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A systematic study of activation analysis with cyclotron-produced
neutrons for (n,2n)~, (n,p)- and (n,a)-reactions is presented. The
limits of detection for elements of atomic number from 6 to 80 are
Given. The possibilities of optimization of irradiation conditions
by the choice of the moat suitable neutron spectrum are discussed.
The power of this fast neutron activation analysis method is
compared with that of 14 MeV neutron activation analysis.

INTRODUCTION

Past neutron activation analysis has become one of the important
method for elemental analysis. For the determination of some li^ht
elements, it is the most suitable method at all. Mostly neutrons
with energy around ЗЛ MeV are used. They are produced in neutron

generators via the -^H(d,n) He reaction ts'ith a flux of about 1С to.
110 2

10 n/cm sec at the distance at which the sample is normally pla-

ced from the source. The neutron flux and the fixed energy are the

limitations for this kind of activation analysis. Consequently,

there is a need for neutron sources, which would produce higher

neutron fluxes with variable energy. This is the reason, why v.o

have systematically investigated the application af a cyclotron

which accelerates deuterom* up to an energy of b'i> 1-feV for fact

neutrpn activation analysis. The use of auoh an accelerator It; one

possible way to increase the sensitivity of the fant neutron

activation analysis which, in our opinion, ia not sufficiently

appraised.
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By bombarding a thick Be-target with deuterons, neutrons are formed

via the compound nucleus reaction as well as by stripping and

break-up processes. The latter two reactions are generally favored.

For instance, at deuteron energies above 10 MeV, less than 10$ of

the neutrons emitted in the forward directions are formed by com-

pound nucleus reaction.

The stripping and break-up neutrons are emitted preferentially in

the forward direction. The angular distribution can be described by

1 ?
the semiemplrical function given by Serber and Helmholtz .b/2

1+2.55
(1)

where V is the emission angle of the neutrons and ^ /
g
 the FWHM

angle. This FWHM angle is the characteristic magnitude for the angle

distribution and can be calculated by the formula

U/2
41/2 Ы..

(2)

where В is the binding energy of the deutoron (В - 2.223 MeV) and

E,, is the deuteron energy. Angle distributions calculated in this

way are in good agreement with those found experimentally-" .

Curve 1 in Fig. 1 shows the dependence of the FrfflM angle on the

deuteron energy.

The neutron produced by deuteron bombardement of thick Bs-targets

have an energy distribution which shows a broad asymmetric peak.

The position of this maximum occurs approximately at one half of

the incident deuteron energy, as shown by curve 2 in Fig, 1, The

eneigy spectra of the forward neutrons produced in bombar.demcnts

with deuterons of different energies are given in Fig. 2. The

spectrum corresponding to 55 MeV deutoron energy ic constructed

using published experimental data * , the other arc calculated

spectra using an interpolation procedure'. It may be assumed*'' tfc'-t

the energy distribution ic independent of the angle;

P(K,V») « P(E,0) f(V>). C-5)

Experimental evidence^ shows that this assumption is valid at

least up to an angle of 20°. Detailed results of checking tne
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Fig. 1. Characteristic data of cyclotron-produced neutrons as a
function of the deuterqn energy: 1 - FWHM angle, 2 - position of
the maximum of the neutron spectra, 5 - neutron yield per /uA
d t t f <A" = 20° and E % 2 MeV 'deuteron current for

MOi

Fig. 2. Neutron spectra for different deuteron energies

energy distribution- of neutrons produced by "У^> and 55 MeV deuterons

are given in recent publications' .

The neutron flux usable for activation via (n,2n)-, (n,p)- and •

(n,a)-reactions are on the average considerably higher than those

obtained using common neutron generators. Curve 5 in Fig. Г

shows the neutron flux obtained by integrating the spectra from

E
n
 = 2 MeV up to the maximum energy and from f = 0° up tof = 20°

as a function of the deuteron energy for a toearu current of 1 /Uft.

In general the deuteron current available from cyclotrons is one

or more magnitudes higher -than 1 / so that the neutron flux

usable Tor activation is correspondingly higher.'
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SYSTEMATICS OF EXCITATION FUNCTIONS

The activity of a radionuclide induced by an irradiation with reu-
trons may be calculated by the following formula:

|m

0 Ö
F(E,f) G>(E) I (1 - e- 2TsinVdE

where E is the maximum neutron energy, F(E,V>) is the neutron flux
(n/MeV sr Axh) for the given energy E and angle V (relative to the
deuteron beam direction), G>(E) the cross section at the neut>rmon
energy E, I the deuteron current in /лА, N the number of the target
nuclides per cm , t the irradiation time, and T the half-life of

the produced nuclide.

According to Eq. (k) the excitation function of a reaction has to

be known over the whole energy interval of the neutron spectrum.

Unfortunately, experimental data for excitation functions are avai-

lable only for few nuclides. Therefore systematics for excitation

functions of (n,2n)-, (n,p)- and (n,a)-reactions have been deve-

loped'* **. They can be used to estimate unknown excitation func-

tions.

In general, excitation functions rise steeply from a threshold

then pass through a maximum and fall off again with increasing

projectile energy. As is shown in Fig. 5, this general form of the

excitation function may be characterized by means of the following

magnitudes:

1) the maximum cross section G? „

2) the position of the maximum cross section with respect to the

Q-value of the i-eaction (E + Q)

?)• the FWHM and if possible also FWTM

4) the asymmetry»factor at FVIHK and FWTM

The systematics is based on the dependence uf these eharacteistic

magnitudes on the atomic number Z of the tairget nucleus. The trends

obtained for (5
m
.
v
, E +0

M
, and FWIIW for all three considered,

nuclear reactions are shown in F:b;;s. 4-6. The trend/; were evaluated'

from experimentally determined excitation functions as reported in

the literature.

Using the systematics of those characteristic da.ta as well aa the

threshold value, an unknown excitation function can be constructed
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Data used for the characterization of excitation function's

Pig.4. Maximum cross sections of excitation functions for (n,2n)«,
(n,p)« and (n,a)~reactions as a function of Z of the target nuclide
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Pig. 5. Position of maxima of excitation functions
(\ Q)

 a s a
 function of 2 of the target nuclide
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Pig. 6. Dependence of FWHM of excitation
function on Z of the target nuclide

easily. Excitation functions constructed in this way were used

for calculating the limits of detection.

LIMITS OP DETECTION AND THEIR COMPARISON

WITH 14 MoV NEUTRON ACTIVATION ANALYSIS

After a slight modification Eq. ('0 was used to calculate the

limits of detection for fast neutron activation analysis. The

limit of detection is defined as the amount of the nuclide in /Ug

that yields in an irradiation an activity of 1 nCi (2.22 X0
J
 dpm).

The calculations are made for the following experimental conditions:

1) the sample is irradiated with neutrons produced'by bombarding a

thick Be-target with 16, 23, 5? and 53 MeV deuterons

2) the deuteron current I
d
 = 10 /UA

3) the angle У- given by the size of the sample and by its distance

from the Be-converter is assumed to be 20°

4) the irradiation time is two half-lifes of the radionuclide

produced, i. e. 75$ of the saturation activity is produced

5) the abundance of the isotope in the natural clement is assumed

to be 100$

The trends of the limits of detection obtained for (n,2n)-, (n,p)-

and (n,a)-reactions under these conditions are shown as a function

of the atomic number in Flgc. 7-9. Some of.the conclusions which

one can draw from these figures' are:

7/
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Pig. 7. Limits of detection for activation analysis via (n,2n)
reactions as a function of Z of the activated nuclide

Pig. 8. Limits of detection for activation analysis via (n,p)
reactions as a function of Z of the activated nuclide
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Fig. 9. Limits of_.detection for activation analyyifi via (n,a)
reactions as a iamction of Z of the activated nuclide
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1) The limits of detection deorease with increasing deuteron energy

E d. This is due to the increase of the neutron flux with Ed..
2) The limits of detection obtained for the (n,p)- and (n,a )-

reactions increase rapidly with the atomic number of the nuclide
in question. This Is due to the fact that the emission probabi-
lity for protons and a-partielos decreases with increasing height
of the Coulomb barrier.

2) For E d>55 MeV the limits of detection for the activation analy-
sis based on the (n,2n)-reactions are below 0,1yug over the
whole Z-range considered here.

The values calculated for the limits of detection were checked by
comparison with experimental results obtained in irradiations of
several nuclides for two different neutron spectra. The results are
summarized in Table l.The agreement between the calculated and
experimental values can be considered as satisfactory. With the
exception of As the deviations are less than

It should be emphasized that the values given in Figs. 7-9 and Table;
1 represent limits that can be achieved under conditions of no
interference.

The absolute values for the'limits of detection depend, of course,
largely on the definition and the experimental conditions used In
the calculations. Due to this fact a direct comparison with values
published by other authors are in general not possible. Therefore
we have calculated the limits of detection for activation with
14 MeV neutrons using the above mentioned definition and experi-
mental conditions.- The flux of 14 MeV neutrons hitting the sample
was assumed to be 10 n/sec.
In Fig. 10 the dependence of the ratio of the limits of detection
calculated for 14 MeV neutrons to those obtained for cyclotron-
produced neutrons for 53 MeV deuteron energy on the atomic number
of the activated nucli'de is given. Under the conditions used in
the comparison, i'ic limits of detection for cyclotron-produced neu-
trons are by a factor of 20 to 100 lower than those for l'l MoV nou-
trons. An essential 'improvement of the sensitivities can be achiev-
ed in activation via alJL three considered reactions for light ele-
ments if,' a cyclotron is used instead of a 14 MeV neutron generator.
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Table I
Comparison of calculated and experimentally determined limits

of detection in/Ug for (n,2n)~, (n,p)- and (n,a)-reaetions

Reaction

•4Jo(n,2n) Co
As(n,2n) As

l 2 7 I ( n , 2 n ) 1 2 6 I
l69Trn(n,2n) l68Tm

27Al(n,p)27Mg
5 1V(n,p) 5 1Ti
59Co(n,p)59F@
7 5As(n,p)7 5Ge
27A1 (n,d)24Na
5 1V(n,a)4 8Sc
7 5As(n,a)7 2Ga

1 5 3 C s ( n , a ) 1 5 0 I

Cale.

0.20
0.20
Ü.26
0.50
1.57
2.64
5.62
5.52
0.87
5.20

16.5
107.0

55 MeV
Exp.

0.24
0.17
0.28
0.22
1.52
2.06
5.80
2.18
0.7^
4.65

10.6
93.6

Gale.

0.46
0.44
0.46
0.47
1.19
3.55
4.70
7.90
0.99
8.85

28.6
298.О

55 MsV

li'Ap:

0.49
0.24
0.46

0.56
1.12
5.94
5.20
4.89
0.94
6Л6

20.5
272.6

OPTIMIZATION OP IRRADIATION CONDITIONS

The use of a cyclotron for the production of fast neutrona has also

another advantage, because the maximum of the neutron spectra catï •
be shifted to obtain the best irradiation conditions.

The positions of the maximum cross section for the three reactions
considered he/*e vary between 8 and 25 MeV. Using a cyclotron the
deuteron energy can be chosen in such a way that the maximum of the
neutron spectrum is located at the same energy as the maximum of
the excitation function for the desired reaction. In the case of
generator-produced 14 MeV neutrons a selection of optical irradi-
ation conditions is not possible.

For example, the fast neutron activation analysis can be a very
useful method for the determination of aluminium and silicon In
niobium via the (n,p)-reaefelon . But as Pis* И shows, the cro^ti

section for the (плО-гоаеМоп with Л1 (and similarly with Si) at

14 MeV energy has a value of about l/J>(5„
nv
 while the crocs section

for the interfering (n,2n)-reaction of No, as a matrix nuclide,

lies near 6L,„„. Optimal conditions for irradiation with cyclotron-
Шал
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Fig. 10. Ratio of limits of detection for 14 MeV neutrons

(10 n/sec),and cyclotron-produced neutrons (E. = 55 MeV,

1^ a 1С/UA) as a function of Z of the activated nuelide
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Fig. 11. Choice óf optimal neutron spectrum for
determination of aluminium and silicon in niobium

produced neutrons are achieved at a deuteron energy of 24 KeV,
since the maxima of the neutron spectrum and of the excitation
functions for Al(n,p)- and Si(n,p)-react3ons overlap, while
niobium is activated via the (n,2n)-reactlon only by a tail part
of the neutron spectrum.

у .
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