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DEPTH DISTRIBUTION STUDIES OF CARBON, OXYGEN AND NITROGEN
IN METAL SURFACES BY MEANS OF NEUTRON SPECTROMETRY

by

J. Lorenzen

SUMMARY

A method has been developed to reveal the depth distributions
of the light elements carbon, nitrogen and oxygen in heavy matrices.
For this purpose steel and zircaloy samples have been irradiated with
deuterons and the neutron groups emitted in (d, n)-reactions with the
different light nuclei have been measured using time-of-flight technique.
The method has been applied to the study of steel samples that feature in-
homog* neous carbon and nitrogen distributions and also to the measure-
ment r.f diffusion profiles of oxygen in zirconium.

With the present technique depth ranges of 1 0 to 1 5 pm can be
analysed if the deuteron energy is chosen between 2. 5 MeV and 3. 5 MeV.
The depth resolution improves with penetration from being of the order
of I - 2 um at the surface to 0. 5 u m at greater depths under optimum
conditions. The detection limit of the light element increases with the
atomic number of the matrix and the analysed depth. For oxygen in zir-
conium and carbon in steel the limit of detection is of the order of 100 ppm
at a depth of 10 îm Limitations in the analysable range of fhe different
profiles due to interfering neutron groups are discussed.

The method is particularly useful for the study of oxygen pro-
files. It is less adequate for reactions with positive Q-values above
5 MeV.

Printed and distributed in March, 1975
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INTRODUCTION

In recent years many methods have been developed to reveal

concentration profiles of different elements in various matrices. As

regards light elements in heavy matrices it 's not possible to apply

neutron activation due to the low reaction cross-sections, nor back-

scattering techniques due to the dominating yield from the matrix. On

the other hand charged particle induced nuclear reactions constitute a

promising tool since the Coulomb barrier is lower for the light elements

studied than for the heavier matrix nuclei thus providing a good signal-

to-background ratio. The energy loss of the bombarding charged par-

ticle is such that only the surface region of the sample is analysed

and the associated energy-range relationship can be used to establish

a depth scale for any kind of material.

Proton induced nuclear reactions have been used to make profile

measurements of carbon [?] , oxygen fc, 3] and fluorine [4] present in

metal surfaces. These studies demonstrate the possibility for obtaining

depth distributions by measuring the alpha particles or y-rays emitted

at certain resonance energies.

He-particles [5, 6] and tritons [7] have been used to detect

oxygen in metal surfaces at depths of up to 5 um. However, while the

application of He-ions necessitates the use of O-enriched targets,

only few laboratories are prepared to accelerate tritons since the use

of this active isotope may involve health hazards and contamination

of the facility.

Deuteron induced nuclear reactions have been applied to oxygen
16 17 18 19

diffusion profiles making use of the reactions O(d, p) O, O(d, p) O
to t /

and O(d,er) N [8, 9] . In these experiments determination of the

distribution of the oxygen isotopes depends upon measurement of the

energy spectra of the emitted charged particles. For this reason it is

necessary to take into account the energy loss of both the bombarding

and of the emitted particles with the result that only surface layers of

less than 5 tint thickness can be investigated.

An interesting alternative is afforded by the use of (d, n)-reac-

tions. Since the neutrons emitted in this instance do not suffer from

energy losses when penetrating the target or the target chamber, they
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can be detected outside the vacuum system. Under these conditions the

time-of-flight technique constitutes the best method of measuring neutron

energies in the MeV-region and has previously been used for the micro-

analysis of light elements in metal surfaces [lOJ and in gases [1 ij .

The aim of the present work has been to demonstrate ho* (d, n)-

reactions can be used to study concentration profiles of the light elements

carbon, nitrogen and oxygen in metal surfaces.

THE METHOD OF PROFILE MEASUREMENTS

When a thick target is irradiated with monoenergetic deuterons

the neutrons emitted within a given solid angle have different energies.

The energy spectrum is due to the production of neutrons at various

depths below the surface. The energy of the emitted neutron is dependent

on the energy of the deuteron at the instant of reaction. The deuteron

energy, however, is a decreasing function of the penetration depth x due

to the stopping power of the matrix. The energy available for the emitted

neutron in the C. M. system is thus given by

= E d - | j ' (dE/dx)dx |+Q (1)

where E , is the initial deuteron energy, dE/dx the stopping power of the

matrix and Q the energy released in the (d, n)-reaction concerned (Table I).

According to eq. 1 neutrons are emitted in groups. For a given

reaction, i . e . for a certain Q-value, also the neutron energy is a decreas-

ing function of the depth x. The spectrum of such a neutron group has a

well defined high energy edge (x = 0) and a smooth broadening towards the

low energy side (x > 0) (Fig 1). The distribution of intensity as a function

of the neutron energy in this broadened peak provides all the information

necessary to determine the concentration profile of a given light element.

The number of nuclei of this element per depth intervall is measured by

the neutron yield in the corresponding energy intervall.

The yield Y of the neutrons with energies between E and E + dE7 * n n n
is determined by

YdEn . ld e(En , r)NA(x)a(Ed> ö)dx (2)
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where

I , = deuteron current
o

c(E . r) s detector efficiency for neutrons with ene rev F. at a
n n

distance r from the target

N.(x) = density of the nucleus A at a depth x
A

.,9) =r differential cross section for the reaction A(d, n) at

a deuteron energy E . emitting neutrons at an angle ö

dx = thickness of the layer from which the neutrons with

energies between E and E + dF are emitted.n n n

In the following it will be shown how the measured neutron yield

as a function of the neutron energy can be used to describe the concen-

tration profile of the light elements carbon, nitrogen and oxygen.

EXPERIMENTAL

The time-of-flight spectrometer

The measurement* were performed with the 5. 5 MV Van de

Graaff accelerator at Studsvik. This machine is equipped with a

klystron bunching system that provides pulses with a repetition fre-

quency of 1 MHz and a FWHM of about 1.5 .is [12]. Under these condi-

tions it is possible to obtain an ion beam mean current of about 8 nA.

Fig. 2 shows a block diagram of the time-of-flight spectro-

meter with conventional ORTEC electronics. The scintillation detector

consists of a fast liquid scintillator NE 21 3 with dimensions <$ 5" x 2"

coupled to a photomultiplier of type RCA 8830 via a light guide (length

5 cm) all surfaces not viewed by the photomultiplier being covered with

reflector paint.

The scintilla tor has pulse shape discrimination properties which

makes it possible to appreciably reduce continuous Y-radiation from the

activated target. Fig. 3 show* the effect of n-Y-discrimination on the

time-of-flight spectrum of an oxygen sample. The signal-to-background

ratio is increased by about one magnitude, while the y-peak is reduced

by two magnitudes.
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The neutron detector is positioned inside a massive container

constructed of shielding materials iron, lead and paraffin mixed with

lithium carbonate. This unit is mounted on an arm which moves in an arc

along a horizontal track v.ith the target positioned at the axis of rotation.

The target chamber

The target holder is shown in Fig- 4. A steel clamp at the to?

of the cylindrical target chamber supports the sample, which may hav

either cylindrical or plane geometry. An insulated shield of brass in

front of the sample is maintained at -1 J5 V to suppress secondary elec-

tron tmission. The final size of the beam is determined by an insulated

tantalum diaphragm of 6 mm in diameter. The use of such a small bea.n

is made necessary when irradiating cylindrical targets in order to

reduce the deviation from the mean range to less than 2 %.

The whole target chamber serves as a Faraday cup. Thus, when

steel targets were used the chamber was connected to a current inte-

grator and the accumulated charge, for the time of irradiation, was

measured via the target. For targets of zirconium, which is a good

insulator, current measurements were carried out separately during

the course of irradiation. For this purpose a small tantalum plate,

rotatable on an axis, was periodically inserted into the beam to monitor

the current.

SAMPLES

Carbon

Carbon distributions were studied in flat steel samples of 1 to

2 cm in diameter and 1 to 2 mm thickness. The gradient samples were

prepared by evaporation and baking in a carbon containing atmosphere

or by the surface decarburization of carbon steel. Other backing mate-

rials have also been used (Al, Cu, Ta and Au).

Homogeneous reference steel samples with a carbon content

ranging from 0. 047 % to 4. 6 % were prepared by careful, high tempera-

ture homogenization. Iron with a carbon content of 0. 03 % was used for

making background measurements. For resolution determinations and

to establish depth scales measurements were performed on tantalum

samples carrying evaporated carbon layers 500 A and 800 A thick,
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Nitrogen

For nitrogen distribution measurements the same backing ma-
terial was used as for carbon. In this instance, however, no refer-
ence sample with a known nitrogen content was available and only qual-
itative shape determinations could be performed.

Oxygen

Oxygen profiles were studied in flat zirconium samples with di-
mensions identical to those mentioned above. Another group of samples
consisted of small zirconium tubes with an outer diameter of 16 mm, a
wall thickness of 1 mm and a height of 50 mm. These samp.'es had been
heated systematically at temperatures between 700 C and 1 200 C for
different numbers of cycles. In this context a cycle is defined as an
autoclave treatment during which the sample is first heated from ambient
temperature, then kept at constant temperature for 10 sec and finally
cooled to the ambient temperature again. The cycle time was 10 min.
After completing the specified number-of cycles the sample was kept
in the autoclave for 21 days at 350°C in a steam atmosphere under a
pressure of 100 atm,

ANALYSIS OF THE MEASURED NEUTRON GROUPS

Analysis I; Integration over sectioned layers

Since eq. 2 describes the neutron spectrum as a function of the
depth distribution N.(x) of the atoms A, the distribution can be analysed
by the following procedure.

During the experiment the geometry is unchanged and the de-
crease in the deuteron flux due to the reactions within the range x is
negligible {ål/l <10~ ) . Accordingly, the neutron flux is essentially
proportional to four parameters: t(F , r), <y(Ed# *), N

A(x) and dx.

The function* «(En,«r) and or(Ed,9) are known and can be ex-
pressed as functions of the depth variable x. For each layer of thick-
ness dx the density N. (x) is proportional to

«lEn (x). r]<y[Ed(x), 9]

where E (x) and Ed(x) are the neutron and deuteron energy, respectively,
at the depth x in the target. This type of analysis has been carried out
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for a homogeneous carbon distribution. Thus, tho neutron spectrum

was sectioned into intervals corresponding to layers of ! um thickness

at successive depths below the specimen surface. The integrated m-utro..

yield for each interval was then divided bv the corresponding effrctiw

cross-section ~(E,, 6)e(E , r) for each layer. The result elvmld provide

a linear plot of the concentration distribution (Fig. 5). However, th«-

accuracy to which ^(E ,, ö) is known is as low as 20 - 50 % so that for

purposes of revealing concentration profiles the result of the di-con-

volution is unsatisfactory. Furthermore, the determination of the eiti-

ciency fuction e(E , r) is a tedious task. The above problems an-

circumvented by performing the following type of analysis.

Analysis II: Comparison with a homogeneous standard

Instead of comparing the measured neutron yield from a studied

profile with the effective cross-section the neutron spectrum is compared

with the equivalent spectrum from a homogeneous distribution, obtained

under the same experimental conditions. Let N.(x) be the true concrn-

trction profile of the element A in the sample to be studied while N_

represents the content of the same element in the homogeneous standard

sample. A ratio function R(x) can now be generated by performing a

channel-by-channel division of spectrum A by spectrum 3 (Appendix I).

The profile to be studied is then given by

NA(x) = K NB R(x) (3)

where K is the ratio of the stopping powers of the two matrices A and B.

The principle of the analysis is demonstrated in Fig, 6 for

carbon in steel. The measured carbon spectrum is corrected for the

neutron contribution from the iron matrix (Fig. 6a), A standard

sample with a homogeneous carbon content of 0, 85 % is measured

under the tame experimental conditions (Fig. 6b). A channel-by-

channel division of both spectra yields the ratio function R(x), i .e.

the true carbon distribution as a function of depth. This sample con-

tains a decarburiated surface zone which extends to a depth of 4 ^m

(Fig. 6c).

The carbon content of 0. 03 % in the background sample is ac-

counted for in establishing the quantitative scale for carbon graded

in per cent.
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The detector efficiency e(E , r) and the cross-section e(E.,9)
do not enter eq. 3 numerically so that the ratio function R(x) is inde-
pendent of the initial deuteron energy. However, the statistical error
of R(x) is sensitive to the magnitudes of c(E , r) and a (E., 9) and there
accordingly exists an optimal choice of er-rgy in such an experiment.
The choice of optimal conditions will be discussed in a later section.
In accordance with the conditions set out in eq. 3 the result N.(x) is
given directly in terms of the standard matrix, which includes a cali-
bration of the content of the element A in the sample to be studied. The
neutron energy spectra given by different homogeneous standard samples
are identical in shape, although the matrices differ in stopping power
(Fig. 7), Accordingly, the use of different standards in eq. 3 implies
only a change of K, while the depth scale, i. e. the parameter x, is to
be evalutated according to the range data of the matrix A alone.

The atomic stopping power of the light elements is greater
than that for the high-Z matrix atoms. Thus, in a steel matrix, which
contains various components, the stopping power does not change app-
reciably with the composition unless the amount of carbon and nitrogen
exceeds the order of some ten per cent. Accordingly, steel has been
treated in this work as if it were constituted of a pure iron matrix.
For oxygen profiles in zirconium the case is different since the amount
of oxygen in sirconia (ZrO2) is 66 atomic per cent compared to the
amount of interstitial oxygen in the diffusion region which is below
29 atomic per cent. For this reason the different parameters such
a* range, straggling, d-»pth resolution etc are calculated for both Zr
and ZrO~.

ENERGY CALIBRATION AND DEPTH SCALES

Calibration

According to eq. 1 the highest neutron energy in each neutron
group is given by neutrons emitted from the uppermost surface of the
•ample (x * 0). The sero point of the depth scale for each element is
thus given by the high energy edge of the corresponding neutron group.
The identification of the different neutron groups is performed according
to the known Q-values of the reactions concerned. An accurate calibra-
tion was subsequently performed by irradiating samples which featured
thin surface layer* of the light element* studied. Layer* of the order
of 500 - 800 A are belcw the resolution for the method and they there-
fore provide sharp symmetrical peak* which were used for the energy
calibration as well a* to define the zero point of the depth scales.
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Transformation of flight time into a depth scale

The measured time -ot'-flight spectra can be transtorm.-d into ch-u-

teron energy spoctra by applying classical nuclear reaction kinematics

[l l] . The corresponding deuteron ranges were taken from tables o'

range and stopping power [t 4] to provide the necessary depth scales

for the relevant matrix. For this purpose an off-line program was

written which calculates the depth scale for a given light element in

a defined matrix on the basis of the dorived calibration points. It will

be evident that the evaluation of A new depth scale is necessary for

each set of element (neutron group), matrix and initial deuteron enerey

since the energy spectra are a non-linear function of the channel num-

ber.

RESOLUTION

The total resolution afforded by th» technique is mainly depend-

ent on the time resolution of the spectrometer which, in combination

with the stopping power of the matrix, provides an instrumental reso-

lution dx. This contribution can be described as

dx = (A. + BEd) (C + DEJ; +

where A, B, C, D and F are matrix-dependent constants and E, and E

are the initial deuteron and neutron energy, respectively (Appendix II).

According to eq. 1 the neutron energy E can be expressed in

terms of the deuteron energy E - and the Q-value of the reaction con-

cerned, so that the depth resolution depends on the element studied.

Furthermore, for a given element and initial deuteron energy the neutron

energy decreases with increasing reaction depth in the matrix and the

resolution accordingly varies strongly along the depth of the profile. In

Fig. 8, eq. 4 is applied to obtain resolution curves for the elements

carbon, nitrogen and oxygen, studied at deuteron energies between 1 and

4 MeV. At the detector cut-off (E = 0. 5 MeV) each element affords a

maximum depth resolution of better than 0, 5 pm.

At greater depth» the uncertainty in the rang», of the deuterons,

the so called straggling parameter 0, contributes appreciably to the

depth resolution. Thus the thickness of the resolved layer D is given by
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D =Vdx2 + n 2

where 0 can be written as

0= kVx (pdE/dx)'1

(5)

(6)

and k is a matrix-dependent constant.
In Figs. 9 - '2 the depth resolution D is shown as a function of

depth for each of the three elements studied and at several initial deu-
teron energies. These diagrams are constructed from calculations that
use the exact relations, derived in Appendix II, in which straggling
is included. The formulae derived demonstrate that the resolvable
layer dx only varies within ' 0 % for a 50 % change in the duration of
the deuteron pulse or in the thickness of the detector.

For a given deuteron energy the reaction with the lowest Q-
value provides the best resolution. This accounts for the fact that
elements with Q-values above 5 MeV are unsuitable as regards depth
profile investigations since they afford depth resolutions of several
micrometers.

OPTIMIZATION OF THE EXPERIMENTAL CONDITIONS

The optimal choice of initial deuteron energy

The spectrum obtained in a profile measurement of a given ele-
ment i is the convolution of the true distribution N.(x) with the effective
cross-section c(E >r)<7(E.,9)* A high effective cross-section thus pro-
vides better statistics for a given time of measurement and the (d,n)-
cross-section <j(E., 6) is in general an increasing function of the deuteron
energy in the MeV-region [15] .

The depth resolution, however, generally deteriorates with in-
creasing energy as was shown in the previous section. Accordingly,
there is an optimal choice of initial deuteron energy for each element
to be studied. This optimisation is illustrated in Fig. 13 for a given
carbon distribution. The effective cross-section is weighted by the in-

strumental resolution dx and the value of
cr<Ed,e)e(En,r)

is shown as a
function of the deuteron energy. From this diagram it is clear that
2. 5 MeV is an optimal choice for the initial deuteron energy, since
the plateau between 1. 2 MeV and 4 MeV provides both a low yield and
a poor resolution.
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Fie. '4 illustrates the corresponding conditions for oxygen in
zir. omum. In this instance optimum energies appear to He between
3. 5 MrV and 4 MeV. Unfortunately, where sirconium is concerned it
is necessary for the deuterons to penetrate a thin film of stoichiometrir
dioxide before reaching the region of oxygen diffusion. This oxide layer
has i xtTi-mc resistivity and hardness and it cannot be ground or etched
on' without affecting the diffusion region. Accordingly, the film thickness
of between Z and 10 am that occur must to be taken into account wht-n
optimizing the d.uteron energy (Fig. 12).

The optimal choice of angle for neutron detection

In peneral the differential (d, n)-cross-sections are forward
peaked. The author, however, observed differences of some ten de-
crees in the maxima of the angular distributions for the neutrons
emitted from nuclei at the levels concerned. Thus, while carbon and
nitrogen yield a maximum neutron emission at 20 the maxima due
to oxygen were found to occur at 50 for the ground state reaction,
'(nn). and at 0° for the first excited state in F, c(n.). At 0° the
ratio of T(n )/r(nn) varies between 30 and 5 for the deuteron energies
between 2. 6 MeV and 3. 5 MeV.

The fact that <j(n ) mainly exceeds °(n0) by more than one order
of magnitude, together with the already mentioned increase of depth re-
solution for the neutron group n. , encourages the use of these rather
than ground state neutrons for studying oxygen profiles. In fact oxygen
depth distributions have been measured at 0° in order to optimize the
yield ratio Y(n. )/Y(nn) which reduces the intrinsic interference of these
two groups.

The effective differential cross-sections of both reactions have
been used for a theoretical derivation of the 0°-yield from a homoge-
neous sample. This has been compared with an experimentally meas-
ured spectrum. The result is shown in Fig. 18 and the agreement
between the two curves demonstrates that after a correction of the
no-neutrons the effect of interference ir negligible and that there is
no measurable background from the Zr-matrix.

ERROR CALCULATION

The depth profile is described by two parameters namely the
yield Y and the depth x. The errors that correspond to each parameter
are given by two independent groups of uncertainties (Table II). The
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main sources of error relating to the yield Y are due to the statistical

errors in the neutron spectra for both the gradient sample and for

the reference sample, to the uncertainty in the current recording

and to the background in each measurement. The main sources of

error relating to the depth parameter x are the range data used for

the depth calculation and the energy calibration, including the accuracy

to which the initial deuteron energy in the beam can be determined.

A separate error is produced by the curvature of the zirconium tubes.

The oxygen distribution in the cylindrical walls is radial and the radi-

al projection of the deuteron range accordingly varies as a result of

the finite size of the beam. This uncertainty increases with the width

of the beam, but is non-existent for flat targets. Since each profile

is determined by a comparative measurement, all the variables that

are identical for the sample and for the standard contribute no error

to the final result. Such variables include flight path, detector effi-

ciency, cross-section etc.

Owing to the shape of the neutron groups the statistical errors,

ranging from 0. 5 % to 2 % are far less in the surface region than at

greater depths. For a homogeneous sample, however, the statistical

error can be kept below i % even at greater depths (10 to ? 5 \im).

Error* produced by the background are very low. The random

Y-radiation is decreased appreciably by the application of n-V-discrimi-

nation. As far as profiles in steel arc concerned the neutron yield from

the matrix can be subtracted from the spectrum by performing a mea-

surement on a pure iron sample. For oxygen profile measurements

the immediate oxidation of the fresh metal surface (Al, Zr) prevents

application of the same procedure. For high-Z matrices such as zir-

conium, however, the background neutron contribution is negligible,

especially at initial deuteron energies less than 4 MeV.

LIMITATIONS OF THE METHOD

The finite deuteron range

The profile to be studied may occur in a narrow layer. As long

as this layer doe* not exceed tha effective deuteron range the entire

profile can be studied. (The effective deuteron range is defined as that

part of the penetration depth within which neutrons are produced with

energies exceeding the detector cut-off). Although it is possible to



extend the profile depth by 4 nm/MeV by increasing the initial deuter-

on energv, straggling causes a deterioration of the resolution while

the background is enhanced at deuteron energies above 4 MeV.

With regard to carbon and nitrogen in steel matrices the ana-

Ivsable depth can also be extended by etching off the uppermost 5 or

10 um of material. This approach has also been tested »nd the result

is shown in Fig 16. Unfortunately, it is evident from the plot that the

overlapping of the corresponding depth regions does not result in a

satisfactory match. The discontinuities may be due to uneven etching

over the area of the target. However, this technique provides, at le-tst

qualitatively, a systematic study of concentration distributions beyond

the depth given by the effective deuteron range.

Interfering neutron groups

Alternatively, a limit may be imposed by the presence of an

interfering neutron group. This is explained as follows.

If the Q-values of two neutron groups differ by dQ then the max-

imum analysable depth of the neutron group with the greater Q-value is

yiven approximately by

x r dQ (dÉ/dx) " ^

where dfc/dx is the mean stopping power of the matrix over the range

x under consideration. Interference may now arise by two different

mechanisms. Thus a second neutron group with a lower Q-value may

be produced either by atoms of another element present in the surface

of the target; or by the existence of an excited level close to that being

measured in the nucleus of the element under review»

Interference due to the presence of different elements

An example of this type of interference is provided by the pre-

sence of nitrogen in carbon steel. When deuterons of 3.0 MeV energy

are used nitrogen "cuts" the carbon profile at a depth of 15 urn. At-

tempts have been made to eliminate this disturbance by subtracting

the spectrum due to pure nitrogen from the measured spectra. Ground

state neutrons emitted in the N(d, n) reaction (Q * 5, 066 MeV) do not

interfere with the carbon spectrum and can thus be used for normali-

zation purposes. This procedure i s , in principle, applicable to homo-
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geneous nitrogen distributions. Difficulties may arise, however, be-

cause of slight deviations in the energy spectra measured at different

instances and because of errors produced in the correction for a small

effect by subtiaction of nearly equal numbers. For inhomogeneous nitro-

gen distributions on the other hand correction of the disturbing peak is

altogether impossible. Since nitrogen i» commonly present in carbon

steel carbon spectra can thus only be studied quantitatively up to a

depth of 15 tim without interference.

In accordance with the Q-value sequence the measurement of

nitrogen profiles are subject to interference when oxygen is present

in the target. In general, however, the amount of oxygen in steel is

so low that no interference arises. Nitrogen profiles can then be stud-

ied over the same range as carbon distributions. However, if oxygen

is present in amounts exceeding 5 % of the nitrogen content the re-

sulting interference reduces the analysable depth to 5 ^m. In Fig. 17

the analysable depths for carbon and nitrogen are shown as functions

of the initial deuteron energy with and without interference. Oxygen,

which features the lowest Q-value of the three elements discussed,

is accordingly unaffected by this type of interference.

Interference due to neighbouring neutron states

An example of the interference due to the neutron emission

from neighbouring nuclear states is provided by oxygen. As a result

of the (d, n)-rcdCtion with O the residual nucleus F can remain

in the ground state (n ; Q = -1.627 MeV) or in the first excited state

(n1 :Q= -2.1 27 MeV). The difference dQ between these two neutron

groups is 500 keV which corresponds to an interference free ZrO?-

layer of 10 n,m in the nQ-group at a deuteron energy of 3. 5 MeV. Ground

state neutrons that are produced beyond 10 (im accordingly interfere

with those n1 -neutrons that are produced in the surface of the target.

The surface region of oxygen profiles that exceeds 1 0 ^m can thus be

studied analysing ground state neutrons, whereas greater depths can

be studied by analysing n. -neutrons.

However, it has been found out that in almost all cases only

n1 -neutrons need to be analysed. The exponentially decreasing tails

in the diffusion region of the n--spectra cause negligible interference

with the n1 -group. Here use is made of the strong angular dependence
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ot the cross-stction ratio c(n^)/7(nA. Thus only a low no-yield, pro-

duced by the lower i(n.)-cross -section in the low concentration diffu-

sion region, interferes with the higher n. -yield, produced by a 5 to

}0 times larger r(n1 )-cross -section in the oxide layer at 0 . This

effect causes un uncertainty of about 1 to 5 % which after correction

for the n_-yield contribution reduces to less than 2 %.

As regards the production of neutrons in the n. -group the res-

idual nucleus F* decays to the ground state by the emission of prompt

gamma radiation with an energy of 500 keV. The n. -neutrons can be

measured in coincidence with the 500 keV \-rays and the signals due

to the n_-neutrons are rejected [l6j. The same technique can be usod

for the elimination of "nitrogen neutrons" in carbon profiles. Here

use is made of anti-coincidence measurements of the 6. 73 MeV v-

rays from the residual nucleus O. Preliminary studies of this type

indicate, however, that the time of measurement is increased by at

least two magnitudes, and the rapidity of the profile measurements

is thereby lost.

RESULTS AND DISCUSSIONS

The technique which has been developed permits the depth dis-

tribution of the light elements carbon, nitrogen and oxygen to be mea-

sured quantitatively in metal surfaces over a range of 10 to 15 ^m,

The technique is both rapid and non-destructive. A profile with a

concentration level of about 1 % can be measured in 1 0 min for an

overall resolution lying between 1 and 0. 5 ^m and a total error of

about 9 %, on irradiating the samples with deuteron» of an initial energy

of "$. 5 MeV at a current of 0. \ to 1 nA. Use of a low beam current is

necessary to keep the dead time below 20 % and to prevent the target

from being overheated. It should be mentioned that destructive thermal

effects have: been observed at higher currents.

The determination of a profile necessitates the irradiation of

a) the sample containing the element whose distribution is to be mea-

sured, b) a standard sample containing a homogeneous distribution

of the same element in the same matrix, and finally c) a sample pro-

viding data for background subtraction.



Carbon profiles

A representative example of the determination of carbon pro-

files in steel surfaces is shown in Fig. 6. The reproducibility of the

method has been demonstrated by repeating the measurement at dif-

ferent energies (2.5 and 3.0 MeV; Fig. 18). The total errors are in-

dicated in the diagram as vertical bars and the depth resolution as

horizontal bars. The agreement between the two sets of measurements

is considered to be satisfactory since the observed deviations coincide

within the total error for each set. The result obtained has been veri-

fied by microscopical measurements and the (p, v)-resonance method

as described i n [ l ] .

The detection limit of carbon in a steel matrix is a function

of the initial energy and the depth, (Fig. 19). From this diagram it

is evident that the detection limit can be approved by using higher

deuteron energies. However, for E . > 4 MeV this is no longer true

owing to the increased background contribution.

Nitrogen profiles

As mentioned before nitrogen gives rise to a neutron group which

interferes with those from carbon that corresponds to a depth of 1 5 ^m.

This fact makes possible simultaneous measurement of carbon and ni-

trogen profiles in samples where the carbon distribution is less than

15 um (carburized surfaces). In such cases , the neutron groups from

nitrogen and from carbon are separated in the energy spectra md, with

the aid of a carbon and a nitrogen standard, both concentration profiles

can be determined in the same sample in a single measurement.

Oxygen profiles

As regards the determination of oxygen distributions there is

no interference from other light elements as long as the contamination

occurs only at the surface. Owing to the low Q-value of the O(d,n.)-

reaction, the depth resolution of the oxygen profiles is the best of the

three light elements studied.

In view of the use of ssirconium tubes in reactor technology the

oxide thickness and the shape of the diffusion profile are important

parameters in corrosion studies.

The (d, n)-method has therefore been used to measure the con-

centration profiles within and beyond the ox'Je layer in a number of
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zirconium samples oxidized under various conditions. Some of the re-

sults obtained are shown in Figs. 20 - 23, where the concentration

profiles of three sets of samples have been plotted. The difference in

the measured depths of the profiles is the result of different treat-

ments of each sample in the autoclave. The profiles are labelled with

numbers that are listed in Tables III - V together with the maximum

temperature and the numb'-r of cycles for the three sets.

The first set oi samples was pr -pared for the purpose of com-

paring the results of the (d, n)-rnethod with those obtained frj.n mi-

croscopical studies. The phase junction between th«* ZrO->-layer and

the meta] fliftision zone) is visible under the microscope. It Fig. 20

th • position of this phase junction is compared with the profile as ITHM-

sured by the 3. 5 MeV deuteron irradia.i >n.

The horizontal bars in the diagram represent the resolution

ct the microscopical measurements while the bars below the range

scale show the resolution afforded by the (d, n)-method. Both results

are in satisfactory agreement with each other, since the half maximum

of the oxygen concentration and the position of the phase junctions co-

incide within the resolution of both techniques.

The second and third set of samples differ as regards the com-

position of their zirconium matrix (Table VI) but are essentially simi-

lar with respect to the thermal treatment (Tables IV and V).

Fig. 21 clearly demonstrates the increase in the thickness of

the oxide layer as a function of the number of cycles (1, 5 and 10) at

900°C.

The long tails of the profiles that are formed at higher tempera-

tures were measured at 5 MeV (Fig. 22) and are well resolved.

A comparison between sample No 3 (1 x t 200°, dark) and No 4

(5 x 900 ) where the oxide layer is of the same thickness indicates in

this diagram that the extent of the diffusion profile beyond the oxide

layer is relatively shorter after a number of cycles than after a single

cycle. The change in the gradient might be interpreted as a progressive

growth of the oxide layer into the diffusion region with increasing number

of cycles.

An equivalent sequence of profiles has been measured for the

third set of samples (Fig. 23). The shapes of the profiles of both series
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1 orri-spond to each other at the same number of cycles and temp-er.t-

turi-s, with the exception of those following the treatment at 5 x (idO"C'..

In this instance the extrapolated dtpth of the diffused zone in the tw •

ser ies is h um (No 7 in Fig. 2^) and 15 ̂ m (No 6 in Fig. 2i) . respec-

tively. The difference in the thickness of the oxide layer is in excell. r.t

agreement with a sharp increase ,! the t ransvers ductility ratio (i. ••,

plastic deformation) which occurs precisely at 1 000 C. [ '7j .

\t the phase junction between the stoichiometrical dioxide and

the diffusion zone the oxygen content a l ters from 66 to 29 atomic p>-r

c<nt. But this cannot be detected as a sharp edge in the neutron energy

spectra . The "smoothing out of the true concentration distribution",

which is due to the finite resolution, is a basic feature of th» method.

In order to relate this inadequacy to the experimental e r r o r s a numerical

convolution of a constructed oxygen profile with a resolution function

has h'-en performed on a PDP-15 computer. The "true concentration

distribution" was simulated by a step function for the oxide at the sur -

face and by a funct'on tha' decreases exponentially with depth in the

diffusion region. The shape of the profile and the width of the Gaussian

resolution function were chosen to correspond to the experimental con-

ditions.

The convoluted "spect rum" was found to fit the construced pro-

file for both the oxide layer and for the diffusion zone by better than

2 %. At the surface of the target and at the phase junction the profiles

were smoothed out as expected. (Compare Fig. 1 5).

According to the resul ts given by the mathematical procedure,

the rapid determination of oxygen diffusion profiles in zirconium using

this technique seems to provide a complement to hitherto used tech-

niques.

It is therefore intended to apply this method to other oxidation

problems, in particular to the growth of oxide layers as a function of

time under stable thermal conditions.

Further, it is planned to incorporate the analysis programs

that have been developed in the available on-line program?. The aim

is to facilitate study of the ratio function R(x) by displaying it on the

computer screen during the course of the measurement , This increases

the rapidity of the present technique, since the resul t , i . e . the normalized

concentration distribution with depth would be immediately available at

the end of a 1 0 min irradiation.
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TABLE I

Reaction characteristics for the three light elements studied

Peacti.on

12 13

14N(d.n4)^O*

l6O(d.n0)17O

'6o(d,n,)l7o*

Q-value

(MeV)

- 0.281

- 1.724

- 1.627

- 2.127

Optimal
deuteron energy

E d
(MeV)

2.5 - 3.5

3.5 - 4.5

3.0 - 4.5

3.5 - 5.0

Optimal
angle

e

20°

20°

50°

0°

TABLE II

Error contributions of the various parameters for profile evaluation

(* The table is valid for concentrations in the per cent range

at deuteron energy E . = 3.5 MeV, current I , = 0.1 - \ yiA and irradi-

ation time of 10 min).

Source of
error

Statistical
error

Current
recording

Background

Interference

Range data

Energy
calibration

Error*
in %

0,5

2

3

5

1

2

5
10
2

0,1
2

Comment

Surface region
At depth of 1 0 to 15 u-m

Conducting target
Insulator

Negligible for Zr matrix;
can be subtracted for Fe matrix

Regarding oxygen profiles

Pure matrix (Fe)
Composite matrix (ZrO->)
Curved surface; beam radius 3 mm

Initial beam energy
Time spectra



TABLE HI

Treatment of zirconium samples (Set I, Fig. 20)

No

1

2

3

4

Number of
cycles

5

5

5

Max Temp
(°C)
700

800

900

1 000

Remarks

no auto-
clave

treat-
ment

TABLE IV

Treatment of zirconium samples (Set II, Pigs. 21 and 22)

No

0
1

2

3

4

5

6

7

8

9

Number of
cycles

_

1

1

5
1

10

5

5

5
5

Max Temp
(°C)

-
900

1 000
900

1 200
900

1 000
1 000
1 000
1 200

Remarks

blank

dark surface

dark surface
white surface
grey sirface

TABLE V

Treatment of zirconium samples (Set III, Fig. 23)

No

0

1

2

3

4

5

6

7

8

Number of
cycles

1

1

10

10

1

1

5
5

Max Temp
(°c)

700

800

700

800

1 000
1 000
1 000
1 100

Remarks

blank

grey surface
blank surface
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TABLE VI

Composition of samples and reference standard

S e t

II

III

N b

-

(1.0 + 0 .15)%

Sn

-

* 200 ppm

F e

0. 07 %

* 0.05 %

C r

1. 35 %

* 1 00 ppm

Z r

Balance

Balance

Reference

s ta nda rd

SiO-,

1.4%

CaO

6 . 7 %

HfO-,

2.1

ZrO.

Balanct



FLGURE CAPTIONS

Fig. ? A neutron time-of-flight spectrum obtained by irradiating

an iron sample with deuterons of 4 MeV. Neutron groups

produced by (d, n)-reactions with the light elements carbon,

nitrogen and oxygen are identified. Note the broadening of

the neutron group due to nitrogen.

Fig. 2 Block diagram of the electronics used in the time-of-flight

measurement.

Fig 3 Time-of-flight spectra from the (d, n)-reaction in a target

containing oxygen and carbon. The diagram shows the effect

of n-V discrimination (lower curve), which reduces the back*

ground caused by time uncorrelated Y-radiation by about one

magnitude.

Fig. 4 Sample holder. The steel clamp on the left hand side is de-

signed to hold samples with both plane and cylindrical geo-

metry. Next follows the sample holder housing with an ex-

ternal connection for secondary electron suppression. The

small cube-shaped box that follows to the right contains a

tantalum plate which is used as a current monitor when

insulating targets are irradiated.

Fig. 5 Result due to analysis 1, which represents a homogeneous

carbon distribution (circles) in an iron matrix. The neutron

group emitted in the C (d, n)-reaction (dots) is integrated

over intervals of 1 nm and divided by the effective cross -

section Aa (crosses) of the corresponding layer Ax. The

scatter of the circles is * 9 % from the mean value.

Fig. 6 Principle of analysis II

1 7 a represents the neutron spectrum obtained by the irra-

diation of a steel sample containing a non-homogeneous car-

bon distribution. After correction for background neutrons

from the steel matrix ( ) the total neutron yield ( . . . . ) is

reduced to the yield of neutrons emitted in the C(d, n)-

reaction (solid line).
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Fig. 7

Fig, 8

Fig. 9

Fig. 10

Fig. 11

Fig. 12

17 b represents the background corrected neutron yield dm-

to a homogeneous carbon distribution.

The plot in 1 7 c represents the function R(x) which is the re-

sult of the channel-by-channel dh.lsion of the spectrum in

1 7 a by that in I 7 b (left hand scale). P(x) can be transformed

to the depth distribution function N , (x) which is indicatedr carbon* '
by the right hand scale, graded in per cent.

Neutron groups emitted in the O(d, n)-reaction at E , »

= }. 5 MeV in three different matrices (A1,O,, SiO,, ZrO,).

The spectra due to SiO, and ZrO^ have been displaced by '0

and 20 channels, respectively. Note the decrease of back-

ground with the atomic number (right hand side).

The three curves represent the instrumental resolution dx

for carbon (upper curve) and nitrogen (middle) in an iron

matrix and oxygen (bottom) in a zirconium matrix. The

detector cut-off at E = 0. 5 MeV is indicated for each curve.
n

At this energy the resolution is better than 0. 3

three elements.

for all

Overall depth resolution D for carbon in a steel matrix as

a function of the penetration depth x. The upper curve for

each pair of curves includes the straggling parameter 0.

Overall resolution D for nitrogen in a steel matrix as a func-

tion of the penetration deoth x. The upper curve for each

pair of curves includes the straggling parameter 0.

Overall resolution D for oxygen in a pure zirconium ( )

and a pure zirconium oxide matrix (----) as a function of

the penetration depth x. The upper curve for each pair

of curves includes the straggling parameter 0.

Overall resolution D for a composite matrix consisting of a

ZrO? layer on bulk zirconium. The oxide layer is assumed

to have a thickness of 2 ^m and 10 j. m, respectively. The

curve» are plotted for a deuteron energy of 4 MeV (upper set)

and of 3. 5 MeV (lower set). It is evident from the diagram

that the resolution within the oxide layer deteriorates by

about 50 %.
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Fig ' ^ The diagram illustrates; tho optimization of the deuteron

energy when carbon profiles are to be studied. Tho ofti-

ciency curve £( ) and the cross-section "(. . . . ) arc

folded and the result is divided by the instrumental resolu-

tion dx(— . — . —) for the corresponding deuteron energies.

Large values of C and c and low values of dx evidently im-

prove the profile determination; accordingly the peak value

of the ratio ee/dx indicates an optimum energy of E , -

= 2. 0 MeV. In the experiments energies of 2. 5 and \ MeV

were chosen in order to increase the effective range.

Fig. 14 The diagram illustrates the optimization of the deuteron

energy when oxygen profiles are to be studied. The proce-

dure is described in the captiur. r'f Fig. 1 3.

Fig 15 The experimentally measured neutron groups nn and n. due

O(d, n)-reactions are compared with the calculated neutron

yield ( ) for a deuteron energy of 3. 5 MeV. The theoretical

curve is based on the cross-sections <?(n ) and c(n.) and on

tho efficiency of the neutron detector. Resolution is not taken

into account (note the difference of the high energy edge of the

n. -neutrons for both curves).

Fig. 16 Result from repeated profile measurements on the same sample

before (o) and after (0 , v) surface treatment. Layers of 5 ̂ .m

and 10 |im have been etched off, respectively. The statistical

errors are indicated at 5 points.

Fig. 17 Effective deuteron ranges without (a and b) and with inter-

ference {c and d) for carbon (a and c) and nitrogen (b and d)

as a function of the deuteron energy.

Fig. 18 The diagram is obtained from profile measurements of a

4 nm carbon concentration gradient in the surface of a steel

sample. Identical results are obtained with the (d, n)-method

at a deuteron energy of 2. 5 MeV (Q) and 3. 0 MeV (o). The

same profile has been obtained by the (p, Y)-method (•) and

by a microscopical study (arrow) as described in ref 1. Over-

all errors and depth resolution are indicated for the (d,n)-

method below the depth scale and for the (p, Y)-method in the

plot.
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Fig. 19 The diagram shows the detection limit of carbon at various

depths for two different energies. The sharp deterioration

in the detection limit with penetration depth is mainly due

to the decrease of the C(d, n)-cross-section towards lower

deuteron energies. The detection limit at a given depth x in

a layer dx is defined as the amount of carbon that is equal

to 3 VB, where B is the background in the corresponding layer.

Fig. 20 Oxygen profiles for 4 different diffusion temperatures (TOO,

800, 900 and 1 0OO°C). The same samples have been studied

under the microscope and the location of the phase junctions

ZrO,/Zr have been indicated in the plot together with their

depth uncertainties. The corresponding depth resolution

afforded by the (d.n)-method is shown b^low the depth scale.

Fig. 21 Oxygen profiles for 3 different numbers of cycles (1 , 5 and

10) at 900°C.

Fig. 22 Oxygen profiles for a number of treatments as described in

Table IV. The samples were irradiated with 5 MeV deuterons

in order to extend the effective range that can be analysed.

Fig. 23 Plot of oxygen diffusion profiles in the third set of Zr-samples.

Note the difference in the extrapolated range for sample No 7

compared to sample No 6 in Fig. 22 which have been treated

identically. (5 x 1 000°C).
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i a l c u l a t i o n of the t r u e . o n t en t r a t i o n p r o f n e

i hr f r i c t i o n s e(F , r ) and c(F: ,-*') a r e i n d e p e n d e n t of the d i s -

t r i b u t i o n \ ' , ( \ ; Ac» - - d i n g l y , t h r .- .t 11. >

dF.
( l .D

of the t w.i snfi ;r,i in a c:hannel-bv- c hannel division is civpn bv

C o n s t

Const dx B

(1:2)

The distribution function NL,(xi of a homogeneous sample is a

constant over the range x (N_(x) = N_), The unknown distribution of

A can thus be written as

N,(x) r R(x) NndxR/dx
A B B' A

The depth intervalls dx and dx are related to each other by the corre-
A x3

spondinp stopping powers (dE/dx), and (dE/dx)_ of the two matrices,

A and B, respectively. A systematic study of the variation of stopping

power with deuteron energy ha6 shown that dE/dx changes almost identi

cally in different matrices. Consequently, the ratio of stopping powers

is a constant over the whole energy range relevant in this work, i .e.

(dE/dxA/(dE/dx)_ = K. In the neutron energy spectra dE is identical

for both spectra and from eq. 1 it is evident that dE = dE . (the actual
n a

difference is less than 0. 1 %). Thus the following relation is valid
dxB/dxA = (dE/dx) A/(dE/dx)B = K (1:4)

Inserting (1:4) into (1:3) the desired distribution function for the

element A is given by

NA(x) = K NB R(x) (1:5)



APPENDIX II

Calculation of the depth resolution

The total depth resolution D is compounded ot the layer dx,

resolved by the spectrometer , and of the straggling parameter il,

which is the uncertainty in the range of the penetrating deuterons.

since both contributions are supposed to be Gaussian in character and

inde pendent of each other the depth resolution can be defined a?

D = (dx' (11:1)

The resolved layer dx is related to thp resolvable deuteron m e r c y

dE . by the stoppir

to the expression

dE . by the stopping power dE/dx of the matrix (density o) according

dx = (p dE/dx)"1 dE d

From eq 1 it is evident that dE = dE, and the resolution dE in
n n d n

the neutron energy can be calculated from the known relationship

dE / E = 2 dt / tn' n n n

which leads to

(11:2)

2(p dE/dx) E dt / t
* ' n n' n

{11:1)

The time resolution of the spectrometer dt comprises three com-

ponents

dt = rdt2 . + dt2 , t + dt2 , ) 1 / / 2

n pulse electr detector '

where

dt . is the duration of the deuteron pulse striking the target.

Under the experimental conditions it is generally about 2 ns.

dt - is the empirically established overall time uncertainty

of the electronic circui try and is about 1 ns .



dt , is the time resolution due to the thickness of the
detector

detector (5 cm), and depends on the neutron energy E
and on the flight path (3 m). It is given by dt =

« /-̂ *" ueiccior
: 3,6 f

A contribution due to the finite solid angle of the detector is

negligible. The overall time resolution of the spectrometer is thus

given by

dt r (=, + n E "V^ 2 (H:4)
n n

The flicht time t over a flicht path of ' m is 216 E " ' . Re-
-• n n

placing t and dt in eq. II:? the resolved layer is evaluated by the
expression

dx = 9. ? 10"3 (D dE/dx)"'(5 F ^ + I3E V ' 2 (11:5)
n n

Straggling can be evaluated according to the relationship

d « 2wg(c dE/dx)"1 (II;6)

where 0. is the uncertainty in the energy loss over the range x accor-

ding to Bohr ft 8 ] ,

Both Qg and (o dE/dx)" are matrix-dependent and for the ma -

trices steel, zirconium and ZrO2 given numerically as

^ e ( F e ) = 7 . 6 5 « TO"3 Vx Mev (11:7)

Q£(Zr) = S.40 . 10*3Vx MeV (11:8)

ng(ZrO2) = 6. 50 • iO" \x~MeV (11:9)

(p dE/dx)" (Fe) = 5 + 2.46 Efl nm/MeV (II:!0)

(p dE/dx)" ' (Zr) • 10. 2 + 3. 2 E d nm/MeV < I I : ' f )

(p dE/dx)" ' (ZrO,) = 4 + 2. 75 E . nm/MeV (11:12)



Combining eqs. 11:5 - 11:12 with eq, 11:1 the following three
equations ran be uaed to evaluate the depth resolution in the three
different matrices, »teel, zirconium and ZrO.,

D(Fe) ( 1 1 : 1 •

D(Zr) r (10. 2 + }. 2 F.d)(8*. » x)'^ 10 "̂  -m (TI:M,

D(ZrO2) = (4 + 2. 7 5 F.d)(8^. 10 (11:1
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