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Abstract

We present in this paper, for the first time, the extension of the ion beam analysis DataFurnace to the analysis of
non-resonant nuclear reaction analysis (NRA) data. The NRA routine is general and can be used to analyse data from
any reaction with known Q and cross section. The shape of the cross section is taken into account and hence depth
profiling using reactions with non-flat cross sections is easily done. We show different applications of the program,
including profiling of deuterium with a 3He beam and profiling of N in a stainless steel matrix using a deuterium beam.
In the latter case, we also performed 35 MeV CI-ERDA and D-RBS experiments of the same sample. The Ion Beam
Analysis DataFurnace allows to analyse all the data simultaneously, taking into account all the information present in
the different data sets in a fully consistent manner. © 2000 Published by Elsevier Science B.V. All rights reserved.
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1. Introduction

The ion beam analysis DataFurnace (NDF)
[1,2] is a computer program that utilises the sim-
ulated annealing algorithm (SA) [3,4] to analyse
ion beam analysis data in an automated way, with
minimum human intervention. The user must only
input the data, the experimental conditions and
the elements present in the sample, with no inter-
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active simulation procedure involved. While in the
past NDF was limited to the analysis of RBS and
ERDA data it has been extended recently to the
analysis of non-resonant Nuclear Reaction Anal-
ysis data. We show two applications of the new
NRA data routine, including the simultaneous and
self-consistent analysis of NRA, RBS and ERDA
spectra collected from the same sample.

2. Experimental details

The Surrey 2 MV van de Graaff [5] was used to
produce a 0.7 MeV *He™ beam, employed to profile
deuterium in multilayered deuterated polystyrene
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(PS, with chemical composition CH) with nominal
structure d-PS 32.3 nm/PS 63.3 nm/d-PS 32.3 nm/
bulk PS, taking advantage of the reaction d(*He,
p)*He with Q = 18.352 MeV. The known cross
section values [6,7], which change rapidly with beam
energy, were used. Grazing angles of incidence be-
tween o = 2° and o = 10° were used to improve the
depth resolution, where « is the angle between the
beam and the sample surface. Two detectors were
used, at angles of ¢ = 165° and ¢ = 180° (annular
detector) with the beam, with resolution 15 and
70 keV at FWHM respectively.

Austenitic  stainless  steel (AISI 321,
CrgFegsNijy) has been nitrided for 4 h at 380°C by
plasma immersion ion implantation (PIII). High
voltage pulses of 5 kV amplitude were applied at a
repetition rate of 1100 Hz. The sample was mea-
sured at Rossendorf [8] with NRA, RBS and
ERDA. A 1.4 MeV d* beam (with a smaller than
5% H; contamination) was used for the NRA and
RBS experiments. The resulting spectrum is com-
plex, including contributions from the recoils and
different reactions. The reaction “N(d,o;)!*C with
0 =9.146 MeV was used to profile the nitrogen
while the backscattered (d-RBS) spectrum was
used for the metal matrix. The cross section values
of the nuclear reaction were obtained from [9]. The
detector was located at ¢ = 170° with the beam
and had a 17 keV resolution. Normal incidence
was used. Two different ERDA experiments were
done. In both cases a 35 MeV **CI’* beam was
used. An angle-resolving ionisation chamber
which can be used for in situ real-time depth
profiling (ARIC-ERDA) [10], with an active
length of 280 mm filled with 38 mbar isobutane
detector with 330 keV resolution was located at
¢ = 35°. The angle of incidence was o = 17.5°. A
1.5 pm thick mylar (C¢HgO,) foil was located
before the detector. Time-of-flight ERDA experi-
ments were carried out at ¢ = 45° and o = 22.5°,
with a 284 keV resolution. A 60 nm thick C foil
was located before the detector.

3. Spectrum synthesis, fitting and profiling

Synthesis of RBS and ERDA spectra is stan-
dard and well documented (see [11] for a review

and [12] for an alternative efficient method). They
are normally based on variations of the relation-
ship [11,13,14]

Yi(ESS) =

QQNI),,., olED

i+l

)/ cos(90° — a),
(1)

where Y, is the yield in channel j due to one iso-
tope, E“j‘+1 is the range of detected energies cor-
responding to channel j (N?), is the areal density in
a layer which generates detected particles with
energies in the Ede ', range, Ej“/ .1 is the beam en-
ergy before mteractlon a(E;“/ 1) is the cross sec-
tion, o is the angle of incidence, and QQ is the
charge—solid angle product. Most codes divide the
sample in slabs of constant concentration and
tabulate (Nt),, Ei" and E{ values corresponding to
slabk. Y, is then calculated for all channels j, using
Edj‘ | as reference to interpolate (Nt),., and E¥ |
in Eq. (1) from those tables. Finally one adds all
the partial spectra corresponding to each isotope
and each element to form the final spectrum.
Although Eq. (1) is also valid for NRA, the
method described above is not generally valid to
synthesise NRA spectra. In RBS and ERDA E¢, |
changes monotonically (it actually decreases) with
depth, such that each channel can be assigned to a
well defined depth range, that is, a well defined
E. . In NRA it may decrease or increase, de-
pending on the exact reaction and stopping power
values involved. In some cases, such as the reac-
tion "'B(p,*He)®B with O = 5.650 MeV at proton
energies below 200 keV, Ed V1 1s not a monotonic
function of E™ and different depth ranges can
contribute to the same channel. In this case the
interpolations described above fail. To generate
the spectrum one must proceed not from channel
to channel but from slab to slab. Slab k& will in
general correspond to several channels ji,...,J,
(including fractions of channel at the borders) and
one calculates Yj;,...,Y; for all. Different slabs
may contribute to the same channel. This process
is cumbersome and time-consuming, but it is
general, and is implemented in NDF for NRA.
Algorithms to calculate apparent depth profiles
that follow the data point by point have been
presented for RBS [15] and ERDA [16]. The
stopping powers can be calculated in an iterative
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way, directly from the data, which makes the
procedure self-consistent and fully automatic, but
requires that the signals corresponding to all ele-
ments except one must be present and separated
from each other, which is not always the case. In
the widely used RUMP code [13] the stopping
powers are calculated from a rough user-defined
structure. In this case, the signal from the element
under consideration must be fully separated, but
the signals from the other elements present are not
required. In NDF a similar algorithm is imple-
mented, but it uses the fact that the SA fit effec-
tively separates the signals of the different elements
[17]. Point by point profiles, that is (N?);,,,, are
thus automatically calculated at the end of the fit

for all elements for which a signal is detected, by
using Eq. (1) with the £ and E{ values calculated
for the best fit and taking Y, to be the data. This is
also done for NRA when possible, that is, when
Ef‘j‘+1 is a monotonic function of E;,. The results
are only as good as the SA fit, as they rely on the
fit for signal separation and stopping power
calculation.

4. Results and discussion
The proton spectra obtained for the d-PS

32.3 nm/PS 63.3 nm/d-PS 32.3 nm/bulk PS, sample
with the d(*He,p)*He reaction are shown in Fig. 1.
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Fig. 1. NRA spectra (dots) and fit (solid line) for the d-PS 32.3 nm/PS 63.3 nm/d-PS 32.3 nm/bulk PS sample with the d(*He,p)*He

reaction.
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Note that the observed energy increases mono-
tonically with depth. All data were fitted simulta-
neously with the same depth profile. A single peak
is observed at « = 2° because in that case the *He
particles lose all their energy before they reach the
second d-PS layer.

The shape of the spectra is strongly affected by
the fast degradation of the energy resolution with
depth, which at such grazing angles is dominated
by multiple scattering of the 3He beam (the mul-
tiple scattering of the p particles on the way out is
much smaller due to the smaller Z). We have used
the DEPTH code [18] to calculate the energy res-
olution as a function of depth for the different
experimental geometries used. The values obtained
were integrated in the fit using the method given in
Ref. [19], ensuring that the spectral shape could be
correctly reproduced without broadening of the
depth profile obtained. That all spectra could be
fitted with the same depth profile demonstrates the
consistency of the method.

The final fitted layer structure was d-PS 38.4
nm/PS 69.9 nm/d-PS 32.4 nm/bulk PS, with sharp
interfaces between the layers, in good agreement
with the nominal structure. It is shown in Fig. 2 for
deuterium. The point by point apparent profiles
are also shown. They are much broader than the
fitted structure, because the effects of energy res-
olution due to broadening are not taken into ac-
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Fig. 2. Deuterium fitted depth profile (solid line) obtained for a
multilayered deuterated polystyrene sample. Apparent depth
profiles calculated from the data are also shown. Each point
type corresponds to a different spectrum.

count in their calculation. Further, the results for
the spectra taken at oo = 2° (triangles and crosses in
Fig. 2) show a very large scattering due to the low
statistics of the data.

The ERDA, NRA and d-RBS spectra obtained
for a nitrided austenitic stainless steel are shown in
Fig. 3. The first observation is that the spectra are
complementary, as each one provides different in-
formation. The in situ ERDA experiment has
good depth resolution at the surface of the sample
due to the grazing angle of incidence and shows an
increased N concentration in a thin surface layer,
but the probed depth is small. The depth resolu-
tion of the TOF-ERDA experiment is slightly
worse, but a deeper depth can be probed. With the
NRA experiment the full N profile can be probed,
but at the cost of a poor depth resolution. Finally,
the d-RBS experiment provides direct information
on the metal signal.

We did not include DEPTH [18] calculations on
the fits because the data do not have marked fast-
changing features. This leads however to the step
structure of the fit to the NRA data, where each
step corresponds to one layer of equal concentra-
tion as determined during the fit. Including full
calculations of the energy resolution as a function
of depth would lead to a smooth fitted curve, at
the expense of increasing calculation time.

The shape difference between the fitted function
and the data in the RBS spectrum below channel
150 is due either to the effect of plural scattering
[20] or to incorrect stopping power values. In fact,
to obtain a simultancous good fit to the width of
the NRA N signal and to the width of the d-RBS
metal signal we had to scale down the deuterium
stopping powers by 5%. This was a constant factor
in all the energy range, while a change in the en-
ergy dependence of the stopping powers would
also lead to a change in the shape of the fitted
spectrum as well.

Fitting simultaneously all spectra ensures that
all the information in the different spectra is taken
into account during the fit and is incorporated in
the final solution obtained. The final fitted depth
profile is shown in Fig. 4. It combines the features
given by the four spectra, with an increased N
concentration at the very surface. This is followed
by a slow concentration decrease towards the bulk
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Fig. 3. In situ ERDA, Time-of-flight (TOF) ERDA, NRA and d-RBS spectra (dots) obtained for a nitrided austenitic stainless steel
and corresponding fits (solid lines). The step observed at channel 115 on the d-RBS spectrum is due to a H; beam contamination. The
NRA and RBS spectra have been shifted towards low channel numbers.
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Fig. 4. Fitted depth profile obtained for a nitrided austenitic
stainless steel (solid line). Point by point N profiles calculated
from the in situ ERDA (triangles), TOF-ERDA (crosses) and
NRA (circles) data are also shown.

of the sample. The calculated apparent N depth
profiles are also shown for the ERDA and NRA

data, but not for the RBS data where sensitivity to
N is minimal. Note that for the ERDA experi-
ments the apparent profiles end abruptly, which
simply reflects the limited probed depth in those
experiments.

5. Summary

e The IBA DataFurnace was extended to fit NRA
data. The code written is general and can han-
dle any reaction with known Q and known
cross sections.

e A routine to make a direct conversion of NRA
data into apparent depth profiles was also writ-
ten. It can handle all reactions where the detect-
ed energy is a monotonic function of the beam
energy before interaction.

e The code was succesfully applied to the profil-
ing of deuterium using a *He beam at grazing
angle of incidence. In this case the degradation



N.P. Barradas et al. | Nucl. Instr. and Meth. in Phys. Res. B 161-163 (2000) 308-313 313

of energy resolution with depth must be taken
into account for a correct evaluation of the da-
ta.

e The code was also successfully applied to the
consistent analysis of NRA, RBS and ERDA
data collected from a nitrided austenitic stain-
less steel sample. All information present in
the complementary spectra is taken into ac-
count in the derivation of the depth profile, that
then reflects all features in the data.
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