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The recent improvements, in such accelera-
tors as the Cockcroft-Walton or Van de Graaff 
type in the shape, the operating methods, the 
available neutron fluxes and the cost of 
neutron generators, make them particularly 
useful as the neutron source in radioactiva-
tion analysis.1-3) 

In such machines 14 MeV. neutrons are 
produced by the 3H (d, n)'He nuclear reaction, 
using deuterons accelerated at 100 to 150 kV. 
The neutrons so nroduced can narticinate in
(n,p), (n, α),(n, n) and (n,2n) reactions for

various nuclides. As the radioactivities pro-

duced by the reaction are generally of short 
half-lives, fast radioactivation is made possible 

for many elements. 

Several concise summaries of theoretical 

sensitivity values for various elements activated 

by 14 MeV. neutrons have been published.4,5) 

Although these data are very useful for a rough 

estimation of the sensitivities of each element, 

they are only approximate, mainly because of 

the inaccuracy of the present cross section 

value in the 14 MeV. neutron reaction. 

This paper will describe experimental results 
-concerned with the sensitivity, results which 

have been obtained by an experimental 

method with practical applications as an in-

dustrial routine analysis ; it will also discuss 

radioactivity which has not been described in 

the sensitivity data so far published. 

Experimental 

Neutron Source. -A thick tritiated zirconium 

target (3 curies ; The Radiochemical Centre, 
Amersham, Buckinghamshire, England) was bom-
barded with a deuteron beam of 100 to 170 KeV.
and of s to 10 μamp. by the Cockcroft-Walton

type accelerator of Konan University. The neutron 
strength during the irradiation was continuously 
measured by a proportional counter with a cesium 

iodide scintillator which had been set in the

accelerator tube to count the associated alpha 

particles from the T-D reaction. The absolute 

neutron flux at the sample position was determined 

by the activation method of standard copper foil, 

the beta radioactivity of which was measured by a 

4ƒÎ gas-flow counter using Q gas. 

Sample Transfer System and Neutron Irradia-

tion.-A polyethylene " bunny " capsule (1.3 cm. 

i. d., 4.6 cm. long, 0.1 cm. thick) containing the 

sample was transferred, by means of a vacuum 

cleaner (500 watt), between the irradiation position, 

which was set to come to the sample center 3.5 

cm. below the target, and the radioactivity detector 

through a flexible vinyl tubing (1.8 cm. i. d., 10 m. 

long). Irradiation was started by turning on the 

accelerator beam switch, and it was timed with a 

stop watch. At the end of 10.0 min. irradiation, 

the transfer system was turned on to bring the 
" bunny " capsule back to the well of the scintil -

lation detector. The average travel time of the 

capsule from the irradiation position to the detec-

tor was 3.5 sec. 

Radioactivity Measurement.-The radioactivity 

induced in the sample was measured by a shielded 

well-type sodium iodide-scintillation detector (Har-

show, 4.45 cm. dia., 5.08 cm. height, well : 1.91 cm. 

dia., 3.81 cm. deep) optically contacted with a 

photomultiplier tube (RCA 6342-A). Pulses from 

the phototube were fed to a linear-amplifier and 

then to a single-channel pulse height analyzer, the 

output from which was fed to a scaler. 

The gross gamma ray counting was done for 

10.0 min. in the sensitivity determination. In 

another run using the same sample, the decay 

curve was traced for an appropriate length of time 

and, consequently, the produced radioactive nuclide 

was analyzed. In the runs the countings were 

started after only 5.0 sec. of irradiation. However, 

the oxide, carbonate, acetate and nitrate samples 

were started after 40 sec., it being necessary first to 

eliminate the influence of the 16N produced by the 

(n, p) reaction on oxygen. 

Using the mean value of neutron flux observed 

during the irradiation, all the net counts, which 

were obtained by subtracting the counts in the 

empty capsule from the counts with the sample, 

were normalized to the data in a standard neutron

flux(1.0×105 neutrons per cm2 per sec.)and were

also corrected for the variations in the weight of 
each sample. 

Irradiation Sample.-A definite amount of the 
sample was pressed into a pellet (1.2 cm. dia., 
less than 3.4 cm. long) and put in the bottom of 
the "bunny" capsule. 

 The chemical forms of the samples were as
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follows : the elements of silver, aluminum, arsenic, 
bismuth, calcium, cerium, cobalt, chromium, 
copper, iron, indium, iridium, lithium, magnesium, 

manganese, molybdenum, nickel, phosphorus, 

platinum, rhodium, ruthenium, sulfur, antimony, 
selenium, silicon, tin, tantalum, tellurium, thallium, 
tungsten, zinc and zirconium ; the oxides of 

dysprosium, gallium, germanium, mercury, lan-
thanum, niobium, lead, praseodymium, samarium, 
titanium, vanadium and yttrium ; the carbonates 
of cesium, potassium, sodium and rubidium ; the 

acetates of barium and strontium ; fluorine as 

polytetrafluoroethylene ; bromine as dibromoben-
zene ; iodine as methyl iodide ; nitrogen as ammo-
nium nitrate and oxygen as oxalic acid. 

Results 

Radioactive Nuclide Produced by Fast Neutron 

Reaction. - The nuclides so produced were 

analyzed by the decay curves obtained in the 

radioactivity measurements. The quantity ex-

pressed with the counting rate of the nuclide 
at the end of irradiation has been plotted 

against the half-life of the radioactivity ; it is 

shown in Fig. 1. In Fig. 1 the nuclide is 

marked with the parent isotope in the nuclear 

reaction, while the waved line shown under 

the reaction mark indicates the activation to 

the metastable state of an isomeric pair. The 

nuclear reactions shown with the black point, 

that is, in cerium, germanium, gold, rubidium 

and selenium, have not been described in 

previously-published sensitivity data 4,5) but, 
nevertheless, produce considerable amounts of 

radioactivity. 

In Fig. 1 the ambiguous weak radioactivities 

of less than 100 counts per min. are not 

plotted. 
In the other experiments, the sensitivity for

TABLE 1. SENSITIVITY FOR RADIOACTIVATION 

ANALYSIS

the activation analysis has been estimated. In 

these cases the sensitivity was assumed to be 

the quantity of the element needed to give 

500 counts in a 10-min. measurement. How-

ever, in oxygen and gold only 100 counts was 

adopted in the 1 min. measurement ; this was 

because of their short-lived radioactivities. 

The results are shown in Table I. 

A Consideration of Experimental Error.-The 

experimental error in the results described 

above was caused mainly by the fluctuations 

of the neutron flux on the sample during ir-

radiation. A typical example of the fluctua-

tion curve is shown in Fig. 2. In the adopted

Fig.1. Radioactive nuclide produced by 14 MeV. neutron reaction.

○: (n,2n) reaction △: (n, p) reaction

×: (n,α) reaCtiOn □: (n, n') reaCtiOn
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Fig. 2. Fluctuation of neutron flux during 

irradiation.

neutron flux itself, which was the mean value 
of the plots in Fig. 2, an uncertainty of 2.9% 
is estimated. In all the runs, an approximate 
3.5% error could be assumed. 

However, when relatively short-lived nuclides 
were to be measured, the neutron flux fluc-
tuations near the end of irradiation become 
important and, therefore, the results tend to 
be less reliable. Although the theoretical 
error estimations in such nuclides are very 
difficult, roughly a 10% error was inferred 
from the experiments. 

 The neutron flux variation in the sample 
set at the irradiation position gave about a 
5% error as a maximum. However, after the 
flux distribution had been determined by the 
activation method of copper monitor foils set 
at various positions in a polyethylene " bunny " 
capsule during irradiation, the corrections for 
sample position (sample thickness) were made 
in all the experimental results and, therefore,

the error based on sample position became 
negligibly small. 

Discussion 

The short-lived radioactivities produced in 
germanium, selenium, rubidium and cerium 
are probably produced by (n,2n) reactions; 
that is, they are due to Ge-75 m (48 sec.), Se-
77m (19 sec.), Rb-84 m (23 min.), Rb-86 m 
(1.02m) and Ce-139 m (55 sec.). The radio-
activity produced in gold might be due to the 
Au-197m (7.2 sec.) produced by the (n, n') 
reaction. 

It is possible improve the sensitivity by 
using a more sensitive gamma ray detector or 
higher neutron fluxes. Even in these cases, 
however, the relative sensitivity values are 
not expected to differ greatly from the data 
reported in the present paper. It is, therefore, 
believed that the present data will be useful 
in a general consideration of radioactivation 
analysis by 14 MeV. neutrons. 
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