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SUMMARY

Oxygen in zircaloy surfaces has been determined by means of

charged particle activation analysis employing the following two reac-

tions
16 17 BT 17
1 O (d, no) F — O Q=-1.63 MeV
T 6 (4, p,v) (O Q=+ 1.05 MeV

The detection limits for oxygen in such surfaces has been investi-
gated by measuring the promptly emitted 0,87 MeV gamma rays (re-
action II) and also the 511 keV annihilation radiation which arises from
B+~decay of i F (reaction I), The correlation between the detection
limit for oxygen in zircaloy, the particle energy and the surface thick-
ness analyzed has been evaluated.

At a deuteron energy of 3 MeV a detection limit of 0.7 - 10_7 g/cmz
was obtained from the measurement of the prompt gamma radiation
arising from the second of these reactions.

The analysis carried out by means of this technique is character-~

ized by a high degree of rapidity.
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INTRODUCTION

Charged particle activation analysis of light elements such as
carbon, nitrogen and oxygen in metal surfaces has been studied pre-
viously by various investigators [1 -3]. This form of analysis per-
mits determination of either the integral content of the light element
in the surface [e.g. 1] or the concentration profile of the light element
below the surface [ e. g. 2, 3]. Usually, the excitation functions for
(d,n)~ and (d, p)-reactions for various light elements increase with
particle energies up to a few MeV [4, 5]. This implies an improved
detection limit for the element in the surface with increasing particle
energy. It should be noted, however, that the penetration depth of the

particle also increases so that a thicker surface layer is involved.

REACTIONS AND MEASUREMENT

In the present study the correlation between particle energy, thick-
ness of layer at the surface and detection limit of oxygen in zircaloy
was considered f[or the reactions mentioned below.

In the context of these two reactions oxygen can be identified
by

reaction I: ] 6O(d, no)] F

1) Neutron time-of-flight measurement [ 3]

2) Measurement of the induced B+—activity from ]7F (T]/Z = 66 sec)

17

reaction II: ]6O(d,p]y) o¥

3) Proton spectroscopy [6]

4) Measurement of prompt 0,87 MeV -y -radiation

The present work makes use of techniques 2) and 4).



APPLICATION OF THE PRINCIPLE OF CONVOLUTION TO

SURFACE ANALYSIS

Proton induced reactions often exhibit sharp resonances in the
reaction cross section., These resonances can be used {or the depth
determination of the light elements in the stopping matter [2] For
deuteron induced reactions, however, the cross section alters very
little with energy. Accordingly, the yield corresponds approximately
to bulk contribution from the whole range interval. Along the range the
deuteron energy decreases continuously and a specific depth corre-
sponds to a certain energy, i, e. to a certain value in the excitation
function. There is accordingly a relationship between the depth and
the reaction cross section, Furthermore, the yield from any part of
the range is determined by the product of the nuclei density and the
reaction cross section corresponding to this depth., Thus the convolu-
tion integral over the cross section and the depth will give the activity
induced over the different ranges corresponding to different particle
energies, The approach can be understood in the following terms.

The activity A (Ax) induced within the depth Ax corresponding to
the energy interval from E, to E, - AE (energy decrease caused by

d d

the stopping power of the material) is given by

A(bx) = K - N(ax) -1, - 6 (Ey, AE)- Q-+ T - R-2
where
K = proportionality constant
N(ax) = amount of target nuclei within the interval Ax. 4x is
defined by the deuteron energies E  and (Ed - AE)
Id = deuteron current density

o (Ed, AE) = mean cross section between E, and (Ed~AE)

Q = solid angle (detector)
R = distance between radiation source and detector
il = detector efficiency



The measured radiation is produced by activation within the effec-

tive range R_. of the charged particle. Thus Reff(E) = R(E) - R(Ethresh)

. > 1
since at a depth R Reff no reaction can occur for Ed < Ethresh'

Accordingly the convolution integral can be written

Reff -2 Ethresh
AR _g) = [ AAR =K I,- Q- TR J o (E) + N(x)dE
o} E

N(x) is included under the integral since x is related to E, by the
M

The relationship Reff = ;Z. Axi permits

d

stopping power (dE/dX)matrix'

numerical integration according to the expression

AR _ C- T .o,+ N,- AE;

) = . .
ff i i i
where

C:K-Id-o«ﬂ-R

mean cross section over the energy interval (dE/dx)i ©bx,

Q
1l

N. = number of target nuclei within range Axi

If the sample is homogeneous with respect to the distribution of target

nuclei, Ni is a constant and can be separated as follows

! )

A =C+ N- % <Ioi-(dE/dx)isAx.,
{0

Reff) i

;
. y

This is the formula which was used to calculate the expected
activity distribution with energy. In Fig 2 the theoretical values ob-

tained are normalized to the experimental points since K is unknown,



ESCAPE OF NUCLIDES FROM THE IRRADIATED SURFACE

DUE TO THE RECOIL EFFECT

In accordance with the kinetics of nuclear reactions a nuclide
formed in the metal surface acquires a certain amount of kinetic
energy and may in consequence escape from this surface.

As regards reaction I, the conservation of momentum gives

P .+P =P + P

d 160 l?F n

Since ]60 is at rest this reduces to

= 17
Numerical calculations show that PF > O. Thus the F nucleus always
moves into the sample as the deuteron and therefore cannot escape from

the target. Thus no activity can be lost,

Similarly, consideration of reaction II leads to

In this reaction, Q has a positive value, and a negative value of
_P]?O is therefore possible, Since, however, the measurement is
based on prompt gamma radiation, lack of activity due to the recoil
effect will not be experienced even when Q is positive. Although the
recoil effect has no influence on the yield in this particular instance,
there are other reactions whiéh may be of interest where the loss of

decaying nuclei can become significant, Thus for all exoergic reac-

tions this effect should be considered.



EXPERIMENTAL

Accelerator and measurements

The 5.5 MeV Van de Gfaaff accelerator at AB Atomenergi,
Studsvik, was used as the irradiation facility. In this device a DC
deuteron beam is produced at energies between 0.9 and 5.5 MeV,

The beam is focussed by two pairs of quadrupole lenses and de-
fined on the target by collimators of tantalum with holes between
1.2 and 0. 6 cm, located at the terminal section of the tube,

The gamma radiation induced in the samples was detected by a
3" x 3" Nal (T1) crystal and after selection in a discriminator the
spectrum was fed into a 16 x 256-channel multichannel analyzer (MCA)
of Nuclear Data type.

In order to avoid thermal defects in the sample only currents of
the order of 0.5 LA were used [2] The target holder is isolated from
the rest of the tube so that the total charge can be collected. This was
recorded in an ELCOR-current integrator.

During the period of irradiation (60 sec) both prompt gamma radia-
tion and annihilation quanta were detected. Immediately after completion
of the irradiation the decay was measured during a series of 10 sec in-
tervals, The annihilation quanta produced in each period were re-
corded using one of the 16 subgroups in the MCA, The radiation back=-
ground was measured before and after each series and account was

taken of both time-dependent and time-independent backgrounds,

Samples

Three different kinds of sample were used. Zr0O, and a sample

2
of oxidized metallic Zr (~ 800 ppm OZ) were used for the oxygen deter-~

mination while a sample of pure zirconium metal served as a back-~



ground reference. All the samples were cleaned in acetone before
irradiation and mounted together on a multi-specimen sample changer,
This technique allowed the samples to be kept in vacuum throughout the

experiment.

Analysis

The gamma-ray spectra measured were analyzed with the aid of
an 8 K-PDP 15 digital computer. The peaks were corrected for back-
ground and normalized with respect to lifetime (channel 0) and charge.
Because of the very different activities of oxygen-rich and oxygen-
poor samples it was necessary to adjust the distance between detector
and source for each group of measurements to afford a reasonable dead-
time, The activity was subsequently normalized to a detector distance
of 32 cm,

The irradiation was carried out at three deuteron energies, name-

ly 2.3, 2.6 and 3.0 MeV,

RESULT AND DISCUSSION

16 1

1
The reactions "F and ]60(d,p]\/) TO* can be used to deter-

o(d, no)
mine the concentration of oxygen in zirconium or zircaloy. According
to the graph in Fig 2 performance of the analysis by prompt gamma ray
measurements is associated with the lowest detection limit i, e. (0.70 +
0.01) - 10-7 g/crnZ or (10.0 + 0. 1) ppm oxygen in zircaloy considering
an irradiation period of 1 min., This can be understood as a consequence

. . . : . 16 17
of the greater activation depth in comparison with that of the ~O(d, nO) F
reaction, The detection limit is defined as the amount of oxygen giving
rise to a signal which is three times greater than the background

variation. The variation is calculated as the square root of the back-

ground counts from all those channels that define the width of the peak.



In general it is possible to calculate the expected activity through
the principle of convolution., Since, however, the errors in the meas-
ured values of the reaction cross-sections are still of the order of
20 - 30 % this type of result requires careful handling [5, 9].

Since the excitation function increases with energy, [Fig 1 ], ac-
tivity is expected to follow suit, This can be seen in Fig 2, Thus,
although the efficiency of the Nal(T1l) crystal is lower for 870 keV
gamma rays than for the 511 keV quanta the prompt activity is much
higher. This is accounted for in terms of the higher cross-section

16 17

for O(d,p]y) 0" and the positive Q-value of this reaction. Since

17

the negative Q-value in ]6O(d,n I is responsible for the much smaller

o)

value of Reff’ activation is produced in a smaller zone by (d,n) than

by (d, p) for a given energy (see Table 1) [o(d,p) ~ 0 below 400 keV ]

Table 1 [ 7]
Eq Ra | Reta,p) | Reti(d,n)
(Me¥) | (um) | (um) ()
2.3 25 21 7
2.6 30 26 12
3.0 37 34 19

Corvrelation: particle energy — effective
range in zircaloy

Electrical conductivity is dependent on the concentration of oxygen
in a metal and decreases with the oxygen content, Care must therefore
be exercised with recordings of current when oxygen-rich samples are
run. The reliability of the current recording increases as the concen-
tration of oxygen in the metal falls. In the present instance the re-
cording from the current integrator was compared with the measured
current from a tantalum plate which was inserted in the beam from

(ime to time.



It is worth mentioning that the atomic number of the matrix has
a considerable influence on the detection limit of oxygen, Since zirco-=
nium has a rather high value of Z compared with that of oxygen the
signal to background ratio is quite good. The determination of oxygen in
alloys such as steel is much more difficult to accomplish, essentially
due to the lower value of Z for iron which causes an increase in back-
ground radiation [ see Table 2].

A comparison of the two methods used in this investigation indi-
cates a preference for gamma-ray measurements not merely because
of the better detection limit which is attained but also in view of the
shorter running time which is required, Thus the gamma peak is
built up during an activation time of one minute, while it is necessary
to follow the B+-decay curves for periods which are at least three times
longer, Furthermore, the analysis in which the area of a single peak
is measured (0. 87 MeV) is more rapidly performed than an analysis
which involes the measurement of the several peak areas necessary
for characterizing the decay curve (0,51 MeV) [Fig 4],

It is expected that more than 10 analyses per hour can be achieved

17

using the reaction ]60(d,p]Y) O* in combination with a remotely con-

trolled sample changer,

COMPARISON WITH OTHER NUCLEAR METHODS

Various methods indicating a very high degree of sensitivity for
determining oxygen in metals have been reported in the literature,

Some of these methods have been collected in Table 2,
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Table 2
Bombarding Detection
Particle Energy Notes limit Reference
in MeV
T <3 1072 pg/cm® 10
. . -6 2
P <3 different isotopes of Oxygen | 10 =~ pg/cm 11
3He, He | 30, 55 | Oxygen in pure metals 10-2 ppm 12
P, 3He 12, 15 Oxygen in silicon 10-3 ppm 13
P 10 - 15 | Oxygen in extremely 10-5 ppm 14
3He 10 - 20 | pure materials 10'.6 ppm 14
*He 40 | (si, Fe, Nb) 107 ppm 14

Ricci and Hahn have measured the relationship between energy

6O(?)I—?[e,p)]SF in the energy interval

and sensitivity for the reaction ]
between 3 and 10 MeV [ 15]. They have also published a sensitivity
list for 15 light elements (Be — Ca) with reference to reactions ini-
tiated by 18 MeV 3He-partic1es [16]. By comparison they have also

measured the detection limits for oxygen in thick and thin targets

bombarded with 4 ~ 10 MeV 3He-particles [17].

1972-09-28/CN
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FIGURE CAPTIONS

Total cross~section for the reactions:
1 3
]6O(d,p]Y) o
(0.2 - 1.1 Mev)[18], (1.1 - 2.0 MeV) [4], (2.0 - 3.0 MeV) [9]

160

(d,n )17F [4].

0

Curves for measured (X, O) and calculated (A,7) activities
referring to prompt gamma-=- and annihilation radiation (decay).
The energy scale shows incident deuteron energy. Effective
range scales are presented for (d,n) and (d, p)-reactions,

respectively.

Calculated detection limits obtained from the experimental

values. Scales as defined in Fig 2.

Decay curve for the induced ”F activity,
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