measured in the energy spectra
of the partieles and this parameter provides information about the depth
of the scattering position. ‘

This method is only applicable to thin targets (50-120 um foils were
used), that are transparent to the protons. As a result of the energy-,
time- and angle-requirements imposed on the detected events, the above
described technique exhibits a sensitivity of 1 ppm for hydroé‘en concentra-
tions in metals. The spatial resolution has been determined to be about -

3 A at the surface of the specimen. At greater depths resolution deteriorates
owing to multiple scattering effects.

Helium is another light element that has been studied in a heavy matrix
using Rutherford backscattering. According to Bragg's additivity rule
the stopping power in a solid increases with the amount of light impurities
present. A concentration profile of helium ions implanted in polycrystalline

niobium was thercfore determined by measuring the variation of the stopping

power with depth for 150 keV protons [68]. The cnergy spectra due to
backscattered protons from polycrystalline niobium were compared to
those from a niobium single crystal measured under identical experimental
conditions. The energy resolution afforded by this technique was determined
to be 3 keV, which corresponds to 50 A.

The purpose of the measurement was {fo obtain concentration profiles
for 4 keV He'-ions implanted at different temperatures, It was found that
the profiles f{lattened with increasing target temperature, and a considerable
amount of helium was found at depths beyond the range of He-ions. Although
it is known that Bragg's rule slightly overestimates the concentrations
of the different components the results are belicved to be reproducible
to within 20 %.

Lo SRR~ it £ GARA iy e TR ere eyttt

As mentioned earlier the principle feature of the non-resonant method

is depth determination by analysis of the energy spectra of the emitted
particles. It is therefore surprising to find this method applied to a reaction,
in which the emitted radiation are y-rays {69]. In gencral the emission

of y-rays is a strongly resonant phenomenon. It was found, however,

that the energy of the y-rays emitted from the 0. 6 MeV-level in the residual
nucleus of the 160 (p» 7)17F reaction is linearly dependent on the proton
energy, given by EY = 0.600 + 16/17 Ep. The signal-to-noise ratio can

be inecreased by applying coincidence technique, since the y-rays concerned
are emitted in cascade. Although the method has been proposed for the

direct determination of thin oxide layers ncthing is known about the sensitivi-

ty or time requirement for such a measurement.’

A variety of charged particle induced techniques for the study of
depth profiles are described in the very comprehensive and instructive
review compiled by Wollicki [70]. Owing to the low Coulomb barrier for
nuclei with low atomic numbers nearly all the light elements, espccially
in heavy matrices, can and have been studied by using non-resonant
reactions.

Of the light elements concerned oxygen is the one most often meas-

* ured. (See Table I'. The study of the diffusion of oxygen in quartz using

the alrcady mentioned 18O (p. .)ISN reaction has beecome a classical



example [71]. In this instance the profilc was established, not by employing
a resonance, but by the analysis of the energy specetrum of the a-particles
cmitted for an initial proton energy of 500 keV. The instrumental resolution,
ignoring straggling effects, was rcported to be about 0, 25 ym and diffusion
profiles were studied within a layer 2 pym thick,

In view of the large cross-sections in 3He and 4He induced reactions,
use has even been made of 170 as a tracer for oxygen p:ofile measurcments,
utilizing the reaction 170(3He. cx)lGO {72]. The Q-value of this reaction
is favourably high (16. 43 MeV) and provides the a-particles with an energy
whlch is h1gher by 3 MeV than thosc produced in the reaction 18O (3Hc,

) 0 However, a-particles produced in the reaction with 3C generate
interference so that the effective range is reduced to 5 ym.

While it is clearly advantageous to measure o-energy spectra in view
of the superior resolution obtained the total ranges are correspondingly
short. A representative example of this topic is provided by the recent
work of Turos et al. [73]. Oxygen profiles in oxide layers of thicknesses
between 0. 2-1. 2 ym thermally gl'oWn on silicon were studied employing

16O d, a)14N reaction. The resolution obtained was 0.02 pym, They
also discuss optimization of the method according to the choice of detector
(sensitive zone), of the angle of detection and of the incident energy.

The profiles obtained have been contpared with assumed shapes’ that were
convoluted with the appropriate resolution function. When agreement is
obtained between the experimentally measured profile and the result obtained
by convolution the initial constructed shape describes the "renl“oxyg'en
distribution".

The reason for the short range of these techniques is the fact that
both the incident and the emitted particle suffer from energy degradation
in connection with the penetration of the matrix. Thus for thick targets

only back-angle detection can be employed.

Many of the problems mvolvcd in the techniques that utilize detection
of an emitted charged particle are circumvented, if not eliminated, by
measuring the energy spectrum of neutrons. Microanalysis has been carried
out using (d, n)-reactions in combination with neutron-time-of-flight technique
on light elements in metal surfaces [74] and in gases [75]. Detection

- 2
limits of the order of 0. 1 ug/em*® have been reported. In the investigations
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of Mbller and co-workers the possibility of extending the analytical (d, n)-
method to the measurement of depth profiles in metal surfaces was pointed
out.

The feasibility of this method has been studied systematically and
is described in Paper IV. Concentration depth distributions of carbon and
nitrogen in steel and diffusion profiles of oxygen in zirconium matrices
have been measured. The samples were irradiated with a pulsed deuteron
beam at energies lying between 2.5 and 5 MeV. The neutrons emitted in
the corresponding reactions were measured at optimized forward angles
of 0° and 20° using time-of-flight technique. An appreciable part of the
background due to y-radiation from deuteron activated material is reduced
by applying n-y-diserimination. Low decutcron currents (below 1 nA)
were applied in order to avoid destructive thermal effects in the targets
during the 10-min irradiations.

In this work a fast method for the analysis of elemental concentration
profiles is described. This is based on the comparison of the neutron energy
spectra produced by gradients (i.e. inhémogeneous elemental distributions)
to those obtained from homogeneous standards, measured under identical
experimental conditions. The channel-by~-channel ratio of the equivalent
spectra provides the final depth distribution of the thf'ee elements carbon,
nitrogen and oxygen studied. The generation of the ratio function R(x)
of the depth x renders the exact knowledge of the shape of cross-scetion
and of the efficiency of the neutron detector unnecessary. On the other
hand, a procedurc has been developed which allows to optlimize the choice
of the deuteron energy, based on the qualitative knowledge of the cross-
section and efficieney function. The concentration profiles obtaincd by
this technique are in satisfactory agreement with the results obtained on
applying the resonance method for carbon and miecroscopical studies for
oxygen.

The technique thus developed appears to be particularly suited to
the investigation of oxygen diffusion profiles in view of the best resolution
that can be obtained for the three elements studied. Concentration profiles
have been measured over a range of 10-15 pm in a single run with depth
resolutions of 0.5 to 1 um, including straggling effects. The zirconium
samples used were specially treated in order to simulate corrosion on fuel
cladding material for reactor purposes. Variations of the oxide thickness
in the specimen surfaces and of the shape of the diffusion profiles. produced



by heat treatment of the samples at different temperatures between 700°C
and 1 2009C. are clearly demonstrated.

Further application of this method to the investigation of dynamical
processes, such as the growth of oxide films under stable thermal conditions,
is projected in order to increase the knowledge about corrosion. In this
way macroscopical, destructive, neutron-induced recactions might be studied
with the help of microscopical, non-destructive, charged particle-induced

reactions.
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Nuclear reaciions used for depth distribution measurements of oxygen
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