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Mines Branch Research Report R 155 

ACTIVATION ANALYSIS WITH A NEUTRON GENERATOR 

by 

Hugh P. Dibbs* 

SYNOPSIS 

An account is given of an activation analysis 
system using a neutron generator as a neutron source. 
The shielding requirements for high-energy neutrons 
and the experimental irradiation facilities are des-
cribed. Activation yields have been calculated, under 
defined conditions, for all stable nuclides that on irradi-

ation with 14 MeV neutrons or with thermal neutrons 
produce gamma-emitting isotopes. Experimental 
measurements have also been made to determine the 
sensitivity of detection of sixty-six elements. The 

gamma-ray spectra resulting from a number of these 
empirical determinations are presented. 

*Senior Scientific Officer, Mineral Physics, Mineral Sciences Division, 
Mines Branch, Department of Mines and Technical Surveys, Ottawa, 
Canada. 
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ANALYSE PAR ACTIVATION À L'AIDE D'UN 
GÉNÉRATEUR DE NEUTRONS 

par 

Hugh P. Dibbs* 

RÉSUMÉ 

L'auteur décrit une méthode d'analyse par 
activation à l'aide d'un générateur neutronique émet-
tant ces particules, les caractéristiques des écrans 
qu'exige l'emploi de neutrons de grande énergie, et 
les installations d'irradiation expérimentale. Il a 
calculé les rendements d'activation sous des condi-
tions déterminées pour tous les nuclides stables qui, 
soumis 1. une irradiation de neutrons d'une énergie 
de 14 MeV ou de neutrons d'énergie thermique, 
forment des isotopes émettant des rayons y. Des 
mesures d/essai ont ét4 également effectuées en 
vue de déterminer la sensibilité de soixante-six 
éléments détecteurs. L'auteur présente les spectres 
de rayonnement -y obtenus au cours d'un certain nombre 
de ces déterminations empiriques. 

*Agent sel-end-figue senior, Physique des minéraux, Division des sciences 
minérales, Direction des mines, ministre des Mines et des Relevés 
techniques, Ottawa, Canada, 
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INTRODUCTION 

Neutron activation analysis is an analytical technique that has 
gained wide accepta.nce in recent years as a very sensitive method for the 
quantitative determination of a large number of elements (1-3). The method 
depends upon the fact that most elements become radioactive on neutron 
bombardment. The radioactive isotopes that are formed are unstable," and 
decay to a stable ground state with the emission of beta and/or gamma 
radiation of characteristic energies, and with definite half-lives: factors 
that usually allow unambiguous characterisation of a radioisotope. Although, 
in principle, activation analysis is an absolute method of analysis, in prac-
tice the method is almost always performed on a comparison basis. Thus, 
if a given element is being determined in a sample, a known weight of the 
element,as a standard, is usually irradiated simultaneously. 

Following the neutron irradiation, a comparison of the activity in-
duced in the known weight of the standard with the activity from the same 
isotope in the sample, give s a quantitative measure of the weight of the ele-
ment in the sample. In many cases, particularly where the concentration of 
the element of interest is low, it is necessary for counting purposes to sep-
arate chemically the isotope of interest from the (radioactive) matrix. This 
separation may be performed by conventional chemical techniques, normally 
after the addition of an inactive carrier (4). 

Activation analysis differs from most conventional analytical methods 
in that it is based on a nuclear interaction and is not concerned with the 
behaviour of the outer electron shells of atoms. The method is thus indepen-
dent of the chemical (or physical) state of the target element and provides a 
true elemental analytical technique. An important corollary of activation 
analysis being a nuclear phenomenon is that, since the nuclear properties of 
an element (in terms of neutron activation cross sections and half-lives of 
product isotopes) are unrelated to its chemical properties, elements that 
are very similar chemically (and hence difficult to determine by chemical 
methods) may often be readily determined by activation analysis. 

The high sensitivity associated with activation analysis is a result of 
two factors. Firstly, the uncharged nature of the neutron,which means that there 
is a negligible energy barrier for the neutron-nucleus interaction, and sec-
ondly, the availability of very-high-flux thermal neutron reactors together 
with the relatively high probability of neutron-nucleus interaction at thermal 
neutron energies (0.025 eV). In all cases where high analytical sensitivity 
is requiredl it is necessary to use a reactor as a neutron source. However, 

the need to use a reactor places severe restrictions on many laboratories 
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that wish to perform neutron activation analysis. Ready access to a reactor 

facility is not always possible and logistic difficulties often preclude the use 

of short-lived isotopes unless an on-site experiment can be arranged. 

Moreover, the very high analytical sensitivity that is available using a re-
actor is not always required to perform many useful activation analysis 

studies. A number of alternative neutron sources, other than reactors, 

are available. Their characteristics are listed, together with a typical 

high-flux reactor, in Table 1. 

TABLE 1 

Outputs Available from Various Neutron Sources 

Average Neutron 

Source 	 Neutron Production 	Neutron Output 	Energy at Given 

Method 	 or Flux 	 Output or Flux 

1 curie Sb/Be 	Be-9(y,n)Be-8 	1.3 x 10 6 n/sec 	 0.025 MeV 

1 curie Am/Be 	Be-9(a,n)C-12 	2.5 x 10
6 n/sec 	 4.5 	MeV 

1 curie Ra/Be 	Be-9(a,n)C-12 	1.3 x 10 7 n/sec 	 4.0 	MeV 

Van de Graaf 
Accelerator 	Be-9(d, n)B-10 	2.5 x 10 8  n/cm2 -sec* 	0.025 	eV 

Cockroft-Walton 
Accelerator 	H-3(d, n)He -4 	1011n/sec 	 14 	MeV 

Reactor (N. R. U. , 
Chalk River) 	U fission 	 2 x 10

14
n/cm

2
-sec* 	0.025 	eV 

*Neutron flux following thermalisation. 

None of these sources can approach a reactor in terms of neutron 
output, but they do provide relatively low-cost neutron sources that may be 

under the control of the individual laboratory. The Cockroft-Walton accel-

erator, referred to in Table 1, provides perhaps the most versatile laboratory 
source. Neutrons are produced according to the reaction 

H-2 + H-3 = He-4 + n + 17.6 MeV 

by accelerating a beam of deuterium ions and causing them to impinge on a 
tritium-containing target„ This type of accelerator (or neutron generator, as 
it is commonly called) is now available commercially from a number of 
manufacturers„ Although the neutron output of the generator is many orders 

of magnitude lower than a reactorls,the output is nevertheless significantly 

higher than the neutron output from the currently available isotopic neutron 
sources. An interesting feature of the neutron generator, using the (d, T) 
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reaction, is that it produces essentially mono-energetic 14 MeV neutrons. 
This energy is greater than the average binding energy per nucleon  in the 
nucleus, for all but a few low Z elements -. It is thus possible,with 14 MeV 
neutrons, to induce reactions in which one or more nucleons are emitted 
from the nucleus, 1. e.  reactions of the type: 

A 	 A-1 
M  +n 	 M  +2n  

A 	 A 
M  +n  

Z-1 

A 	 A-3 
M  +n 	 P + 

Z-2  

where Z = number of protons in the target nucleus and A = number of pro-
tons and neutrons in the target nucleus. 

With thermal neutron activation (neutron energy 0.025 eV), which is 
the usual activation process in a reactor, reactions are nearly always of 
the type: 	 • 

A 	 A+1 
M  +n 	 M + y 

The 14 MeV neutrons produced by a neutron generator may, of course, be 
slowed to thermal energies with a suitable moderator, such as water. 

It is the purpose of this report to describe the application of a neu-
tron generator to laboratory activation analysis,using both 14 MeV neutrons 
and also thermal neutrons. Until recently the use of 14 MeV neutrons in 
activation analysis has been restricted almost entirely to the determination 
of oxygen (5),with very few references ta the determination of other elements 
(6, 7). This situation has arisen, in part, from a lack of a suitable mono-
energetic, high-energy neutron source. Although large fluxes of high-energy 
neutrons are present in a thermal neutron reactor, their use is limited, 
because of the high activity induced in most elements from the intense ther-
mal neutron background in the reactor.  If it is desired to use the fast neu-
trons in a reactor for activation analysis, special precautions have to be 
taken to minimise this background effect (8). For certain elements, e. g. 
oxygen, silicon, iron and lead, fast neutron activation (i.e. with 14 MeV 

+p  



neutrons) is a more favourable technique for analysis than thermal neutron 
activation, and,for oxygen in particular, allows a determination to be made 
that is not practical with a thermal neutron source. 

NEUTRON GENERATOR 

The neutron generator used in this work was a Model 150-IHV gen-
erator, manufactured by the Texas Nuclear Company, Austin, Texas. It 
consists of three separate components; the positive-ion accelerator section 
and vacuum pumps, a 150 kV power supply, and a control console. Approp-
riate cables interconnect these units and allow flexibility.  as to their relative 
locations. A maximum beam current of one milliampere at a 150 kV accel-
erating potential is specified for the generator. 

A schematic drawing of the accelerator-section is given in Figure 1. 
It operates under high-vacuum conditions. Following initial evacuation of 
the system to about one micron with a rotary oil pump, the rotary pump is 
valved-off and pumping is continued with an electronic-ion purnp. The elec-
tronic-ion pump is ideal for accelerator applications, since the absence of 
a pumping fluid ensures that contamination of the system cannot occur. A 
molecular-sieve trap was used between the rotary pump and the accelerator 
to prevent the back-diffusion of oil vapour from the rotary pump, which can 
cause contamination of the electrodes in the electronic-ion purnp. The ex-
haust of the rotary pump was vented to the outside of the building. A static 
vacuum of about 2 x 10 -7  mm is normally achieved. To produce neutrons, 
deuterium is admitted to the ion-source bottle through a heated palladium 
"leak", until a pressure of about 6 x 10 -6  mm is reached. The deuterium 
is then ionised by the application of a radio frequency field, through two 
metal rings capacitatively coupled to the .ion bottle. The ion source is of a 
modified Oak Ridge design (9) and gives an atomic-ion to molecular-ion 
ratio of about 9 to 1. Depending on the beam current required, a potential 
of up to 5 kV is applied to the ion bottle and the D+  ions extracted, through 
the canal, into the accelerator tube. For beam currents greater than 100 
microamperes, a solenoid coil around the base of the ion bottle is energised 
to increase the D+ ion-field in the vicinity of the extraction canal. Air is 
blown through the high voltage (terminal) section of the generator to cool the 
ion source and associated voltage supplies. The area around the solenoid 
coil becomes very warm during extended operation. The small blower in-
stalled on the generator was found to be inadequate to provide cooling fo r  
this section and was replaced by a much more powerful, 100 cfm axial fan. 
After acceleration, the D+ ions pass through a field-free region (drift tube) 
and impinge on a water-cooled tritium target. This target is 1.25 inches in 
diameter and consists of a thin titanium layer . (.../1 mg/cm 2 ) evaporated onto 
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a 0.01-inch-thick copper backing. Between 3-5 curiesiin. 2  of tritium are 

contained in the titanium layer, the active diameter of the target being one 

inch. A suppressor ring, at -100V, is placed close to the target to prevent 

electrons being attracted back to the accelerator tube and causing damage 

to the accelerator electrodes. The size of the beam on the target may be 

varied up to about 0.5 inch diameter by means of a focus control. The 
settings of the deuterium supply, extraction, focus, and high-voltage supply, 

are controlled from the control console. Preliminary familiarisation with 

the opera.tion of the generator is performed using hydrogen and a blank tar-

get. The beam itself can readily be seen in a darkened room at beam cur-

rents above 160 microamperes. 

The lifetime of the tritium target, i. e. the time during which the 

target will produce a useful neutron output, is an important aspect of gen-

erator operation. Although one tritium atom is lost for each neutron prod-

uced, a further and much more significant loss of tritium occurs both from 

deuterium-atom displacement of tritium in the target and probably also from 

a certain amount of thermal decomposition of the tritium-containing surface 

layer of the target. The actual chemical state of tritium in the target is a 

matter of some doubt and much of it may be present as chemi-sorbed tritium. 

Calculations indicate that considerably less than 1% of the tritium in the tar-

get is used to produce neutrons, the balance being dispersed in the vacuum 
system. Various half-lives for tritium targets have been reported and are 

of the order of 1-4 hours at one milliampere beam current (10, 11). At 

lower beam currents the half-life of the target is longer. It has been our 

experience that considerable differences occur in the operating lives of tar-

gets. Thus, of two new targets, each of about the same total activity and 

superficial appearance, one may give a much poorer operating life than the 

other. The relatively limited life of a target means that extended irradia-

tions  (j. e. for many hours) at high beam currents are not practical and this 

has placed an emphasis, in activation analysis with a neutron generator, on 

product isotopes of short half-lives. 

Although the active diameter of the target is one inch, it is not pos-

sible to use the edge of the target for neutron production and hence this edge 

portion is wasted. A number of targets have been prepared in which only the 

central area is active. These targets were made relatively cheaply (about 

$15 each) from a tritium-strip target, 0.625 inch wide and 10 inches long, 

obtained from the Radio  chemical  Centre, Amer sham, England. Sections, 

0.5 inch long, were cut from the strip and soft-soldered on the centre of 

a 1.25 inch diameter disc of O.F.H. C. (oxygen-free, high-conductivity) 

copper. Loss of tritium during the soldering operation was negligible. 

Because of the heat liberated on the target surface (150 watts at 

150 kV accelerating potential and one milliampere beam current),adequate 

water cooling of the target is necessary. In fact, without water cooling a 

hole may be rapidly burned through the target. As a safeguard against this 
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possibility, a simple water control device, based on the design of Houghton 
(12), was placed in the output cooling line from the target. If for any reason 
the water supply fails, or drops below a predetermined value, the high-vol-
tage supply (and hence the beam current) is automatically switched off. 

NEUTRON SHIELDING 

The high penetrating power of 14 MeV neutrons, together with their 
low biological tolerance (Table 2), means that a neutron generator requires 
a fairly massive shield for personnel protection. As will be seen in Table 
2, the biological hazard associated with neutrons decreases with decrease 
in neutron energy. 

TABLE 2 

Maximum Permissible Exposure for Neutrons as a Function 
of Neutron Energy (13) 

Neutron Energy 	.. 	 Flux  (n/cm  2-sec) to give 
100 mrem in 40 hr 

0.025 eV (Thermal) 	 670 
0.1 MeV 	 80 
1.0 MeV 	 18 

10 	MeV 	 17 

. 14 	MeV 	 10 

The shielding of high-energy neutrons is based upon decreasing the 
neutron energy by multiple collisions to epithermal or thermal energies, 
followed by capture(14). Hydrogeneous materials such as water, paraffin or 
polyethylene provide excellent thermalising media (15). Hydrogen also posses-
ses a useful thermal neutron absorption cross section (  o =0.33b) through 
the reaction H + n = D + y. The most effective form of shielding is that 
which can be arranged as close as possible to the tritium target in order to 
degrade the neutrons in energy before they can diffuse over large distances. 
Since neutrons are emitted isotropically from the target, it is necessary to 
make the geometry of this shielding as close as possible to 4 pi. Water has 
many advantages as a shielding medium; it is cheap, coherent and non-in-
flammable, but it does have the disadvantage of requiring a suitable con-
tainer. Figure 2 illustrates the shielding used in the immediate vicinity of 
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the target. The water- cooling cap around the tritium target touches the 
outside surface of the water tank. This three-feet-cube tank has two func-
tions: it acts as a thermalising medium when thermal neutron irradiations 
are required, and it also acts as a bulk shield for neutrons emitted in the 
forward hemisphere. For fast neutron irradiations, the sample holder or 
pneumatic transfer tube (see page 18) is placed against the inner side of the 
water tank directly in-line with the target. For thermal neutron irradia-
tions the sample holder is moved about 4.5 cm from the target. Plywood 
boxes, filled with paraffin wax, act as a shield for neutrons emitted in the 
rear hemisphere. These boxes may be very easily removed to change a 
target and afterwards repla.ced in their original positions. Leakage of neu-
trons still occurs through this primary shield, particularly through the drift 
tube section of the accelerator which penetrates the boxes of wax and which 
cannot be shielded. To allow greater shielding to be placed around the drift 
tube without interfering with the rest of the accelerator, the drift tube was 
increased in length by fifteen inches. 

The external shielding of the generator is shown schematically in 
Figure 3. The walls are built of standard, commercially available, solid con-
crete building blocks (nominal dimensions, 4" x 8" x 16"). These blocks 
are cheap (25 cents each), reproducible in size, and easily obtainable. They 
may also be stacked with a minimum of skill, albeit with considerable effort. 
The walls were built so that vertical cracks between the blocks were stag-
gered and did not coincide. Each alternate column of blocks was mounted on 
a half-inch layer of plywood , . so that horizontal cracks between adjacent 
columns of blocks also did not coincide. Approximately 4500 blocks were 
used in the shielding walls. Two of the walls around the generator did not 
require shielding as they were outside walls of the building and below ground 
level. The initial roof shielding consisted of a three-feet-thick layer of 

lumber (built from 2" x 8" x 12' lengths) supported by one shielding wall of 
the room and by an eight inch I beam (mounted on four pillars) on the other 
side of the room. Lumber has the advantage of being self-supporting and of 
reasonable hydrogen content. However, it was found that neutron-leakage 
occurred to the laboratory directly above the neutron generator. An additional 
eight-inch layer of concrete and ten inches of water (contained in plastic 

tanks) were added to the roof to reduce the field to acceptable levels. Fast 
neutron dose-rate readings around the shield were taken with a calibrated 
fast neutron monitor (Nucleonic Corporation of America, Model FN 2B). 

The readings obtained at various positions around the shield, for a fast neu-
tron flux of 5 x 10 8  nicm 2 -sec, are given in brackets in Figure 3. As the 
generator normally operates for only a relatively small part of the working 
week, dose-rates higher than those listed in Table 2 could be experienced 
and still maintain the weekly dose below tolerance level. All personnel 

associated with the operation of the generator are supplied with fast neutron 

film badges, the readings of which have always been well below tolerance 
levels. 
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A high-voltage supply interlock was installed on the gate of the gen-
erator room, as a safeguard for personnel inadvertently entering the room 
while the generator was operating. If the gate is opened the high-voltage 
supply (and hence the neutron output of the generator) is automatically 
switched off. 

A view of the external shielding of the generator room is given in 
Figure 4, and a view of the inside of the generator room in Figure 5. 

The counting equipment used for the measurement of gamma-ray 
spectra is situated only a few feet from the outer shielding wall of the gen-
erator room. When the generator is operating,a neutron-induced background 
is found in the NaI (Ti ) scintillation crystal. This background arises from 
the prompt gamma radiation emitted in the vicinity of crystal, following the 
capture of low-energy neutrons that have diffused through the concrete shield-
ing of the generator room. A shielded enclosure for the NaI (Tl ) scintilla-
tion crystal (Figure 6) was built to minimise this background. The inner 
lead shield is constructed after the Chalk River design (16) and is enclosed 
by two inches of boron-loaded paraffin wax and by an eight-inch-thick layer 
of concrete blocks. The concrete blocks were soaked overnight in a satura-
ted solution of boric acid before installation. Boron has a high thermal neu-
tron absorption cross section and emits relatively non-penetrating 0.48 
MeV gamma radiation following neutron capture. 

In certain cases, e. g. the determination of small concentrations of 
oxygen (5), it is necessary to count a sample immediately after the irradia-
tion has ended and to remove completely the neutron-induced background 
before counting begins. In the present system, neutron production was 
stopped instantly at the end of the irradiation by tripping the generator beam 
switch, which de-energises the radio frequency supply to the ion source. 

FLUX DISTRIBUTION 

In order to obtain the best utilisation of the neutron output of the gen-
erator, it is necessary to know the neutron energy distribution in the water 
tank, as a function of distance from the tritium target. This distribution was 
measured, for both fast and thermal neutrons, by foil activation techniques. 
For fast neutron measurements copper foils were used, and the positron acti-

vity resulting from the Cu63 (n, 2n) Cu62 reaction was measured with a single-
channel gamma-ray spectrometer. For the measurement of the thermal neu-
tron flux distribution, indium foils were used and the beta particles from the 
In115 (n,-y ) In 116m  reaction were measured with a thin window Geiger- 

ller counter. 
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MOVABLE LID 	_BORATED WAX RAPID TRANSFER TUBE 

CONCRETE 

- 14 - 

FIGURE 6. SHIELDED ENCLOSURE FOR SCINTILLATION COUNTER. 



- 15 - 

The foils for each measurement were mounted, parallel to the tar-
get, in regularly spaced slots cut in a 0.4 inch diameter Lucite rod. The 
rod was placed approximately in line with the centre of the target. The 
foils were then irradiated for a sufficient time to give an adequate count-
rate for the foil farthest from the target. 

Figure 7 shows the distribution of the fast neutron flux with thickness 
of the water moderator. The fast flux decreases rapidly with distance and 
it is therefore necessary to have accurate positioning of the sample,which 
also should be as close as possible to the target. The thermal neutron flux, 
on the other hand, goes through a broad maximum at about 4.5 cm of water 
(Figure 8), so that accurate positioning in this case is not as important .  
The cadmium ratio, that  is,  the ratio of the activity induced in a bare foil 
to the activity induced in a foil covered with a 0.04" thick layer of cadmium 
(which absorbs all neutrons of energy less than 0.4 eV)e was about 7.5 at the 
position of maximum thermal flux. 

The absolute flux available at the fast neutron irradiation position 
was measured by activating a thin copper foil. The foil was placed as an 
annular ring around the inner surface of a standard polythene irradiation 
vial (see page 20), so that the whole of the inner surface of the vial was 
covered. This arrangement allowed the average flux over the vial to be 
measured, rather than a maximum flux over a small area immediately oppo-
site the target. After irradiation, the positron activity from the copper-62 
was counted with a 3" x 3" NaI (T1 ) scintillation detector. The detector 
was calibrated with a sodium-22 source, previously measured absolutely by 
4 pi p _ y counting. The maximum, average fast neutron flux from a new 
target was about 6 x 10 8 n/cm 2 -sec. The maximum, average thermal neu-
tron flux at about 5 cm from the target is estimated to be about 1 x 10 8 n/cm 
sec. 

IRRADIATION FACILITIES 

In performing activation analysis with a nuclear reactor it is custom-
ary for irradiation times to be of the order of a number of hours or days (17). 
Such relatively long irradiations are not posSible with a neutron generator 
and a number of short irradiations are both more practical and economical. 
Since the growth law for the formation of induced activity, as a function of 
irradiation time (18,!, favours the more rapid build-up of induced activity for 
short-lived isotopes, rather than for long-lived isotopes, emphasis in neu-
tron generator operation is placed on isotopes of short half-lives. Short 
irradiations are also adequate to produce sufficient induced activity for count-
ing purposes when dealing with macro amounts  (1. e.  grams) of a given tar-

get element, although the half-life of the product isotope may be relatively 
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long. 

In all cases involving a product isotope of short half-life, it is neces-
sary to irradiate the sample after the neutron output of the generator has 
been adjusted to the required value. If the sample were placed in an irradi-
ation position and then the neutron flux adjusted, the sample would receive 
a varying flux during the irradiation period. As a result of the varying flux, 
the build-up of activity during successive irradiations of other samples and 
standards would be an indeterminate function of irradiation time. It would 
not be possible, under these conditions,to normalise the induced activity to 
the neutron flux for the different irradiations. With product isotopes of 
short half-lives it is also mandatory that the sample should be counted as 
soon as possible after the irradiation has ended, in order to minimise decay 
time losses. For short irradiations, a pneumatic transfer system has been 
constructed that permits a sample to be transferred rapidly and reproducibly 
between the irradiation position and a counter. 

Where the half-life of the product isotope is fairly long, counting 
with a minimum decay time following irradiation is not so significant. For 
this type of sample, a rotating rack irradiation facility has been used that 
allows the simultaneous irradiation of up to four samples. With both the 
pneumatic transfer system and the rotating rack facility, a cadmium sleeve 
can be placed around the sample to minimise thermal neutron effects during 
fast neutron irradiation. A description of both types of facility will now be 
given. 

Pneumatic Transfer System 

This system is shown in Figure 9. The transfer tube is made of 
3/4" ID, Schedule 80 polyvinyl chloride tubing. This tubing is quite rigid 
but may be bent by wrapping a heating tape over about an eighteen-inch sec-
tion and gently bending when the tubing becomes pliable (80-90°C). Dry air, 
at a pressure of 60 psi, is used to blow the sample into the irradiation posi-
tion  and, after irradiation, to return it for counting„ The air pressure, for 
each transfer, is admitted to the system through a solenoid valve (Versa 
Products Company, Inc. Model VSG-4322). This type of valve is well suited 
for use with a transfer facility. When it is not energised there is a direct 
path from (a) to (e) (Figure 9). Thus the air being admitted to the transfer 
tubing through the other solenoid valve can escape through port (e). The 
same procedure opera.tes with the valves in the opposite mode for the re-
verse transfrr. A _minimum pressure of 40 psi is required to operate the 
valves. The time during which each valve is open is controlled by a timer 
(Industrial Timer Corporation, Model PAB-6S) that may be set to 0.1 sec- 
ond. Transit times for the 35 feet of travel between the irradiation position 
and the counting position are somewhat dependent on sample weight and are 
normally in the range of 0.4 - 0.8 second. For very heavy samples, the 
air pressure may be increased to maintain transit times in this range. 
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The sample containers used in the transfer system were polythene 
vials with a nominal capacity of 5 ml. These vials are cheap, reproducible 
in size, and contain negligible impurities. Vials of similar capacity were 
obtained from two suppliers: A.D. Wood, Ltd., London, England,and 
Olympic Plastic Co., Inc., Los Angeles, U. S.A. The vials from A.D. 
Wood, Ltd. were preferred because of their somewhat lower oxygen content. 
After filling with a sample, the lids of the vials are heat-sealed with a small 
soldering iron. 

In order to ensure reproducible positioning of the sample vial in the 
neutron beam and beside the scintillation counter, the transfer tube in these 
positions is inclined at an angle of 35°, This removes the possibility of the 
sample bouncing back from these stop positions at the completion of either 
transfer. The transfer system has been used successfully for many hundreds 
of irradiations and has been found to be very reliable. 

Activation analysis experiments requiring short irradiations in the 
pneumatic facility usually involve successive irradiations, for the same 
time, of a number of samples and standards. Although the time of these 
irradiations may be regulated by complete manual control of the IN and OUT 
solenoid valves, it is more accurate to have a control circuit that will pro-
vide a reproducible, pre-set irradiation cycle. Two separate control cir-
cuits were designed for this purpose. One circuit allows irradiation times 
of up to 55 minutes to be selected, while the other, which was built specifi-
cally for automatic control in the determination of oxygen (via 7.14 second 
nitrogen-16), has a fixed irradiation time of 40 seconds. This automatic con-
trol circuit also switches on the counting equipment at the end of the irradia-
tion cycle to measure the induced activity in the sample. Apart from the 
determination of oxygen, this control circuit has been found useful for other 
short-lived isotopes with half-lives comparable to nitrogen-16, e„ g. gold-
197m , phosphorus .34, and hafnium-178m. 

The pre-set time control circuit is shown in Figure 10„ To operate 
this circuit, the required irradiation time is set on the X-Ray Timer, and 
switches (c), (d), and the neutron scaler switch are closed. The irradiation 
cycle is then started by momentary closure of the spring-loaded switch (a). 
This DPDT switch performs two functions: 

(1) It closes the latching relay  L. R.  2 (Potter and Brumfield, PC 
Series, Type 11A). This relay opens the stop-start circuit 
in the neutron scaler, to monitor the relative neutron flux re-
ceived by the sample during irradiation. 

(2) It also closes an electrically-actuated clutch in the IN timer 
that causes 110V to be applied to the IN solenoid valve (for 
the time set on the IN timer - normally about 0.5 second) 
to send the capsule into the irradiation position beside the 
neutron generator. 
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The 110V supply from the IN timer also switches the double-coil 
latching relay L.R.1 (Potter and Brumfield, KB Series, Type 17AG) that 
applies 110V to start the X-Ray Timer. A pilot light is used on a normally 
closed set of contacts in this relay to indicate that the relay is in the correct 
latching position for the irradiation cycle. During the irradiation period, 
this "ready light" goes off. When the irradiation time (as set on the X-Ray 
Timer) has elapsed, the X-Ray Timer switches off. A cam-actuated Micro 
Switch, mounted in the Timer, then closes and gives 110V at the output of 
the Timer. This 110V is used to: 

(1) Close relay R.1. When R.1 closes, switch (b) is shorted and the 
OUT timer energised to send the capsule from the irradiation 
position; also,the relay L.R. 2 is simultaneously energised to stop 
the neutron scaler. 	If switch (g) is in the manual position, the 
generator beam switch will be tripped at this time, which will 
stop the neutron-induced background on the scintillation counter. 

(2) Apply 12. 6V, through the filament transformer TRI, to the 
heater of the 6NO2 tube. This thermal delay tube is designed 
to operate at a heater voltage of 6V and nominally to remain 
open for two seconds. However, it was found that with a 12. 6V 
heater supply, the tube would close in about 0.4 second. 

When the thermal delay switch in the 6NO2 tube closes, 110V is 
placed on the other coil of relay L.R. 1, which then switches to its initial 
po.  sition and disconnects the 110V supply voltage, through the X-Ray Timer, 
to TRI and relay R.1. The control circuit has now returned to its original 
position and may be used for another irradiation. 

In certain instances, when measuring the rate of decay of a particular 
sample, it is necessary to know accurately the time from the end of irradia-
tion. For this purpose an elapsed time meter (M.1) is started,through the 
latching relay L.R.3, at the same tirne that the OUT solenoid is energised 
to send the capsule from the irradiation position. This relay may be re-set 
with switch (f). 

If complete manual control of the irradiation cycle is desired, the 
pre-set time control fu.nctions may be by-passed by leaving switches (c) and 
(d) open. The capsule is then returned after the irradiation by manually 
closing switch (b). Manual operation is very convenient as a pre-irradiation 
check on the transit times of capsules of different weights. 

The neutron generator is frequently used for the determination of 
oxygen. A control circuit that permits the irradiation, monitoring, and 
counting sequences to be performed automatically is shown in Figure 11. The 
operation of the circuit is controlled by an Industrial Timer Corporation 
multi-cam timer (Model RC3 with an A-18 gear train). This unit consists of 
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a 2 rpm synchronous motor and gear-train assembly, that drives a shaft 
through one revolution in ninety seconds. Seven adjustable cams are moun-
ted on the shaft, each of which opens or closes a Micro Switch (MS1 to MS7) 
for any selected portion of the operating cycle between about one second and 
eighty-nine seconds. The motor is started by a momentary pulse of current, 
which energises a starting magnet, and stops after one revolution. For 
continuous re-cycling, the starting magnet is maintained energised for as 
many cycles as required. 

After starting the multi-cam timer motor, through momentary clos-
ure of the auto-start switch, the following sequence-of operations is per-, 
formed, each operation being controlled by a cam/Micro Switch combina-
tion., The particular Micro Switch used is shown in brackets. 

(1) Start the IN timer, to energise the IN solenoid valve, to send the 
capsule into the irradiation position (MS 1). 

(2) Start the neutron scaler, to monitor the neutron flux, when the 
capsule arrives in the irradiation position (MS 2). 

At the end of the irradiation period, start the OUT timer, to 
energise the OUT solenoid valve, to send the capsule to the count-
ing position (MS 4). 

(4) At the end of the irradiation period, stop the neutron scaler 
(MS 2). 

When the capsule is beside the scintillation counter, start the 
counting equipment (MS 5). 

(6) Switch off the counting equipment after the counting period (MS 5). 

When the auto-start switch is in the multi-cycle mode, record 
the number of cycles run on a mechanical register (MS 7). 

(8) When it is necessary to switch off the generator during the count-
ing period, energise the double-coil latching relay L.R„ 4, to 
switch off the generator beam switch (MS 3). (This occurs when 
the beam switch is set in auto position.) 

(9) Reset the beam switch at the end of the counting period, by ener-
gising the other coil of L.R. 4, so that the generator is ready for 
a further run (MS 6). 

(3) 

(5) 

(7) 

The cams on the multi-cam timer were adjusted to the time schedule 
shown in Table 3. 
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TABLE 3 

Cam/Micro Switch Time Settings for Auto Control Circuit 

Operation 	 Function 	 Cam/Micro Switch 	Time from 
Number 	 Combination 	Start (seconds) 

_ 	  
1 	 Start IN timer 	 MS 1 	 2 
2 	 Start neutron scaler 	 MS 2 	 3 
3 	 Start OUT timer 	 MS 4 	 43 
4 	 Stop neutron scaler 	 MS 2 	 43 
5 	 Start scintillation counter 	 MS 5 	 44. 5 
6 	 Stop scintillation counter 	 MS 5 	 84. 5 
7 	 Activate mechanical register 	 MS 7 	 86. 5 
8 	 Beam switch off 	 MS 3 	 44 
9 	Beam switch reset 	 MS 6 	 86 

A delay period was allowed between operations 3 and 5 that is longer 
than the normal transit tirne of the capsule from the irradiation position to 
the counting position. This was done so that any capsule that arrived in the 
counting position more slowly than usual was still counted correctly. The 
reproducibility of the control system was checked by the use of two 60cis 
sources to simulate the output of the neutron monitor and of the scintillation 
counter. The reproducibility was found to be better than 0.1%. By placing 
the auto-start switch in the multi-cycle position, the system will re-cycle 
for as rnany times as desired. The re-cycling is useful in building up a 
statistically significant count in samples of low oxygen content. 

In practice, both the pre-set time control circuit and the automatic 
control circuit were incorporated into a single control circuit shown in 
Figure 12. 

Rotating Rack Assembly 

When fairly long irradiations are required, it is uneconomical in 
terms of target life to use the pneumatic facility that can accommodate only 

one sample at a time. For this type of irradiation, a vertically-mounted 
rotating razk assembly was used that allows up to four samples to be 

irradiated 3imultaneously. The rack is positioned in the water tank, close to 

the target, and is rotated by a 12 rpm motor. Nitrogen activation tests, con-

ducted with ammonium nitrate samples, showed that good flux uniformity 

(about ±  4%)  was achieved for all four samples. A disadvantage with the rack 

is that the average distance of a sample from the target is greater than with 

only one sample in the pneumatic facility and a decrease in sensitivity results. 
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FLUX MONITORING 

A comparison of the activity induced in a sample with the same activity 
induced in a standard during separate irradiations, requires an accurate 
knowledge of the relative neutron flux received by the sample and the stand-
ard. A number of methods may be used to monitor the neutron output of a 
generator during irradiation, including associated alpha particle measure-
ment (19) and the measUrement of the output of various types of counters 
placed close to the generator (20,21). The method adopted in this work was 
to measure the output of a large boron trifluoride counter (Chalk River Type 
BP 11B) mounted in the shielding wall around the generator. The output of 
this counter is fed to a scaler and, also, through a counting-rate meter to 
a chart recorder situated by the operating console (Figure 14). The trace 
on the chart recorder serves to guide the operator as to the approximate 
neutron output of the generator, and the scaler gives an accurate integral 
measurement of the neutron flux during an irradiation. The performance of 
the boron trifluoride counter and associated counting equipment was checked 
periodically with a one milligram radium-beryllium neutron source (output 
1.3 x 10 4n/sec) mounted in a position of reproducible geometry beside the 
counter. 

There is a potential source of error in the use of the integral flux 
measurement technique for the normalisation of induced activity, that 
becomes significant when the irradiation time is greater than. about 20% of 
the half-life of the product isotope. For the integral counting method to 
provide accurate normalisation, it is implicitly assumed that the neutron 
flux is constant during the irradiation period. However, slight variations 
in beam intensity,or some movement of the beam over areas of the target of 
different tritium concentrations, can cause the neutron output of the generator 
to vary by several per cent during an irradiation. In addition, for long irrad-
iations there is a gradual decrease in neutron output, at a given beam cur-
rent, through tritium depletion in the target. The rate of formation of in-
duced activity (at a constant neutron flux) has an exponential time dependence 
given by (  1-e 0.693 x T 	, where T is the irradiation time and t

1/2 
is the 

t 1/2 
half-life of the product isotope. The integral counting method, on the other 
hand, has a linear time dependence and it is only for T

/ 	
.... 0.2 that the 

t 
. 	 1/2 

growth of activity is approximately linear with time. Thus, any variations 
in the neutron uutput during an irradiation will influence the integral neutron 
measurement and the actual amount of induced activity to different extents. 
For accurate relative flux measurements, particularly when the irradiation 
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time 	greater than the half-life of the product isotope, it is necessary to 

have a flux monitoring system that follows the same growth law and decay 

law as the isotope being produced. The potential across a capacitor shunted 

by a resistance, when connected to a charging circuit, follows such a growth 

law; the time constant of the resistance-capacitor (R-C) network being equi-
valent to the mean life of the isotope. One of the time constant positions in 

the counting-rate meter circuit was modified to give a time constant of 10.3 
seconds for use in the determination of oxygen, in which the irradiation time 

was about five half-lives(5). Although under normal irradiation conditions 

both the R-C method and the integral method of monitoring agreed in the 
determination of oxygen, under circumstances where the neutron output 

varied extensively the R-C method gave much more consistent results. - 

NUCLEAR DATA AND CALCULATED ANALYTICAL 
SENSITIVITIES 

A neutron generator offers a choice for neutron activation analysis 
between 14 MeV neutron activation or activation with thermal neutrons. The 
thermal neutron flux is,of course, less than the initial =moderated fast flux 
because of the thickness of moderator between the tritium target and the ther-
mal neutron irradiation position. However, as the cross sections for activa-
tion usually increase with decrease in neutron energy, it is possible that a 
thermal neutron reaction may be more sensitive for analytical purposes than 
a fast neutron reaction, despite the lower thermal neutron flux. In order to 
assess the sensitivities that may be expected in activation analysis and the 
importance of interfering reactions from other components in a mixture, it 
is necessary to have fairly complete information on the nuclear parameters 
involved in the activation process for all target isotopes and also on the modes 
of decay of the radioactive isotopes produced on activation. In general there 
are five types of reactions that may be expected on fast neutron activation; 
viz. (n, 2n),  (n, p), (n, a), (n, y) and (n, n'). With thermal neutron activation 
the (tie ) reaction is usually the only reaction encountered. The (n, p) and 
(n,a ) reactions resulting from fast neutron activation often experience ser-
ious interference in the determination of an element Z in a Z-1 or Z-2 mat-
rix from (n, 2n) or (n,y) reactions with the matrix. 

The amount of activity, dN , produced on neutron irradiation of any 
d t 

nuclide is given by the equation 
0. 693 x 

dN (d/sec) =wA 	Ff 	1-e 
 

1/2 T)  (Eq 1) 
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where 	w = weight of target element, 

W = atomic weight of target element, 

A = Avogadrois Number, 

= cross section for activation in cm2 
 (1 barn = 10' 24  cm2  ), 

F = neutron flux in n/cm 2  -sec, 

= fractional abundance of target isotope, 

T = irradiation time, 

t 1/2 = half-life of product nuclide. 

The term in brackets in this equation is called the "build-up" factor. 
The "build-up" factor relates the ratio of the irradiation time to the half-
life of the product nuclide to the amount of induced activity formed, and is 
shown graphically in Figure 15 as a function of Ti 	It will be seen that, t 1/2  

for irradiation times greater than five half-live s,only a very small increase 
occurs in the build-up factor and hence in the amount of induced activity 
formed. Thus, irradiation iimes greater than this value are not required, 
since they would lead to little further increase in sensitivity .  

A knowledge of the various factors in equation (1) allows dN to be 
d t 

calculated for a weight w of a given element. Alternatively, if a value of dN 
d t 

is assumed, then the weight w of the element required to give this disintegra-
tion rate may be calculated. If a certain value of dN is established as the 

d t 
minimum disintegration rate that can be reliably measured, the weight w 
then represents the sensitivity of detection of the element for the given irrad-
iation conditions. A number of such sensitivities have been calculated for 
the activation of most elements with thermal and with 14 MeV neutrons. For 

calculation purposes one gram of the target element has been considered and 

equation (1) becc.rries 

( R(d/sec/g) =AuFf  1-e 	
0.693 x T) 

t 1/z 	
(Eq 2) 

Certain assumptions have been made to allow sensitivities to be cal- 
culated using equation (2). These assumptions are: 
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(1) For a reasonable sample volume, the maximum average fast 
neutron flux is 5 x 10 8  nicm 2  -sec and the maximum well-
thermalised neutron flux is 1 x 10 8n/cm 2 -sec. As the cal-
culated sensitivity is a linear function of the neutron flux, fluxes 
greater or less than these values will result in a corresponding 
increase or decrease in the sensitivity. With improvements in 
generator design, higher neutron  outputs  may be anticipated„ 
However, it should be borne in mind that prolonged operation at 
high beam currents leads to a decrease in neutron output because 
of target deterioration. 

The maximum irradiation time will be forty minutes or five half-
lives, whichever is shorter. In general, this limitation on irrad-
iation time precludes the formation of significant amounts of iso-
topes that have half-lives greater than a few days. 

Only isotopes that decay by gamma emission or by positron emis-
sion are considered (in positron emission 0. 51 MeV gamma radia-
tion is emitted). Gamma emitters are chosen because they may 
be identified and quantitatively measuxed by gamma-ray spectro-
metry. 

(4) Sensitivity is arbitrarily defined as the weight of an element (in p. g) 
that will yield 1000 disintegrations in a counting period of ten min-
utes or five half-lives, whichever is shorter, following the irradi-
ation. For those isotopes that decay significantly during the count-
ing period, a correction has been applied to allow for this count-
ing loss. Certain published sensitivity tables (17, 22) are based 
on the formation of a given amount of activity at the end of the ir-
radiation period  (e. g.  100 dpm) without consideration for isotopic 
decay during the measurement period. This approach is unreali-
stic because,for short-lived isotopes, decay during the measure-
ment period is very significant. The sensitivity in p. g represents 
the ppm concentration of a given element that, in principle, could 
be determined in a one gram sample. For a sample weighing ten 
grams the sensitivity (in ppm) would be improved ten-fold. 

Where the decay scheme of the isotope is known, the sensitivity 
has been normalised to 100% emission of the most abundant gamma 
radiation. Thus, if the most abundant gamma-ray in the decay 
scheme of the particular isotope occurs in only 33% of the disinteg-
rations, the sensitivity (for gamma-ray counting) has been de-
creased by a factor of three. No correction has been made for 
the decrease in sensitivity of a NaI (T1 ) crystal with increase in 
gamma-ray energy (23), or for the presence of a beta absorber that 
is usually used in gamma-ray counting (24). 

(5 ) 
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Matrix effects are not considered in these calculations but may be 
very important in (a) neutron self-shielding during irradiation for a nuclide 
of high neutron cross section, or for a nuclide in a matrix of high neutron 
cross section, (b) during scintillation counting by the self-absorption of 
gamma radiation within a sample. This effect is particularly marked at 
low gamma energies„ 

The calculated sensitivities, together with the relevant nuclear data, 
are given in Table 4. It should be emphasised that these sensitivities are 
calculated and are best considered as a guide to the order of magnitude of 
the sensitivity to be expected for a given element, and as to which nuclear 
reaction is probably the most suitable to employ for analytical purposes. 
In a sense these sensitivities are based on a thermodynamically ideal system 
in which the element to be detected at a low concentration is 'considered as 
separate from a matrix. Thus, although 1000 disintegrations from a gamma-
emitting isotope may be readily determined with a NaI (Ti  ) detecting system, 
1000 disintegrations would not be discernible against a high background from 
an active matrix. This detection difficulty applies particularly to the deter-
mination of short-lived isotopes, where chemical separation is not possible. 
A number of reactions listed in Table 4 are obviously not suitable for high-
sensitivity analytical determinations. However, these reactions can be sig-
nificant where the element is present as the matrix and may give rise to in-
terfering reactions or emit gamma radiation of energy similar to the ele-
ment being determined. 

The information listed in Table 4 is largely self-explanatory. Most 
of the data relating to thermal neutron cross sections and isotope decay 
characteristics are reasonably accurate. The data on the fast neutron cross 
sections of the higher Z elements are not as reliable, measurements of the 
same fast neutron cross section by different authors being in variance by 
much more than the quoted experimental errors in the method (25). In addi-
tion, there are a number of fast neutron reactions„ also with the higher Z 
elements, for which cross section data are not available, but which are more 
useful for analytical purposes than certain of the reactions listed. 

The product isotopes in the table are listed in order of increasing 
half-lives, with the products (if any) of fast neutron reactions given. first. 
R(disecig) is included to allow sensitivity conditions other than 1000 disin-
tegrations to be used if desired. 

In those cases where the percentage of gamma-ray or positron emis-
sion in the decay scheme of the product isotope is not established, it has been 
assumed, for calculation purposes, that 100% emission does occur. Where 
only the relative gamma-ray emission is known, this is indicated by an  
after the gamma-ray energy. A dash between two gamma-ray energies 
indicates that a number of gamma-rays of low intensity are present. 
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The cross section data for this tabulation were taken mainly from 
the Brookhaven National Laboratory•compilations (26), and also from sum-
maries by Gardner (25) and Chatterjee (27), modified, where necessary, by 
more recent literature data. The decay scheme information was taken from 
the Nuclear Data Sheets (28), Okada (29), and recent literature references. 



TABLE 4 

Neutron Activation Data 

% Abundance 	F or T 	o-(barns) 	 Reaction 	 Half-life 	 Gamma Energy (MeV) 	 R(d/sec/g) 	Sensitivity 
Z 	Target 

Isotope 	 (pg) 

5 	 B 11 	 80.2 	 F 	0.0033 	B11(n,p) Bell 	 13.6 sec 	2.12(32%), 6.8(4%), 4.6-8.0 	 7.1 x 10 4 	2.2 x 10 3  

7 	N 14 	 99.63 	 F 	0.0082 	N14(n,2n)N13 	 10.0 min 	e 	 1.64. lo 5 	14 

8 	0 16 	 99.759 	 F 	0.033 	016(n,p)N16 	 7.14 sec 	6.13(73%), 7.12(5%) 	 6 x 10 5 	 2.2 x 10 2  

5  F 19 	 100 	 F 	0.023 	F19(n,a)N16 	 7.14 sec 	6.13(73%), 7.12(5%) 	 3.52 x 10 	3.8 x 10 2  

9 	 F 19 	 100 	 F 	0.0145 	F19(n, p)019 	 29.1 sec 	0.2(96%), 1.36(54%) 	 2.2 x 10 5 	1.1 x 10 2  
2.25 x 10 5  F 19 	 100 	 F 	0.064 	F19(n,2n)F18 	 l09.7 min 	pi ( l00%) 	 8 

10 	 Ne 22 	 8.82 	 T 	0,036 	Ne22(n, y)Ne23 	 38 	sec 	0.44(33%), 1.65(1%) 	 9.15 x 10 3  

6 	

6 x 10 3  

Na 23 	 100 	 F 	0.170 	Na23(n,a.)FlO 	 11.56 sec 	1.63(100%) 	 2.15 x 10 	28 
11 	 Na 23 	 100 	 F 	0.037 	Na23(n, p)Ne23 	38 	sec 	0.44(33%), 1.65(1%) 	 4.66 x IO?, 	1.2 x 10 2  

Na 23 	 100 	 T 	0.525 	Na23(n,y)Na24 	 15.05 hr 	1.37(100%), 2.75( 100%) 	 4.12 x 10' 	40 

Mg 26 	 11.17 	 F 	0.035 	Mg26(n,a)Ne23 	 38 	sec 	0.44(33%), 1.65(1%) 	 4.66 x 10 4 	1.2 x 10 3  

12 	 Mg 25 	 10.13 	 F 	0.063 	Mg25(n, p)Na25 	60 	sec 	0.40(15%), 0.58(15%), 0.98(15%) 	 7.65x101 40 4 	1 . 10 3  
' 	15.05 hr 	1.37(100%), 2.75(100%) 	 32 Mg 24 	 78.7 	 F 	0.174 	Mg24(n, p)Na24 	

5.2  . 

Mg 26 	 11.17 	 T 	0.027 	Mg26(n,y)Mg27 	 9.5 min 	0.84(68%), 1.01(29%) 	 7 x 10 3 	 4.8 x 10 2  

Al 27 	 100 	 F 	0.00056 	Al 27(n, 	 Aly). 	28 	 2.238 min 	1.78(100%) 	 6 x 10 3 	 8.9 x 10 2  

13 	 Al 27 	 100 	 F 	0.066 	Al 27(n,p)Mg27 	 9.5 min 	0.84(68%), 1.01(29%) 	 7 x 10 5 	 5 

Al 27 	 100 	 r 	0.112 	Al 27(n,a)Na24 	15.05 hr 	1.37(100%), 2.75(100/ ) 	 3.73 x 10 4 	45 

Al 27 	 100 	 T 	0.21 	 Al 27(n, y)Al 28 	 2.238 min 	1.78(100%) 	. 	 4.52 x 10 5 	12 

6  Si 28 	 92.21 	 F 	0.24 	Si28(n, p)Al28 	 2.238 min 	1.78(100%) 	 2.29 x 10 	2.4 

14 	 Si 29 	 4.70 	 F 	0.1 	 Si29(n, p)Al29 	 6.6 min 	1.28(85 ,7 ) , 2.43(15% 	 4.86 x 10 4 	65 

Si 30 	 3.09 	 F 	0.123 	Si30(n,a)Mg27 	 9.5 min 	0.84(68%), 1.01(29%) 	 3.87 x 10 4 	88 

15 	P 31 	 100 	 F 	0.117 	P31(n,0)Al28 	 2.238 min 	1.78(100%) 	 1.1 . lo 6 	5 

P 31 	 100 	 F 	0,020 	P31(n, 2n)P30 	 2.53 min 	0+0001W 	 1.91 x 10 5 	26 

16 	S 34 	 4.22 	 F 	0.085 	S34(n, p)P34 	 12.4 sec 	2.1(25%) 	 3.25 x 10 4 	6.9 x 10 3  

Cl 37 	 24,47 	 F 	0.044 	Cl 37(n, a) P34 	 12.4 sec 	2.1(25%) 	. 	 8.8 x 104 	2.5 x 10 3  

17 	 Cl 37 	 24.47 	 F 	0.025 	Cl 37(n, p)S37 	 5.0 min 	3.13(10%) 	 5 x 10 4 	 6.1 x 10 2  

Cl 35 	 75,53 	 F. 	0.006 	Cl 35(n, 2n)C1 34m 	32.4 min 	1.16(18%), 2.13(43%), 3.30(7%),13+  (100%) 	2.2 x 104 	83 

Cl 37 	 24.47 	 T 	0.43 	Cl 37(n, y)C1 38 	37.3 min 	1.64(31%), 2.16(47%) 	 9.3 x 10 4 	41 

18 	 A 40 	 99.6 	 T 	0.61 	A40(n,a)537 	 5.0 min 	3,13(10%) 	 7.68 x 10 5 	40 

A 40 	 99. 6 	 T 	0.53 	A40(n, y)A41 	 110 min 	1.27(99%) 	 1.77 x 10 5 	10 



TABLE 4 (Continued) 

Z 	Target ' % Abundance 	F or T 	cr (barns) 	 Reaction 	Hall-111e 	 Gamma Energy (MeV) 	 R(d/sec/g) 	Sensitivity 
Isotope 	 ( Ii.g )  

X 39 	 93.08 	 F 	0.006 	K39(n,2n)K38 	 7,7 min 	2.16(100%).0(100%) 	 4.15 x 10 4 	61 

19 	K 41 	 6.88 	 F 	0.030 	K41(n,a)C1 38 	 37.3 min 	1.64(31%), 2.16(47%) 	 8.25 x 10 3  
103 	

4.7 x 10 
8.1 x 	

2 
K 41 	 6.88 	 F 	0.069 	K4I(n,p)A41 	 110 min 	1.27(99%) 	 2.1 x 10 2  
K 41 	 6.88 	 T 	1.3 	K4I(n,y)K42 	 12.5 hr 	1.52(18%), 0.3, 1.9 	 5.1 x 10 3 	1.8 x 10 3  

Ca 44 	 2.06 	 F 	0.025 	Ca44(n,p)K44 	 22 	min 	1.13(100)x, 2.07(60) x, 2.55(12) x, 3.66(6) x 	2.77 x 10 3 	7 x 10 2  
20 	Ca 44 	 2.06 	 F 	0.035 	Ca44(n,a)A41 	 110 min 	1.27(99%) 	 ' 	1.2 x 10 3 	1.4 x 10 3  

Ca 48 	 0.185 	 T 	1.1 	Ca48(n, y)Ca49 	 8.8 min 	3.09(89%), 4.05(8%), 4.7 (3%) 	 2.92 x 10 3 	9.2 x 10 2  

Sc 45 	 100 	 F 	0.13 	Sc45(n, 2n)Sc44 	 3,92 hr 	1.16(99%), (3 4•(95%) 	 9.55x 104 	17 
21 	Sc 45 	 100 	 F 	0.132 	5c45(n,a)K42 	 12.5 hr 	1.52(18%), 0.3, 1.9 	 3.17 x 10 4 	2.9 x 10 2  

Sc 45 	 100 	 T 	10.4 	Sc45(n, y)Sc46m 	• 	20 sec 	0.14 	 1.34 x 10 3 	2.6 

3  Ti 50 	 5.34 	 F 	0.009 	Ti50(n, p)Sc50 	 1.8 min 	0.51(100%), 	1.11(100%), 1.56(100/) 	2.9 x 10 	 2.2 x 10 3  
Ti 50 	 5.34 	 F 	0.0035 	1150(n, y) Ti5 1 	 5.8 min 	0,32(95%), 0.62(1%), 0.94(5%) 	 1.14 x 10 3 	2.7 x 10 3  

22 Ti 46 	 7.93 	 F 	0.0133 	Ti46(n, 2n)Ti45 	 3.08 hr 	e(85%) 	 9.25 x 10 3 	1.8 x 10 3  
Ti 48 	 73.94 	 F 	0.055 	Ti48(n, p)Sc48 	 43.2 hr 	0.98(100%), 	1.04(100%), 1.31(100%) 	2.75 x 10 3 	6 3( 
Ti 50 	 5,34 	 T 	0.14 	Ti50(n, y)Ti51 	 5.8 min 	0.32(95%), 0.62(1%), 0.94(5%) 	 9.07 x 103 	

3.3  1: 2  102  

V 51 	 99.76 	 r 	0.055 	V51(n. p)7151 	 5.8 min 	0.32(95%), 0.62(1%), 0.94(5%) 	 3.14 x 10 5 	6.7 
' 	23 	V 51 	 99.76 	 F 	0.018 	V51(n, a)Sc48 	 43.2 hr 	0.98(100%), 	1.04(100%), 	1.31(100%) 	1.15 x 10 3 	1,5 x 10 3  

V 51 	 99.76 , 	T 	4.5 	V51(n, y)V52 	 3.76 min 	1.43(100%) 	 5.1 x 10 6 	0.72 

24 	Cr 53 	 9.55 	 F 	0.037 	Cr53(n, p)V53 	 2.0 min 	1.0 	 1.97 x 10 4 	3 x 10 2  
Cr 52 	83.76 	 F 	0.105 	Cr52(n, p)V52 	 3.76 min 	1.43(100%) 	 4.85 x 10 5 	7.4 

Mn 55 	100 	 F 	 0.031 	Mn55(n,a)V52 	 3.76 min 	1.43(100%) 	 1.64x 10 5 	22 
25 	Mn 55 	100 	 T 	13.3 	Mn55(n, y)Mn56 	 2.58 hr 	0.845(99%). 1.81(24%), 2.12(15%) 	 2.4 x 10 6 	0.7 

26 	Fe 54 	 5.82 	 F 	0.01 	Fe54(n, Zn)Fe53 	 9 min 	O. 38, (34 (98%) 	 2.98 x 10 3 	8 x 10 2  
Fe 56 	 91.66 	 F 	0.105 	Fe56(n, p)Mn56 	 2.58 hr 	0.845(99%), 1.81(24%), 2.12(15%) 	 8.5 x le 	21 

co 59 	 100 	 F 	 0.029 	Co59(n, a)Mn56 	 2.58 hr 	0.845(99%), 	1.81(24%), 2.12(15%) 	2.4 x 104 	73 
27 

Co 59 	 100 	 T 	20 	 Co59(n, y )Co60m 	10.35 min 	0.059(99.7%). 1.33(0.3%) 	 1.89 x 10 7 	0.12 

Ni 62 	 3.66 	 F 	0.0053 	Ni62(n, p)Co62 	 13.9 min 	1.17(82% 	1.47(18%), 	1.73(18%).2.03(7%) 	8.55 x 10 2 	3 x 10 3  
28 	Ni 61 	 1.19 	 F 	0.022 	Ni61(n, p)Co61 	 1.65 hr 	0.072(100%) 	' 	 3.24 x 10 2 	5.4 x 10 3  

Ni 64 	 1.08 	 T 	1.52 	Ni64(n, y)Ni65 	 2.61 hr 	0.37(4.6%), 	1.12(17%), 	1.48(24%) 	 2.77 x 10 3 	2.53 x 10 3  

Cu 63 	 69.09 	 r 	0.5 	Cu63(n, 2n)Cu62 	 9.8 min 	0.66(2%), 0.85-2.24,13 4(98.2%) 	 1.58 x 10 6 	1.5 
Cu 63 	 69.09 	 F 	0,023 	Cu63(n, a)C060m 	10.35 min 	0.059(99.7%), 1.33(0.3%) 	 6.98 x IQ 4 	33 

29 	Cu 65 	 30.91 	 F 	0.026 	Cu65(n, p)Ni65 	 2.61 hr 	0.37(4.6%), 	1.12(17%), 	1.48(24%) 	 6.2 x 10 -> 	1.1 x 10 3  
Cu 65 	 30.91 	 F 	1.0 	Cu65(n, 2n)Cu64 	12.9 hr 	1.34(0.6%), e(19%) 	 5.25 x 10 4 	1.6 x 10 2  
Cu 63 	 69.09 	 T 	4.51 	Cu63(n, y)Cu64 	 12.8 hr 	I. 34(0.6%), a+(19%) 	 1,05 x 10 5 	83 

(Continued) 



TABLE 4 (Continued) 

Target 	 Sensitivity 
Z 	 % Abundance 	F or T 	cr (barns) 	 Reaction 	 Half-life 	 Gamma Energy (MeV) 	 R(d/sec/g) 

Isotope 	 ( P• be 

Zn .68 	 18.57 	 F 	0.025 	Zn68(n,p)Cu68 	 30 sec 	0.81(17%), 1.08(95%), 1.24(3%),1.88(5%) 	2,06 x 10 4 	1.2 x 10 3  
4 	 x  Zn 66 	 27.81 	 F 	0.077 	Zn66(n, p)Gu66 	 5.1 min 	1.04(9%) 	 9.45 x 10 	3.6 	10Z 

30 	Zn 64 	 48.89 	 F 	0.105 	Zn64(n,2n)Zn63 	38.1 min 	0.67(13%), 0.96(9%), 1.4(0. 7%).13 +(90%) 	1.18 x 10 5 	16 
Zn 68 	 18.57 	 F 	0.051 	Zn68(n,a)Ni65 	 2.61 hr 	0. 37(4. 6%), 	1. 12(17%), 	1.48(24%) 	 7 x 10 3 	 1 x 10 3  
 Zn 64 	 48.89 	 0.23 	Zn64(n,p)Cu.64 	12.8 hr 	 1.34(0. 6%), A+  (19%) 	 1.76 x 10 4 	5 x 10 2  

Ga 69 	 F 	0.105 	Ga69(n,a)Gu66 	 5.1 min 	1.04 (9%) 	 2.64 x 10 5  

	

1.3 x 10 2  60.4 	

F 

Ga 71 	 39.6 	 F 	0.7 	 Ga71(n,2n)Ga70 	 21 min 	0.17(0.2%), 1.04(0.5%) 	 8.75 x 10 5 	4.6 x 10 2  

31 	Ga 69 	 60.4 	 F 	0.55 	Ga69(n, 2n)Ga68 	 68 min 	1.08(100)x, I, 25(3)x, 1. 89( 4) x. e(85%) 	4.8 x 10 5 	4.3 

Ga 69 	 60.4 	 • T 	1.4 	 Ga69(n, y )Ga70 	 21 min 	0. 17(0.2%), 	1. 04(0. 5%) 	 5.33 x 10 5 	7.6 x 10 2  

Ga 71 	 39.6 	 T 	5.0 	 Ga71(n, y )Gan 	14. 1 hr 	0.63(19%). 0.84(88%),  2.20(29%),  8, others 	5.44 x 10 4 	35 

Ge 74 	 36.54 	 F 	0.04 	0e74(n, a. )Zn71 	2.2 min 	0.51(100%) 	 5.85x 10 4 	
954  Ge 70 	 20.52 	 F 	0.129 	Ge 70(n, p)Ga70 	 21 min 	0. 17(0. 2%), 1. 04(0. 5%) 	 x 10 3  

Ge 76 	 7.76 	 F 	1.8 	 Ge 76(n, 2n)Ge 75 	 82 min 	0.27(11%) 	
8 x 10 4  
1.69 x 105 	. 95 

Ge 73 	 7.76 	 F 	0.137 	Ge73(n, p)Ga73 	 4.8 hr 	 0.3, 0.74 	 4.07 x 10 3 	4.1 x 10 2  

32 	Ge 72 	 27,43 	 F 	0.065 	Ge72(n,p)Ga72 	14.1 hr 	 0.63(19%), 0.84(88%), 2.20(29%), &others 	2.35 x 10 3 	8 x 	0 2  

Ge 70 	 20.52 	 F 	0.70 	Ge 70(n, 2n)Ge 69 	 40 hr 	 0.24 - 1.98. a+ 	 6.7 x 103 	
2.5  1x102  

Ge 74 	 36.54 	 T 	0.04 	Ge74(n, y)Ge75 rn 	49 sec 	0.139(100%) 	 1.17 x 104 	
1.2 	° Ge 76 	 7.76 	 T 	0,08 	Ge76(n, y )Ge77m 	54C 	0.16(14%), 0.215(8%) 	 4.97x 10 3  

82 min 	0.27(11%), 0.066 - 0.84 	 1.79 x 104 	
9  . 	1  0

2
10 34  

• 	
1.9 1  

Ge 74 	 36.54 	 T 	0.21 	Ge74(n, y )Ge 75 	
:: 

As 75 	 100 	 F 	0.035 	As75(n, p)Ge75 	 82 min 	0.27(11%), 0.066 - 0.84 	 4.1 x 104 	
3 33 	As 75 	 100 	 F 	0.029 	As 75(n, a)Ga72 	14.1 hr 	 0. 63(19%), 0.84(88%), 2.20(29%) & others 	3.72 x 10 3 	5.. 81 : 11 0°22  

As 75 	 100 	 T 	5.4 	 As75(n, 	)A176 	26.5 hr 	 0.56(45%), 0.66(6.3%), 1.2 2  - 2. 08 	7.53 x 10 4 	49 

Se 82 	 9.19 	 F 	1.5 	 Se82(n,2n)Se81 m 	57 min 	0.10(8%) 	 2 x 10 5 	 1.1 x 10 2  

Se 80 	 49.82 	 F 	0.038 	Se80(n, a )Ge77 	11.3 hr 	0.21(35%), 0.22(45%), 0. 27(57%),0. 37(17%) 	2.93 x 10 3 	I x 10 3  
34 	 27 Se 76 	 9.02 	 T 	22 	 Se 76(n, y )Se 77m 	17.7 sec 	0.16 	 1.46 x 10

6 

Se 80 	 49.82 	 T 	0.5 	 Se80(n, y )Se81 m 	57 min 	0.10(8%) 	 7.27 x 10 4 	3 x 10 2  

Br 79 	 50.54 	 F 	0.793 	Br79(n, 2n)Br 78 	6.4 min 	0.62, (54 	 1.46 x 10 6 	1.9 

Br 81 	 49,46 	 F 	0.107 	Br81(n,a)As78 	 91 min 	0.62(100)x, 0. 7(42)x, 1.32(33) x 	 5.2 x 104 	33 

35 	Br 79 	 50.54 	 F 	0.013 	Br79(n, o)A176 	26.5 hr 	 0.56(45%), 0.66(6 	 1.1 x 10 3 	35: 37  x 10 3  
1  7. 6  min 	

:3%), 1.22 - 2.08 
Br79(n,y)Br80 	 0.62(14%), e(8%) 	 2.56 x 10 6  Br 79 	 50.54 	. 	 T 	8.5 	

. 

Br 81 	 49.46 	 T 	3.3 	 Br81(n,y)Br82 	 36 hr 	0.55(75%), 0.62(42%), 0.70(28%) 	 1.57 x 10 	1.3 4 	 x 10 2  
0.78(83%), 0.83(25%), 	1.04(29%), 1. 32(28) 

' 	 1,49(17%) 

36 	Kr 84 	 56.90 	 T 	0.1 	 Kr84(n, y)Kr85 m 	4.4 hr 	 0.15(74%), 0. 305(15. 5%) 	 4.27 x 10 3 	5.3 x 10 2  

C on t in ue d ) 



TABLE 4 (Continued) 

Z 	Target 

	

% Abundance 	F or T 	.r (barns) 	 Reaction 	 Hall-111e 	 Gamma. Energy (MeV) 	 R(d/sec/g) 	Sensitivity 
Isotope 

	
(kg)  

Rb 87 	 27:85 	 F 	0.059 	Rb87(n, a)Br84 	 32 min 	0.27,0.35,0.43,0.47,0.52,0.61,0.74, 	3.34 x 104 	56 
0.81,0.88 

Rb 85 	 72.15 	 F 	0.142 	Rb85(n,a)Br82 	 36 hr 	0.55(75%), 0.62(42%), 0.70(28%) 	 4.6x 10 3 	4.3 x 10 2  
37 	 0.78(83%), 0.83(25%), 	1.04(29%) 

1.32(2 8%) , 	1.48(17%) 
Rb 85 	 72.15 	 T 	0.007 	Rb85(n, y )Rb86rn 	 61 sec 	0.56 	 3.43 x 10 3 	3.4 x 10 3  
Rb 87 	 27.85 	 T 	0.12 	Rb87(n, y )Rb88 	 18 min 	0.90(15%), 1.39(1.4%), 1.84(23%)2.11-4„ 9 	1.84 x 10 4 	4.8 x 102  

• 
Sr 88 	 82.56 	 F 	0.018 	Sr88(n, p)Rb88 	 18 min 	0.90(15%), 1.39(1.4%), 1,84(23% ) 2.11-4.9 	4 x 10 4 	 2.2 x 10 2  

38 	Sr 88 	 82.56 	 F 	0.087 	Sr88(n, a)Kr85 m 	 4.4 hr 	0.15(74%), 0.305(15.5%) 	 2.4 x 104 	93 
Sr 84 	 0.56 	 'T 	0.6 	Sr84(n, y)Sr85m 	. 	70 min 	0.15(14%), 0.225(85%) 	 7.5 x 10 2 	2.7 x 10 3  
Sr 86 	 9.86 	 T 	1.65 	Sr86(n, ,y)Sr87m 	 2.8 hr 	0.39(79%) 	 1.69 x 10 4 	1.3 x 10 2  

Zr 90 	 51.46 	 F 	0.080 	Zr90(n,2n)Er89 rn 	4.18 min 	0.59(94%), 1.53(7%), (1 .1T1 .8%) 	 1.3 x10.3 	

2 178 x 10 3  
Zr 94 	 17.40 	 F 	0.007 	Zr94(n, p)Y94 	 17.0 min 	0.56(6%), 0.92(43%), 1.15(5% ) ,1.36-3.6 	3.2 x 10' 	1.5 x 10 3  

40 	Zr 90 	 51.46 	 F 	0.003 	Zr90(n, a)Sr87rn 	 2.8 hr 	0.39(79%) 	 7.5 x 10 2 	2  
Zr 92 	 17.11 	 F 	0.022 	Zr92(n, p)Y92 	 3.7 hr 	0.48, 0.56, 0.93, 	1.40, 	1.84 	 1.4 x 10 3 	1.2 x 10 3  
Zr 94 	 17.40 	 r 	0.0047 	Zr94(n, a)Sr91 	 9.7 hr 	0.94(3%), 	1.03(30%), 0.27-1.6 	 1.24 x 10 2 	4 x 104  

41 	Nb 93 	 100 	 T 	1.0 	Nb93(n, y )Nb94rn 	 6.6 min 	0.042(100%), 0.87(0.1%) 	 6.26 x 10 5 	4.3 

Mo 94 	 9.04 	' 	F 	0.0074 	Mo94(n, p)N1194m 	6.6 min 	0.042(100%), 0.87(0.1%) 	 2 x 10 3 	 1.3 x 10 3  
Mo 92 	 15.84 	 F 	0.106 	Mo92(n, 2n)Mo91 	15.6 min 	13* (941 ) 	 4.2 x 10 4 	52 

42 	Mo 98 	 23.78 	 F 	0.009 	Mo98(n.P)Nb98 	 51.5 min 	0.72(75) x, 0.78(100)x, 1.16(30) x, 0.33-1.93 2.8 x 10 3 	6.4 x 10 2  
Mo 97 	 9.46 	 F 	0.110 	Mo97(n,p)Nb97 	 72.0 min 	0.66(100)x, 1.02(1)x 	 9.9 x 10 3 	1.8 x 10 2  
Mo 100 	 9.63 	 F 	0.014 	Mo100(n, a)Zr97 	 17 hr 	0.75(100%, Nb971n), 0.66, 0.35-1,76 	1.14 x 10 2 	1.5 x 10 4  
Mo 100 	 9.63 	 T 	0.20 	Mo100(n, y 	 8.3 x 10 2)Mo101 	14.6 min 	0.19(25%), 0.31-2.03 	 1 x 10 4  

Ru 101 	 17.07 	 F 	0.002 	Ru101(n,p)Tc101 	14.0 min 	0.31(91%), 0.54(5%), 0.13-0.94 	 8.7x  10 3 	2.6x  10 3  
44 	Ru 96 	 5.51 	 F 	0.48 	Ru96(n, 2n)Ru95 	 1.65 hr 	0.3, 0.34, 0.63, 0.81-2.25,13+ (20%) 	1.9 x 104 	5.4 x 10 2  

Ru 104 	18.58 	 T 	0.7 	Ru104(n, y)Ru105 	4.45 hr 	0.32(13%), 0.47(21% ) ,0.73(50%), 0.13-1.34 	7.62 x 10 3 	4.4 x 10 2 

Rh 103 	100 	 r 	0.0112 	Rh103(n, a)Tc100 	 16 sec 	0.54, 0.60, 0.71-1.8 	 3.16 x 10 4 	1.4 x 10 3  

45 	Rh 103 	100 	 T 	140 	Rh103(n, y)Rh104 	42.8 sec 	0.56(2%) , 1.24(0.1%) 	 7.9 x 10 7 	10.3 
Rh 103 	100 	 T 	12 	 Rh103(n..y )Rh104rn 	4.29 min 	0.052(96.2%), 0.077(96.2%), 0.56-1.53 	6.78 x 10 6 	0.52 

Pd 104 	10.97 	 F 	0.132 	Pd104(n,p)Rh104 	42.8 sec 	0.56(2%), 1.24(0.1% ) 	 3.96 x 10 4 	2 x 10 4  
10 3  Pd 110 	11.81 	 F 	0.0138 	Pd110(n,a)Ru107 	4.8 min 	0.22(17)x, 0.86(8) e, 0.93(5) x, 1 	 4.45 x .03(4) x, 	 7 x 10 2 

1.29(5)x  

46 	Pd 108 	26.71 	 F 	0.0031 	Pd(108(n, a)Ru105 	4.45 hr 	0.32(13%), 0. 47(21%), 0.72(50%), 0.13-1.34 	2.3 x 10 2 	1.4 x 10 4  

Pd 110 	11.81 	 F 	 2.0 	 Pd110(n,2n)Pd109 	13.6 hr 	0.088(4%), 0.31 	 2.2 x 10 4 	1.9 x 10 32  

Pd 105 	22.23 	 F 	0.74 	Pd105(n,p)Rh105 	 35 hr 	0.08, 0.16, 0.22, 0.31, 0.32,0.42,0.55 	6.1 x 10 3 	2.7 x 10 

Pd 108 	26.71 	 T 	0.26 	Pd108(n,y)Pd109rn 	4.8 min 	0.18(100%) 	 3.79 x 10 4  
4 	

83 
)Pd109 	13.6 hr 	0.088(4%), 0.31 	 8.3 x 10 2  Pd 108 	26.71 	 T 	10.4 	Pd108(n, y 	 5 x 10 

(Continued) 



TABLE 4 (Continued) 

% Abundance 	F or T 	0• (barns) 	 Reaction 	 Half-life 	 Gamma Energy (MeV) 	 R(d/sec/g) 	
Sensitivity 

Z 	Target 
Isotope 	 (11 8) 

Ag 109 	 48.65 	 F 	0.038 	Ag109(n,a)Rh106 	 30 sec 	0.51(20%), 0.62(11%), 0.87-2.66 	 4.98 x 10 4 	1.9 x 10 3  
Ag 109 	 48.65 	 F 	0.8 	 Ag109(n,2n)Ag108 	2.3 min 	0.43(0.2%), 0.63(1%), P+ (0.1%) 	 1.1 x 10 6 	5 x 10 2  

47 	Ag 107 	 51.35 	 F 	0.889 	Ag107(n, 2.n)Ag106 	24.0 min 	0.51(18%), 0.62-1.54, p+(61%) 	 8.6 x 10 5 	4.7 

Ag 109 	 48.65 	 T 	 89 	 Ag109(n,y)Ag110 	24.42 sec 	0. 66( <5%) 	 2.33 x 10 7 	25 

Ag 107 	 51.35 	 T 	45 	 Ag107(n,y)Ag108 	 2.3 min 	0 : 4153:0.2%).  0.63(1%).  e(0.1%) 	 1.25 x 10 7 	43 

48 	Cd 110 	 12.39 	 T 	0.2 	 Cd110(n, y)Cd111 m 	49 min 	

0 	

29)x, 0.246(94)x 	 5.48 x 10 3 	3.3 x 10 2  

Cd 116 	 7.58 	 T 	1.5 	Cd116(n,y)Cd117 	 2.9 hr 	0.28, 0.33, 0.83, 	1.27, 	1.53, 2.25 	8.9 x 10 3 	1.9 x 10 2  

49 	In 115 	 95.72 	 T 	155 	ml 15(n,  y)In116n1 	 54 min 	0.406(40%),  0.81(15%),  1.09(57%), 	 3.1 x 10 7 	0.07 
1.27(83%), 0.14-2.08 

Sn 120 	 32.85 	 F 	0.0038 	Sn120(n,p)In120 	 50 sec 	0.73, 0.85, 	1.02, 1.18 	 3 x 10 3 	 4.6 x 10 3  

50 	Sn 124 	 5.94 	 T 	0.2 	 Sn124(n,y)Sn1Z5m 	9.7 min 	0.33(99%), 1.42(2%), 0.59 - 1.04 	 5.65 x 10 3 	4.1 x 10 2  

Sn 122 	 4.72 	 T 	0.16 	Sn122(n,y)Sn123 	 41 min 	0.15(88%) 	 1.9 x 10 3 	1.1 x 10 3  

51 	
Sb 121 	 57.25 	 F 	1.056 	Sb121(n,2n)Sb120 	15.7 min 	1.18(1%), p+(44%) 	 1.2 x 10 6 	4 

Sb 121 	 57.25 	 T 	0.19 	Sb121(n.y)Sb122m 	4.1 min 	' 0.060(100%), 0.075(100%) 	 5.19 x 104 	67 

4  Te 128 	 31.79 	 F 	0.8 	 Te128(n, 2n)Te127 	- 	9.4 hr 	0.36(0.1%), 0.418(0.8%), 0.059-0.215 	2.8 x 10 	 7.4 x 10 3  

Te 130 	 34.48 	 T 	0.22 	Te130(n,y)Te131 	 25 min 	0.15(100) x, 0,448(24)x, 0.595-1.14 	2.39 x 10 4 	80 
52 

Te 128 	 31.79 	 T 	0.13 	Te128(n,y)Te129 	 74 min 	0.45(9%), 0.031-1.09 	 5.9 x 10 3 	3.2x  10 3  

Te 126 	 18.71 	 T 	0.8 	 Te126(n, y)Te127 	 9.4 hr 	0.36(0.1%), 0. 418(0. 8%), 0.059-0.215 	3.3 x 10 3 	6.3 x 10 4  

1127 	 100 	 F 	0.025 	I 127(n, p)Te127 	 9.4 hr 	0.36(0.1%),  0.418(0.  8%),0.059-0.215 	2.8 x 10 3  
53 

	

6 	
7.5 x 104  

I 127 	 100 	 T 	5.6 	 I 127(n, y)I 128 	 25 min 	0.44(17%),  O. 54(1. 8%),  0.97(0.3%) 	1,7 x 10 	 6.4 

Xe 136 	 8.87 	 T 	0.15 	Xe136(n,y)Xe137 	 3.95 min 	0.455(33%) 	 5.9 x 10 3 	1.8 x 10 3  
54 Xe 134 	 10.44 	 T 	0.2 	 Xe134(n,y)Xe135 	 9.2 hr 	0.25(.17%), 0. 36(~0 ,  1%), 0. 6(-4%) 	 4.6 x 10 2 	3.8 x 10 3  

Cs 133 	 100 	 F 	0.0018 	Cs133(n, a)I 130 	 12.5 hr 	0.41(30)x, 0. 53(100)x, 0. 66(90)x, 	 1.5 x 10 2 	1.1 x 104  

55 	 0. 74(80)x, 	1 ,  15(40 )x 

Cs 133 	 100 	 T 	3 	 Cs133(n, y)Cs134m 	2.91  Kr 	0.127(13%) 	. 	 1.94 x 10 5 	66 

Ba 138 	 71.66 	 F 	0.013 	Ba138(n,a)Xe135 m 	15.6 min 	0.53 	 1.7 x 10 4 	1.2 x 10 2 

Ba 138 	 71,66 	 F 	0.0025 	Ba138(n,p)Cs138 	 32 min 	0.46(23%),  1.01(25% ), 1.43(73%). 	 2.26 x 10 3 	1.1 x 10 3 

56 	 2.21(18%), 0.14-3.34 

Ba 136 	 7.81 	 T 	0.016 	Ba136(n,y)Ba137m 	2.6 min 	0.662(100%) 	 5.29 x 10 2 	9 x 10 3  

Ba 138 	 71.66 	 T 	0.5 	 Ba138(n,y)Ba139 	 85 min 	0.167(21%), 1.43(2%) 	 4.35 x 10 4 	1.9 x 10 2  



TABLE 4 (Continued) 

	

Target 	 Sensitivity 

	

Z 	 % Ab undance 	F or T 	cr. (barns) 	 Reaction 	Hall-life 	 Gamma Energy (MeV) 	 R(d/sec/g) 

	

Isotope 	 ( 11 13) 

3 

	

La 139 	 99.91 	 F 	0.005 Lal 39(n, p)Bal 39 	 85 min 	0.167(21%), 1.43(2%) 	 3 x 10 	 2.8 x 10 3  

	

57 	 La 139 	 99.91 	 T 	8.2 	 La139(n. y)La140 	40.2 hr 	0.33(19%). 0.49(41%), 0.82(27%). 	 4.07 x 10 4 	43 
0.92(11%), 1.60(95%), 2.54(4%) 

	

Ce 140 	 88.48 	 F 	0.009 	Ce140(n, a)Ba137m 	2.6 min 	0.662(100%) 	 1.65 x 10 4 	2.9 x 10 2  

	

Ce 142 	 11.07 	 F 	0.008 	Ce142(n, a)8a139 	 85 min 	0.167(21%), 1.43(2%) 	 5.3 x 10 2 	1.6 x 104  

	

58 	 Ce 142 	 11.07 	 F 	0.0094 	Ce142(n, p)La142 	 92 min 	0.65(100) x, 0.89(30) x, 1.03(20)x. 1.8(15) x, 	5.8 x 10 2 	3 x 10 3  
2.08(30)x, 	2.4(55) x, 	2.9(15)x, 	3.4(5)x  

	

- Ce 142 	 11.07 	 T 	0.94 	Ce142(n, y)Ce143 	 33 hr 	0.29(43%), 0.057-1.10 	 5.9 x 10 2 	6.6 x 10 3  

	

59 	 Pr 141 	 100 	 F 	1.24 	Pr141(n.2n)Pr140 • 	3.4 min 	‘34"(54%) 	 2.5x  10 6 	2.8 

	

Pr 141 	 100 	 • T 	10.8 	 Pr141(n, y)Pr142 	19.1 hr 	1.58(4%) 	 1,1 x 10 5 	3.8 x 10 2  

	

Nd 142 	 27.11 	 F 	0.01 	Nd142(n, a)Ce139m 	60 sec 	0.75 	 5.5 x 10 3 	2.1 x 10 3  

	

Nd 148 	 5.73 	 F 	0.0035 	Nd148(n,p)Pr148 	 2 min 	0.3 	 4.4 x 10 2 	1.5 x 104  

	

60 	 Nd 142 	 27.11 	 F 	0.0135 	Nd142(n,p)Pr142 	19.1 hr 	1.57(4%) 	 1.84 x 10 2 	2.3 x 10 5  

	

Nd 150 	 5.62 	 T 	1.5 	 Nd150(n, y)Nd151 	 12 min 	0.14-1.75 	 3.16x  10 4 	69 

	

Nd 148 	 5.73 	 T 	3.7 	 Nd148(n, y)Nd149 	 1.8 hr 	0.03-0.65 	 2 x 104 	 87 

	

Sm 152 	26.72 	 F 	0.0037 	Sm152(n,p)Prri152 	6 min 	0.122, 0.24 	 1.9 x 10 3 	1.5 x 10 3 

	

62 	 Sm 154 	22.71 . 	 F 	0.009 	Sm154(n,a.)Nd151 	 12 min 	0.14-1.75 	 3.67 x 10 3 	6 x 10 2  

	

Sm 152 	26.72 	 F 	0.01 	Sm152(n,a )Nd149 	 1.8 hr 	0.03-0.65 	 1.2 x 10 3 	1.4 x 10 3 

	

Sm 154 	22.71 	 T 	5.5 	 Srn154(n, y)Sm155 	22 min 	0.104(76%), 0.142(1%), 0.246(3%) 	 3.57 x 10 5 	7.2 

	

Eu 153 	 52.18 	 F 	0.009 	Eu153(n, n)PM150 	2.7 hr 	0.33(100)x, 0.41(10) x, 0.51(30)x,  0. 84(25)X, 	1.45 x 10 3 	1.2 x 10 3  

	

63 	 0.57-0.84 

	

Eu 151 	 47.82 	 F 	0.48 	Eu151(n, 2n)Eu150 	12.8 hr 	0.34, 0.41, 0.61-1.97 	 1.47 x 10 4 	1.1 x 10 2  

	

Eu 151 	 47.82 	 T 	1700 	Eu151(n, y)Eu152m 	9.3 hr 	0.12(7%), 0.84(11%), 0.96(9%), 0.34-1.39 	1.55 x 10
7 

 
1 

	

Gd 160 	 21.9 	 F 	0,002 	Gd160(n,a)Sm157 	 30 sec 	0.57 	 7.75 x 10 2 	3 x 10 4  

	

Gd 157 	 15.68 	 F 	0.0113 	Gd157(n,p)Eu157 	15.15 hr 	0.065-0.75 	 99 	 1.7 x 104  

	

64 	 Gd 160 	 21.9 	 F 	1.5 	 Gd160(n,2n)Gd159 	18.0 hr 	0.36(19%), 0.08-0.3 	 1.54 x 10
4 	

57 x 10 2  

	

Gd 160 	 21.9 	 T 	0.8 	 Gd160(n, y)Gd161 	 3.7 min 	0.1(17) x, 0.32(37)", 0.36(100) x, 0.08-0.53 	6.48 x 104 	
57.  

	

Gd 158 	 24.87 	 T 	3.9 	 Gd158(n, y)Gd159 	18.0 hr 	0.36(19%), 0.08-0.3 	 9.1 x 10 3 	9.6 x 10 2  

	

65 	 Tb 159 	 100 	 F 	0,0022 	Tb159(n.P)Gd159 	18.0 hr 	0.36(19%), 0.08-0.3 	 1 x 10 2 	 8.6 x 10 4  

	

Tb 159 	 100 	 T 	22 	 Tb159(n, y)Tb160 	73d 	0.087-1.27 	 2.16x  10 3 	7.7x  10 2 

(Continued) 



TABLE 4 (Continued) 

	

Z 	Target 	% Abundance 	F or T 	a (barns) 	 Reaction 	 Half-life 	 Gamma Energy (MeV) 	 R(disec/g) 	Sensitivity 
Isotope 	 (11g) 

Dy 164 	28.18 	F 	0.015 	Dy164(n, a)Gd161 	3.7 min 	0.1(17)x , 0,32(37) x,0.36(100)x, 0.08-0.53 	7.5 x 10 3 	4.9 x 102 

Dy 163 	24.97 	F 	0,003 	Dy163(n, p)Tb163 	16 min 	0.025(20)x, 0.235(12)x, 0.33(40)x, 0.51(14)x 	1.34 x 10 3 	1.9 x 10 3  

	

66 	Dy 162 	25.53 	F 	0.0036 	Dy162(n, a)Gd159 	18.0 hr 	0.36(19%), 0.08-0.30 	 38 	 2.4 x 10 5 

Dy 164 	28.18 	T 	2000 	Dy164(n, y)Dy165 m 	1.3 min 	0.11(97%), 0.36(3%), 0,15, 0.52 	 2 x 10 8 	0.045 
Dy 164 	28.18 	T 	800 	Dy164(n, y)Dy165 	 2.3  hr 	0.098(3.2%), 0.28(1.4%), 0.36(1.7%) 	1.52x 10 7 	3.4 

0.56(0.7%), 0.64(1.1%), 0.72(0.9%) 

	

67 	'Ho 165 	100 	 F 	2.76 	Ho165(n, 2n)Ho164 	35 min 	0.037, 0.073, 0.091 	 2.6 x 10 6 	0.69 
Ho 165 	100 	 T 	60 	 Ho165(n, y)Ho166 	27 hr 	0.08(6%), 0.67-1.83 	 3.73 x 10 5 	75 

Er 168 4.7 x 10 2  27.07 	F 	0.001 	Er168(n, a)Dy165m 	1.3 min 	0.11(97%), 0.36(3%), 0.15, 0.52 	 1.9 x 10 4  
Er 168 	27.07 	 F 	 0.0025 	Er168(n, p)Ho168 	3 min 	0.85 	 1.2 x 10 3 	3.6 x 10 3  
Er 167 	 1.76 x 10 2 	9.4 x 10 3  

	

68 	 0.13-0.53 
Er 162 	

22.94 	F 	0.003 	Er167(n, p)Ho167 	3.1 hr 	0.057,0.079,0.083,0.21,0.24,0.32, 

0.136 	T 	2.03 	Er162(n, y)Er 163 	75 min 	0.30, 0.43, 	1.1 	 3.1 x 10 2 	5.7 x 10 3  
Er 170 	14.88 	T 	9 	 Er170(n, y)Er171 	7.5 hr 	0.112(22%), 0.124(9%), 0.296(23%) 	 2.86 x 10 4 	84 

. 	 0.308(69%) 

	

69 	Tm 169 	100 	 T 	130 	Tm169(n, Y)Tm170 	127d 	0.084(3%) 	 6.97x  10 3  

Yb 176 	12.73 	T 	0.4 	Yb176(n, y)Yb177m 	6.4 sec 	0.104, 0.233 	 1.7 x 10 4 	

7.9 x 10 3  

6.5 x 10 3  

	

70 	Yb 176 	12.73 	T 	5.5 	Yb176(n, y)Yb177 	1.9 hr 	0.15(6.4%), 1.09(1. 9%), 1.24(1.7%), 	5.22 x 10 4 	5 x 10 2  
0.12-0.95 

Yb 174 	31.84 	T 	60 	 Yb174(n, y)Yb175 	4.2 d 	0.11(3%). 0 . 280%), 8.39(9%) 	 3.05 x 10 4 	6 x 10 2  

	

71 	Lu 175 	97.41 	 T 	35 	 Lu175(n, y)Lu176m 	3.7 hr 	0.055, 0.088 	 1,37 x 10 6 	1.2 

Hf 177 	18.5 	 T 	380 	HI 177(n, y)Hf 178m 	3.5 sec 	0.326, 0.41 	 2.29 x 10 7 	
8.7 

	

72 	Hf 178 	27.14 	T 	40 	 Hf 178(n, y)Hf 179m 	18.6 sec 	0.16(100%), O. 217(100%) 	 3.54 x 10 6 	11 
Hf 179 	13.75 	 T 	65 	 Hf 179(n,  ')HL  180m 	5.5 hr 	0.058(62%), 0.093(20%), 0.22(88%), 	2.39 x 10 5 	7.3 

0.33(96%), 0,44(81%), 0.50(16%) 

Ta 181 	99.987 	F 	0.0012 	Ta181(n, a)Lu178 	22 min 	0.34(100)x, 0.44(10)x 	 1.43 x 10 3 	1 0.4 x 

	

73 	Ta 181 	99. 987 	F 	0.9 	Ta181(n, 2n)Tal8O rn 	8.1 hr 	0.102 	 8.55 x 	
2 	10 3  

10 4  
Ta 181 	99.987 	T 	0.03 	Ta181(n, y)Ta182m 	, 	16 min 	0.147, 0.172, 0.184, 0.319, 0.356 	8.2 x 10 3 	2.5 x 10 2  

(Continued) 
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Z 	Target 	% Abundance 	F or T 	cr (barns) 	 Reaction 	 Half-life 	 Gamma Energy (MeV) 	 R(d/sec/g) 	Sensitivity 
Isotope 	 ( ILO 

W 186 	 28.41 	 F 	0.0029 	W186(n, p)Ta186 	 10 min 	0.123(25)", 0.2(100) x, 0.3(25)", 0.41 ( 20 ) x, 	1.26 x io 3 	1.8 x 10 3 

0.51(45)", 0.61(45)", 0.73(65)", 0.94(15)" 
W 184 	 30.64 	 F 	0.0049 	W184(n, p)Ta184 	 8.7 hr 	0.11(30) x, 0.24(60)", 0.30(35)", 0.41(100) x, 	1 x 10 z 	 2 x 10 3  74 0.89(90)", 1.18(50)", 0.16-0.78 
W 182 	 26.41 	 T 	20 	 W182(n, y)W183" 	5.5 sec 	0.06, 0.105, 0.155 	 1.67 x 10 6 	

76 
W 186 	 28.41 	 T 	34 	 W186(n„ y)W187 	 24 hr 	0.072(13%), 0.134(10%), 0.48(28%). 	 6.05 x 10 4 	86 

• 0.68(32%), 0.55-0.77 

Re 187 	62.93 	 F 	0.00094 	Re187(n,tt)Ta184 . 	8.7 hr 	0.11(30)", 0,24(60) x, 0,30(35) x, 0.41(100) x, 	39 	 4.2 x 10 4 

0.89(90)", 1.18(50) x, 0.16-0.78 
Re 187 	62.93 	 F 	 0.0039 	Re187(n, p)W187 	 24 hr 	0.072(13%), 0.134(10%). 0.48(28%), 	 76 	 6.8 x 10 4 

	

75 	 0.68(32%),0.55.0.77  
Re 187 	62.93 	 T 	66 	 Re187(n, y)Re188 rn 	20 min 	0.064, 0.105 	 3.92 x 10 6 	0.5 

Re187(n, y)Re188 	 18 hr 	0.155(15%), 0.45-1.96 	 27 Re 187 	62.93 	 T 	75 4.12 x 10 5  
Re 185 	37.07 	 T 	120 	Re185(n, y)Re 186 	90 hr 	0.137(11%) 	 7.35 x 10 4 	2.1 x  10 2 

	

76 	Os 192 	41.0 	 T 	1.6 	03192(n, y)Os 193 	32 hr 	0.139(3%), 0.28(1.3%), 0.46(4%) 	 2.98 x 10 3 	1.4 x 10 4 

•  Ir 191 	 37.3 	 F 	0,0024 	Ir191(n,u)Re188 	 18 hr 	0.155(15%), 0.45-1.96 	 38.2 	 2.9 x 

	

77 	Jr 193 	 62.7 	 F 	0.0027 	1r193(n, p)08193 	 32 hr 	0.139(3%), 0.28(1.3%) ,  0.46(4%) 	 38 	
105

6 1.46 x 10 
Jr 191 	 37.3 	 T 	610 	Ir191(n, y)Ir 192" 	1.4 min 	0.058(99%) 	 6.86 x 10 7 	0.12 
Jr 193 	 62.7 	 T 	130 	1r193(n, y)1r194 	 19 hr 	0.29(5%), 0.33(24%), 0.64(6.2%), 0.62-2.05 	6.18 x 10 5 	11 

Pt 195 	 33.8 	 F 	 0.0029 	Pt 195(n, p)1r195 	 2.3 hr 	0.1(100)", 0.13(50)", 0.33(60)", 0.37(40)", 	2.7 x 10 2 	6.2 x 10 3  
0.43(30)", 0.66(20)" 

Pt 198 	 7.21 	 F 	 2.8 	 Pt 198(n, 2n)Pt 197 	20 hr 	0.077(100%), 0.19(1.5%) 	 7.2 x 10 3 	2.3 x 10 2 

Pt 194 	 32.9 	 F 	0.0039 	Pt 194(n, p)Ir194 	 19 hr 	0.29(5%), 0.33(24%), 0.64(6.2%), 0.62-2.05 	48 	 1.45 x 10 5  
78 

Pt 198 	 7.21 	 T 	0.028 	Pt 198(n,  ')Pt  199 	14 sec 	0.032(100%), 0.39(100%) 	 6 x 10 2 	 8.2 x 10 4 

Pt 198 	 7.21 	 T 	3.9 	 Pt 198(n, y)Pt 199 	30 min 	0.074-0.96 	 5.2 x 10 4 	36 
Pt 196 	25.3 	 T 	0.87 	Pt 196(n, y)Pt 197 	20 hr 	0.077(100%), 0.19(1.5%) 	 1.56 x 10 3 	1.07 x 10 3 

	

79 	Au 197 	100 	 T 	98.8 	Au197(n, y)Au198 	2.7 d 	0.41(95.6%), 0.68(1.1%), 1.09(0.26%) 	2.14x  10 5 	8.1 

Hg 201 	13.22 	 r 	0.0021 	Hg201(n,p)Au201 	 26 min 	0.55 	 2.7 x 10 2 	6.9 x 10 3  
Hg 202 	29.80 	 F 	0.001 	Hg202(n,u)Pt 199 	30 min 	0.074-0.96 	 2.68 x 10 2 	

70 x 13  

	

80 	 Hg 200 	23.13 	 F 	0.0036 	Hg200(n, p)Au200 	48.4 min 	0.37(24%), 1.23(24%) 	 7.1 x 10 2 	1,1  x 10°4  
Hg 204 	 6.85 	 T 	0.43 	Hg204(n, y)Hg205 	 5.2 min 	0.205 	 8.54 x 10 3 	3.54 x 10 2  
Hg 198 	10.02 	 T 	0.018 	Hg198(n, y)Hg199" 	42 min 	0.158, 0.368 	 2.78 x le 	6,5 x 10 3 

Hg 196 	 0.146 	 T 	420 	Hg196(n, y)Hg197" 	24 hr 	0.135(31%), 0,164(4.5%), 0.28(3%), 0.41(3%) 	3.5 x IC/ 	 1.54 x 10 3  
Hg 196 	 0.146 	 T 	880 	Hg196(n, y)Hg197 	65 hr 	0.077(20%), 0.191, 0.269 	 2.73 x 10 3 	3.05 x 10 3  

(Continued) 



TABLE 4 (Concluded) 

% Abundance 	F or T 	c' (barns) 	 Reaction 	 Half-life 	 Gamma Energy (MeV) 	 R(d/sec/g) 	
Sensitivity 

Z 	Target
ope Isot 	

( p g) 

81 	Tl 205 	 70.5 	 F 	0.003 	Ti 205(n, p)Hg205 	 5.2 min 	0.205 	 3 x 10 3 	 1 x 10 3  

Ti 203 	 29.5 	 F 	0.00037 	Ti 203(n, n)Au200 	48.4 min 	0.37(24%), 	1.23(24%) 	 91 	 8 x 10 4  

82 	Pb 208 	 52.3 	 F 	0.00096 	Pb208(n, p)T1 208 	 3.1 min 	0.51(30%), 0.56(77%), 2.61(100%), 0.04-1.09 7.05 x 10
2 	5.9 x 10 3  

Pb 208 	 52.3 	 F 	0.0016 	Pb208(n, 6)Hg205 	 5.2 min 	0.205 	 1.17 x 10 3 	2.8x 10 3  

90 	Th 232 	 100 	 T 	7.33 	Th232(n, y) Th233 	22.4 min 	Many 	 1.34 x 10 6 	1. i.  

92 	U 238 	 99.3 	 T 	2.74 	U238(n, y)U239 	 23.5 min 	0.074, 0.38-0.99 	 4.74 x 10 5 	4.1 
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EMPIRICAL SENSITIVITY DATA 

Empirical sensitivity data have been obtained for sixty-six elements, 
under standard irradiation and counting conditions, by irradiating a known 
weight of either the element or a pure compound of the element. The weight 
of sa.mple used for these tests was dependent on the neutron activation cross 
section of the particular element and wa.s normally a few hundred milligrams. 
The sample for irradiation was contained in a standard, 5-ml capacity, poly-
thene irradiation vial. In order for this relatively ,small weight of sample to 
occupy a volume representative of the whole capsule, the sample was placed 
in a polythene-tube insert in the vial. The internal diameter of the insert 
was about 0.1 inch and the outside diameter such that it was a close fit in 
the irradiation capsule. 

All of the irradiations were performed using the pneumatic transfer 
facility. For an isotope with a short half-life, the sample was counted in 
the transfer tube, following the irradiation, with a decay time of about one 
second. For an isotope with a reasonably long half-life, the sample was 
counted on top of the 3" x 3" NaI (Ti) scintillation detector, using a 1200 

mg/crn2 beta absorber. The decay time before counting, in this case, 
was usually one minute. 

The identities of the isotopes produced were confirmed, if necessary, 
by half-life as well as by gamma-ray energy measurements. The photopeak 
counts were then taken for the most intense gamma-rays emitted by the iso-
tope and normalised to a fast flux of 5 x 10 8  n/crn2  -sec or a thermal flux 

of 1 x 10 8  n/cm2  -sec, depending on the irradiation position that was used. 
The nuclear reactio_l and the gamma-ray photopeak that offer the highest 
analytical sensitivity for a given element are listed in Table 5. Where two 
photopeaks from the same isotope offer comparable sensitivities, both photo-
peaks are listed. Similarly, where two different reactions with the same 
element give comparable sensitivities, both reactions are listed. Other 

reactions with a given element that offer lesser sensitivities, have not been 
included in Table 5. The sensitivity data are usually the average of at least 
two determinations. 

The irradiation times -.nd the measurement times used in these 
empirical sensitivity test ,,, do not represent the maximum times that could 
have been used. Howeve.--, the various times that were used may be 
extended to other values by simple calculation. 

The sensitivity data given in Table 5 are relevant to the experimental 
arrangements used for these determinations. The use of a second scintilla-
tion detector, for example, would result in an increase in sen.sitivity. How-
ever, the relative sensitivities from this table should be approximately the 



- 46 - 

same for other detector assemblies. 

A number of fast neutron reactions were found to offer good 
analytical sensitivity but are not included in Table 4, through lack of 
published cross section data. These reactions are listed separately in 
Table 6. 



TABLE 5 

Empirical Sensitivity Data 

	

z 	Target 	F or T 	 Time 	Product 	Half-life 	 Photopeak 	 No. of Pg to Give 
Element 	 Irradiation 	Decay 	Counting 	Isotope 	 Measured (MeV) 	 100 Photopeak Counts 

	

5 	 B 	 F 	 40 sec 	1.5 sec 	40 sec 	 Bell 	 13.6 sec 	 2.12 	 2.5x 104  

	

7 	N 	 F 	 5 	min 	1 	min 	10 min 	 N 13 	 10 	min 	 Al" 	 35 

	

8 	• 	o 	r 	40 sec 	1.5 sec 	40 sec 	 N 16 	 7.14 sec 	 4.5-6.5 	 ix 10 2  

	

9 	 F 	' 	 F 	 2 	min 	I 	sec 	2 	min 	 0 19 	 29.1 sec 	 0.2 	 1.35 x 10 2  
F 	 F 	 10 min 	4 	min 	15 min 	 F 18 	 109.7 min 	 A+ 	 31 

	

11 	Na 	 F 	 2 	min 	1 	sec 	2 	min 	 Ne 23 	 38 sec 	 0.44 	 2.3 x 10 2, 
Na 	 T 	 15 min 	4 	min 	30 min 	4  Na 24 	 15.05 hr 	 1.37 	 2.4 x 10' 

	

12 	Mg 	 F 	 2 	min 	1 	sec 	2 	min 	 Ne 23,Na 25 	38 sec, 60 sec 	0.44, 0.4 	 1.4 x 10 3  
Mg 	 F 	 15 min 	4 	min 	30 min 	 Na 24 	 15.05 hr 	 1.37 	 1.5 x 10 2  

	

13 	 Al 	 r 	5 	min 	1 	min 	10 min 	 Mg 27 	 9.5 min 	 0.84 	 50 
LOI 	 1.7 x 10 2  

	

14 	Si 	 F 	 2.3 min 	1 	min 	4.6 min 	Al 28 	 2.23 min 	 1.78 	 45 

	

15 	P 	 F 	 2.3 min 	1 	min 	4.6 min 	Al 28 	 2.23 min 	 1.78 	 70 
P 	 , 	F 	 2.3 min 	1 	min 	4.6 min 	P 30 	 2.53 min 	 p+ 	 1.6 x 10 2  

	

16 	 s 	 F 	 1 	min 	1 	sec 	1 	min 	P34 	 12.4 sec 	 2.1 	 8.7x 104  

	

17 	Cl 	 F 	 10 	min 	1 	min 	20 	min 	 Ca 34m 	32.4 min 	 p+ 	 1.9 x 10 2 

	

19 	K 	 r 	10 	min 	1 	min 	15 	min 	K38 	 7.7 min 	 P+ 	 1.9 x 10 2  

	

20 	Ca 	 F 	 10 	min 	1 	min 	15 	min 	K 44 	 22 min 	 1.13 	 9 x 10 3  

Sc 	 F 	 10 	min 	1 	min 	20 	min 	Sc 44 	 3.92 hr 	 Ç. 	 26 
21 

Sc 	 T 	 1 	min 	1 	sec 	1 	min 	Sc 46m 	20 sec 	 0.14 	 27 

	

22 	Ti 	 r 	10 	min 	1 	min 	20 	min 	Sc 50,T1 45 	1.8 min, 3.08 hr 	0.51,p+ 	 3.2 x 10 2 

 V 

	

 
23 	

F 	 5 	min 	1 	min 	10 	min 	Ti 51 	 5.8 min 	 0.32 	 70 

V 	 T 	 5 	min 	1 	min 	10 	min 	V 52 	 3.76 min 	 1.43 	 13 

	

24 	Cr 	 F 	 3 	min 	1 	min 	3 	min 	V 52 	 3.76 rnin 	 1.43 	 3 x 10 2  

	

25 	Mn 	 T 	 10 	min 	1 	min 	20 min 	Mn 56 	 2.58 hr 	 0.845 	 10 
1.81 	 75 

	

26 	Fe 	 F 	 10 	min 	1 	min 	20 	min 	Mn 56 	 2.58 hr 	 0.845 	 1.4 x 10 2  

(Continued) 



TABLE 5 (Continued) 

Target 	 Time 	Product 	 Photopeak 	 No. of ià g to Cive 

	

Z 	 F or T 
 Element 	 Irradiation 	Decay 	Counting 	Isotope 	
Half-life 	 Measured (MeV) 	 100 Photopeak Counts 

	

27 	Co 	 T 	 5 min 	1 min 	10 min 	 Co 60m 	10.35 min 	 0.059 	 40 

	

' 28 	Ni 	 F 	 10 min 	1 min 	20 min 	 Co 60m, Co 61 	10.35 min, 1.65 hr 	0.059, 0.072 	 9.4 x 10 2  

	

29 	Cu 	 F 	 5 min 	1 min 	10 min 	 Cu 62 	 9.8 min 	 (3+ 	 6 

	

30 	 Zn 	 F 	 5 min 	1 min 	10 min 	 Zn 63 	 38,1 min 	 f*+ 	 70 

	

31 	Ga 	 F 	 10 min 	1 min 	20 min 	 Ga 68 	 68 	min 	 13+ 	 8 

	

32 	Ge 	 F 	 1 min 	1 sec 	2 	min 	 Ge 75m 	49 	sec 	 0.139 	 3.3 x 10 2  

	

33 	As 	 T 	 15 min 	I min 	30 min 	 As 76 	 26.5 hr 	 0.56 	 2 x 10 2  

, 	34 	Se 	 F 	 30 sec 	. 	1 sec 	60 sec 	 Se 77m 	17.7 sec 	 0.16 	 1.9 x 10 2  

Br 	 F 	 20 sec 	1 sec 	20 sec 	 Br 79m 	5.1 sec 	 0,21 	 4.6 x 10 2  
35 

Br 	 F 	 3,2 min 	1 min 	6.4 min 	Br 78 	 6.4 min 	 11+ 	 8 

Rb 	 F 	 1 min 	1 sec 	2 	min 	 Rb 86m 	61 	sec 	 0.56 	 1 x 10 2  
37 

Rb 	 F 	 5 min 	1 min 	10 min 	 Rb 84m 	21 	min 	 0.22, 0.25 	 12 

	

38 	Sr 	 T 	 10 min 	I min 	20 min 	 Sr 87m 	 2.8 hr 	 0.39 	 Z.1 x 10 2  

	

39 	 Y 	 F 	 1 min 	1 sec 	1 	min 	 Y89m 	 16 	sec 	 0.91 	 1 x 10 2  

	

40 	 Zr 	 F 	 5 min 	1 min 	10 min 	 Zr 89m 	4.18 min 	 0.59 	 1.5 x 10 2  

	

41 	 Nb 	 F 	10 min 	1 min 	20 min 	 Y 90m 	 3.14 hr 	 0.2 	 1.8 x 10 3  

	

42 	Mo 	 F 	 5 min 	1 min 	10 min 	 Mo 91 	 15.6 min 	 a+ 	 1.3 x 10 2  

	

45 	Rh 	 T 	 1 min 	1 sec 	1 	min 	 Rh 104 	42.8 sec 	 0.56 	 80 

	

46 	Pd 	 T 	 4 min 	1 min 	8 min 	 Pd 109m 	4.8 min 	 0.18 	 2.3 x 10 2 

	

47 	Ag 	 F 	 5 min 	1 min 	10 min 	 Ag 106 	24 	min 	 is+ 	 2 

	

48 	Cd 	 T 	 10 min 	I min 	20 min 	 Cd I 1 lm 	49 	min 	 0.25 	 1 x 10 2  

	

49 	 In 	 T 	 10 min 	1 min 	20 min 	 In 116m 	54 	min 	 0.41 	 1.4 
1.09 	 1.5 
1.27 	 1.3 

	

50 	Sn 	 F 	 5 min 	1 min 	10 min 	 Sn 125m 	9.7 min 	 0.33 	 2.2 x 10 3  

Sn 	 F 	 5 min 	1 min 	10 min 	 Sn 123 	41 	min 	 0.15 	 1.4 x 10 3 

	

51 	 Sb 	 F 	 5 min 	1 min 	10 min 	 Sb 120 	 15.7 min 	 p+ 	 18 

(Continued) 



TABLE 5 (Concluded) 

	

Z 	Target 	F or T 	 Tirne 	Product Half-life 	 Photopeak 	 No. of lag to Give 
Element 	 Irradiation 	Decay 	Counting 	Isotope 	 Measured (MeV) 	 100 Photopeak Counts 

	

52 	 Te 	 T 	 5 min 	1 min 	10 min 	 Te 131 	. 25 min 	 0.15 	 1.8 z 10 3  

	

53 	. 	I 	 T 	 10 min 	1 min 	20 min 	I 128 	 ZS min 	 0.44 	 32 

	

55 	 Cs 	 T 	 15 min 	1 min 	30 min 	 Cs 134m 	2.91 hr 	 0.127 	 1.5 x 10 2  

	

56 	 Ba 	 F 	 2.6 min 	1 min 	5.2 min 	 Ba 137m 	2.6 min 	 0.662 	 27 

	

57 	 La 	 T 	 20 min 	1 min 	40 min 	 La 140 	40.2 hr 	 0.49 	 2.3 x 10 2 

	

58 	 Ce 	 F 	 1 min 	I sec 	2 min 	 Ce 139m 	1 min 	 0.75 	 70 

	

59 	 Pr 	 F 	 3 min 	1 rnin 	6 min 	 Pr 140 	3.4 min 	 0+ 	 8 

	

60 	 Nd 	 F 	' 	2 min 	1 min 	4 min 	 Nd 141m 	64 sec 	 0.76 	 3 x 10 2  

	

62 	Sm 	 T 	 5 min 	1 min 	10 min 	 Sm 155 	22 min 	 0.104 	 60 

	

63 	Eu 	 T 	 15 min 	1 min 	30 min 	 Eu 152m 	9.3 hr 	 0.12 	 3.5 

	

64 	 Gd 	 T 	 3 min 	1 min 	6 min 	 Gd 161 	3.7 min 	 0.32, 0.36 	 1.7 x 10 3  

	

66 	Dy 	 T 	 1 min 	1 sec 	2 min 	Dy 165m 	1.3 min 	 0.11 	 20 

	

67 	 Ho 	 T 	 15 min 	1 min 	30 min 	 Ho 166 	27 hr 	 0.08 	 48 

	

68 	 Er 	 T 	 15 min 	I min 	30 min 	 Er 171 	7.5 hr 	 0.3 	 2.6 x 10 2  

	

70 	 Yb 	 'T 	 10 min 	1 min 	20 min 	 Yb 177 	1.9 hr . 	 0.15 	 1.3 x 10 3  

	

71 	 Lu 	 T 	 15 min 	I min 	30 min 	 Lu 176m 	3.7 hr 	 0.055 	 15 

	

72 	 Hf 	 T 	 1 min 	I sec 	1 min 	Hf 179m 	18.6 sec 	 • 	0.22 	 60 

	

73 	 Ta 	 T 	 10 min 	1 min 	20 min 	Ta 180m,  Ta 182m 	8.1 hr, 16 min 	0.057 	 4.5 x 10 2  

	

74 	W 	 T 	 15 min 	1 min 	20 min 	 W 187 	 24 hr 	 0.48 	 6.5 x 10 2  
0.68 	 7.5 x 10 2  

	

75 	 Re 	 T 	 5 min 	1 min 	10 min 	 Re 188m 	20 min 	 0.064 	 95 

	

77 	 Ir 	 T 	 15 min 	I min 	30 min 	 Ir 194 	 19 hr 	 0.33 	 25 

	

78 	 Pt 	 T 	 10 min 	1 min 	20 min 	 Pt 199 	 30 min 	 . 	0.48, 0.54 	 2.3 x 10 2  

	

79 	 Au 	 r 	40 sec 	1.5 sec 40 sec 	 Au 197m 	7.3 sec 	 0.28 	 4 x 10 2  

Au 	 T 	 20 min 	1 min 	75 min 	 Au  198 	2.7d 	 0.41 	 8 

	

80 	 Hg 	 F 	 10 min 	1 min 	20 min 	 Hg 199m 	44 min 	 0.16 	 60 

	

82 	 Pb 	 r 	15 min 	1 min 	30 min 	Pb 204m, Ti  208 	67 min, 3.1 min 	0.9. 0.86 	 7 x 10 2  
Pb 204m 	67 min 	 0.38 	 1.1 x 103  
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TABLE 6 

Empirically Determined Fast Neutron Reactions That Offer  
High Analytical Sensitivities  

, 

	

Z 	Element 	 Reaction 	 Half-life 	 Gamma Energy (MeV) 

	

28 	Ni 	Ni60(n, p)Co60 	. 	10.35 min 	0.059(99.7%), 1.33(0.3%) 

	

32 	Ge 	Ge76(n, 2n)Ge75 111 	49 	sec 	0.139(100%) 

	

35 	Br 	Br79(n,n , )Br79 n1 	5.1 	sec 	0.21 

	

37 	Rb 	Rb85(n, 2n)Rb84m 	21 	min 	0.216(32)x, 0.25(62) x, 0.46(32) x  

Rb87(n, 2n)Rb86m 	61 	sec 	0.56 

	

39 	Y 	y89(n, n 1 ), Y89 111 	16 	sec 	0.91 

	

41 	Nb 	Nb93(n, a)Y90m 	3.14 hr 	0.2,0.48 

	

50 	Sn 	Sn124(n, 2n)Sn123 	40 	min 	0.15(88%) 

	

56 	Ba 	Ba138(n, 2n)Ba137 m  . 	2. 6 	min 	0.662(100%) 

	

5.8 	Ce - 	Ce140(n, 2n)Ce139 m 	1 	min 	0.75 

	

60 	Nd 	Nd142(n, 2n)Nd141 m 	64 	sec 	0.76 

	

79 	Au 	Au197(n,A T )Au197 m 	7.3 	sec 	0.13(99%), 0. 28(99%) 

	

80 	Hg 	Hg199(n,n 4 )Hg199 m 	44 	min 	0.16,0.37 

	

82 	Pb 	Pb204(n,ne  )Pb2041n 	67 	min 	0.38,0.9 

, 
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CONCLUSIONS 

A neutron generator offers the individual laboratory the possibility 
of having a self-contained activation analysis system that can be used for 
the quantitative determination of many elements. Except in a few very 
favourable cases, high sensitivity in the less than parts per million range 
will not be achieved with a neutron generator. However, there are a num-
ber of cases where its unique capabilities are superior to conventional an-
alytical techniques and will allow a rapid, non-destructive determination to 
be made that is di fficult or slow by other methods. The determination of 
oxygen by fast neutron activation has been widely exploited, and there is no 
reason why this type of quantitative, non-destructive determination should  nt 

 be extended to certain other elements. The fact that a given element may be 
determined by alternative methods should not preclude the possibility of the 
determination being performed by activation analysis. Since there are at 
least 250 r- 300 isotopes that could be formed in significant amounts by neu-
tron activation with a neutron generator, in general it is not possible to say 
which elements can be best determined by this technique without reference 
to the matrix in which the element is contained. Each sample really rep-
resents a specific problem in itself. Fortunately, it is one of the advant-
ages of neutron activation.analysis that a preliminary screening may be 
made very rapidly (based on data such as given in Table 4 and Table 5) to 
assess the possibility of the determination. For certain determinations, 
e. g. hafnium in steel, silica in iron oxide, and nitrogen in carbon, where a 
nuclide of high cross section is present in a low cross section matrix, it is 
fairly obvious that activation will provide a suitable method. In other cases, 
it may be necessary to perform trial irradiations of the components of a 
mixture to decide upon the feasibility of using activation analysis. The rela-
tive contributions of the various components in a mixture, to the total indu-
ced activity of the mixture, can usually be optimised for the isotope of in-
terest by suitable selection of the irradiation time, and the - decay time before 
counting„ Since activation analysis is a relative method of analysis, it will 
be necessary in all determinations to have a standard of known chemical 
composition that is similar to the samples under investigation. In all deter-
minations that involve the measurement of positron-emitters,care has to be 
exercised in the interpretation of the results, in view of the large number 
of isotopes that decay in this manner (see Appendix 1). Thus, for example, 
the presence of copper would produce very serious interference in the deter-
mination of nitrogen by fast neutron activation, since copper-62 and nitrogen-
13, both positron-emitters ,  have very similar half-lives. 

There are two factors that currently limit the range of activation 
analysis with a neutron generator. The first factor is the relatively limited 
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life of the tritium target at high beam currents. This factor essentially re-
stricts activation to isotopes with half-lives not greater than a few hours. 
Longer irradiations would permit the use of isotopes with half-lives of many 
hours or days with the additional possibility of chemical separation. Pres-
ent developments in the design of various types of long-lived targets, tar-
get replenishment techniques (10), or sealed generator tubes (30), could 
well help to solve this problem. The second limiting factor is associated 
with the poor resolution of a sodium iodide scintillation detector (resolution, 
5.9% at 1.33 MeV). As nearly all the gamma radiation to be measured 
following activation has an energy of less than 1.5 MeV, the resolution of 
some of the-photopeaks that could arise from the activation of a complex 
mixture is not normally possible. This fact tends to restrict the applica-
tion of the neutron generator to relatively simple mixtures or to mixtures 
in which the main components have low-activation cross sections. Improve-
ments in the detection sensitivity of high-resolution lithium-drift germanium 

- detectors (31) (resolution, 0.33% at 1.33 MeV) would be of great advantage 
in this respect. 

The accuracy that may be obtained in activation analysis can be no 
better than the statistical accuracy of the recorded counts; As the concen-
tration of an element decreases, the number of counts measured following 
activation will also decrease. The standard deviation, a , for a measured 
number of counts,. N, is given by ,r-N-. Thus, for 100 counts the standard 
deviation will be 1- 10%. 

Other errors of some signifiCance are also present. In fast neu-
tron activation in particular, the neutron flux distribution across a sample 
will be non-uniform (Figure 16) and will decrease with distance from the 
tritium target. For a counting system having only one NaI (Ti  ) detector, 
the side of the capsule of higher activity may not always be in the same pos-
ition with respect to the detector. This error can be avoided by rotating the 
sample during irradiation (32) or by repeating the determination a number 
of times. For samples of high-neutron absorption cross sections, absorp-
tion of neutrons within the sample itself can also cause non-uniform flux 
gradients. 

In general, activation analysis with a neutron generator can supple-
ment rather than supplant existing analytical techniques. The high sensitivity 
associated with activation analysis using a nuclear reactor will not be obtained 
with a neutron generator. The techniques employed in activation analysis are 
very different from those used in conventional analytical methods and they 
offer an alternative approaches to the determination of many elements. 
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APPENDIX 1 

Positron Emitters 

A large nurnber . of positron-emitting isoto.  pea are produced by fast . 
neutron activation, quite often from an (n, 2n) reaction that results in a neu-
tron-deficient isotope. Although the annihilation radiation from the decay 
of a positron-emitting isotope may be counted specifically by two single-
channel gamma-ray spectrometers arranged in coincidence, or as a 0.-51 
MeV photopeak with a gamma-ray spectrometer, it is obviously not possible 
to characterise the isotope by this energy alone. Characterisation will dep-
end upon the measurement of the half-life of the isotope and/or the meas-
urement of other gamma radiation emitted in the isotopic decay process; 

• As an aid in the identification of positron-emitting isotopes, Table 7 lists by 
half-life the positron-emitters likely to be encountered in activation analy-
sis using a 14 MeV neutron source. Also given in this table are the energies 
of other gamma-rays associated with the decay of the particular isotope; a 
dash in this column indicates that the isotope is a pure positron -emitter. 
In those cases where the isotope is formed by other than an (n, 2n) reaction, 
the target nuclide and the production process are listed after the isotope. 
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TABLE 7 

Positron Emitters Produced on Fast Neutron Activation Ordered by Half-life 

(Production process (n, 2n) unless otherwise shown) 

Isotope 	 . 	Half-life 	 Other Gamma Energies (MeV) 

Cl 34 	 1.5 sec 	 - 
A 35 	 1.8 sec 	 1.19(5%), 1.73(2%) 
S 31 	 2.6 sec 	 1.27(1%) 
Si 27 	 4.2 sec 	 0.84(0.2%), 1.01(0.2%) 
Ne 19 	 18 	sec 	 - 
Mo 91m 	 65 	sec 	 0.65(60%), 1.54(22%), 1.21(16%) 
Ag 108 	 2.3 min 	 0.43(0.2%), 0.63 (1%) 
Ag 108 (Cd 108;n, p) 	2.3 min 	 0.43(0.2%), 0.63(1%) 
P30 	 2.53 min 	 - 
Pr 140 	 3.4 min 	 - 
Zr 89m 	 4.18 min 	 0.59(94%), 1.53(7%) 
Br 78 	 6.4 min 	 0.62 
Br 78 (Kr 78;n. P) 	 6.4 min 	 0.62 
X 38 	 7.7 min 	 2.16(100%) 
Sm 143 	 9.0 min 	 - 
Fe 53 	 9.0 min 	 0.38 
La 136 (Ce 136in, p) 	9.5 min 	 0.83 
Cu 62 	 9.8 min 	 0.66(2%), 0.85-2.24 
N13 	 10 min 	 - 
Ho 162m  (Er 162;n, p) 	11.8 min 	 0.08 
In 112 	 14 min 	 0.16, 0.62 
In 112 (Sn 112;n, p) 	 14 min 	 0.16, 0.62 
Mo 91 	 15.6 min 	' 	 - 
Sb 120 	 15.7 min 	 1.18(1%) 
Br 80 	 17.6 min 	 0.62(14%) 
Ag 106 	 . 	24 min 	 0.51(18%), 0.62-1.54 
Ag 106 (Cd 106;n, p) 	24 min 	 0.51(18%), 0.62-1.54 
Cs 130 (Ba 130;n, p) 	30 min 	 - 
Cl 34m 	 32.4 min 	 1.16(18%), 2.13(43%), 3. 3 0(7%) 
Sn 111 	 35 min 	 - 
Zn 63 	 38.1 min 	 0.67(13%), 0.96(9%), 1.4(0.7%) 
Cr 49 	 42 min 	 0.06, 0.09, 0.15 
Se 73m 	 44 min 	 0.09, 0.25, 0.58 
Cd 105 	 55 min 	 0.03-2.32 
Ga 68 	 68 min 	 1.08, 1.25, 1.89 
Xr 77 	 72 min 	 0.02-0.87 
Ri. 95 	 99 min 	 0.3, 0.34, 0.63, 0.81-2.25 
F 1 13 	 109.7 min 	 - 
Xe 123 	 111  min 	 0.148 
Nd 141 	 2.5 hr 	 1.14(1%), 1.3(0.5%) 
Ba 129 	 2.6 hr 	 0.13-1.45 
Er 161 	 3 	hr 	 0.065-1.12 
Ti 45 	 3.08 hr 	 - 
Ir 190 	 . 	3.2 hr 	 0.19, 0.36, 0.55, 0.62 
Sc 44 	 3.92 hr 	 1.16(99%) 
Se 73 	 7.1 hr 	 0.066(100%), 0.36(99%), 0.86,1.31 
Pd 101 	 8.5 hr 	 0.29(15%), 0.59(15%), 0.72-1.28 
Cu 64 (Cu 63;n, y) 	 12.8 hr 	 1.34(0. 6%) 
Cu 64 (Zn 64;n, p) 	 12.8 hr 	 1.34(0.6%) 
Te 119 	 16 	hr 	 0.65, 	1.76 
Sr 83 	 34 	hr 	 0.04-0.165 
f157 	 37 	hr 	 0.125, 	1.38, 	1.90 
Ge 69 	 40 	hr 	 0.24-1.98 
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APPENDIX 2 

Gamma-Ray Spectra 

In the course of the determination of the empirical sensitivity data 
given in Table 5, a number of gamma-ray spectra were obtained of isotopes 
formed by fast neutron activation, and thermal neutron activation, that are 
not conveniently available in the literature. For reference purposes these 
spectra are giv-en in Figures 17-44. The irradiation time (I. T.), the decay 
time before counting (D. T.), and the counting time (C. T.) are given at the 
top right-hand corner of each figure. Also included on each figure are the 
isotopes produced, their half-lives, and their gamma energies as deter-
mined from the significant photopeaks. Where a compound was irradiated, 
the target element of interest is underlined in the title to the figure. 

(Figures 17-44 follow t ) 

(on pages 59-86.  
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FIGURE 36. GAMMA-RAY SPECTRUM FOLLOWING THERMAL NEUTRON 
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IRRADIATION OF Pr02. 
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FIGURE 40. GAMMA-RAY SPECTRUM FOLLOWING THERMAL NEUTRON 
IRRADIATION OF HAFNIUM. 
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FIGURE 41. GAMMA-RAY SPECTRUM FOLLOWING THERMAL NEUTRON 
IRRADIATION OF TANTALUM. 
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FIGURE 42. GAMMA-RAY SPECTRUM FOLLOWING FAST NEUTRON 
IRRADIATION OF GOLD, 
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FIGURE 43. GAMMA-RAY SPECTRUM FOLLOWING FAST NEUTRON 
IRRADIATION OF Hg0. 
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FIGURE 44. GAMMA-RAY SPECTRUM FOLLOWING FAST NEUTRON 
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