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Abstract 
High-flux thermal-neutron activation analysis 

(NAA) is an extremely sensitive means of 
quant i ta t ively determining most of the elements 
of the periodic system. The usual limits of detec- 
tion, for 75 of the elements, in the absence of 
appreciable interferences, range f rom picograms 
(for some elements) to as high as micrograms 
(for less sensitive elements). A typical  element 
can be determined down to as low as a nanogram. 
This high sensitivity enables one to analyze food 
products, for  example, for  numerous trace-level 
elements tha t  may  be present:  whether na tura l  
or added beneficial essential trace elements, or 
deleterious elements introduced f rom pesticide 
residues (such as Br, As and Hg) ,  or f rom 
processing (such as Cr, Sn, Sb and Cu).  Studies 
to be reported include the nondestructive deter- 
minat ion of H g  in foodstuffs down to levels as 
low as 0.01 ppm, and of Br  in foodstuffs down 
to about  0.1 ppm. With  radioehemical separa- 
tions, these detection limits can both be extended 
to 0.001 ppm,  if needed. By  combination with 
paper  chromatographic  or solvent extraction 
techniques, phosphorus- and halogen-containing 
pesticides can be sensitively determined. The 
N A A  method can also be used to advantage at 
element levels much higher than  trace levels, 
and in such eases the very  high neutron flux of 
a nuclear reactor may  not be necessary. Fo r  
example, even with a small 14 Mev neutron 
generator,  the nitrogen content of foodstuffs can 
be determined nondestruetively,  rap id ly  and 
accurately,  down to levels of about 100 ppm. 
These determinations can also be made on-line, 
in food processing" plants. 

Introduction 

H 
I G H - F L U X  TI-IERM:AL-NEUTRON activation analysis 
(NAA) is an ultra-sensitive method of elemental 

analysis. A t  high thermal-neutron fluxes, it is capable 
of quant i ta t ively determining lower concentrations 
of a ma jo r i ty  of the elements of the periodic system 
than any  other known method of elemental analysis. 
Under the conditions commonly employed, the limits 
of detection for  75 of the elements range f rom as 
low as picograms (10 lug ) ,  for a few extremely 
sensitive elements, to as high as micrograms (10 -s g),  
for a few ra ther  insensitive elements. A median, 
or more typical,  l imit of detection is about one 
nanogram (10 _9 g). Except  at levels very  close to 
the limit of detection of tha t  element, the amount  and 
concentration of an element can usually be deter- 
mined to a precision and absolute accuracy of about 
_+2-3% of the value, and at levels ranging  all the 
way from trace levels up to major  consti tuent levels. 
Sample sizes can range f rom micrograms all the way 
up to tens of grams. For  a 1-g sample, the t~g limit 
of detection is numericMly the same as the par ts  
per  million (ppm)  concentration limit of detection 
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(i.e., 1 ~ g / g = l  p p m = 0 . 0 0 0 1 % ) .  The method is 
completely independent  of the chemical fo rm (or 
forms) of the elements present. In  many  cases the 
analyses can be per formed pure ly  ins t rumenta l ly  and 
nondestruetively,  via mult ichannel  7-ray spectrometry  
of the act ivated sample. In  other cases, post-irradia- 
tion radiochemical separations of the elements of 
interest, with carriers, must  be employed. A given 
sample can be analyzed for  a single element of 
interest, a few or several elements or a large number  
of elements, as desired. Where the element of in- 
terest forms a very  short-lived induced activi ty (half  
life of seconds to minutes) ,  samples can be analyzed 
very rapidly,  instrumental ly,  one at a time. Where  
the element of interest  forms a longer-lived induced 
activi ty (half  life of hours, days, or longer) ,  a 
longer i r radiat ion m a y  be desirable, but  then many  
samples can be act ivated simultaneously, then counted 
one or a few at  a time, at  appropr ia te  decay times. 

For  a number  of years, the author  and his col- 
leagues have been app ly ing  the N A A  method to many  
fields of investigation (e.g., chemistry, metal lurgy,  
geochemistry, biology and medicine, crime investiga- 
tion, pesticide residues, etc.). In  this paper ,  at ten- 
tion is devoted almost entirely to the useful applica- 
tions of the method tha t  have been developed for the 
determinat ion of certain pesticide residues in food- 
stuffs, and certain trace elements in foodstuffs. 

Nature of the Method 
Typically,  a small weighed sample of the mater ial  

to be analyzed is placed in a small polyethylene vial, 
then exposed in a nuclear reactor (research type)  
to a ra ther  high thermal-neutron flux (1012-10 is 
n/cmf-sec)  for  an appropr ia te  period of t ime (usually 
in the range of seconds to hours) ,  then counted, a f te r  
an appropr ia te  decay time, on a mult ichannel  ,/-ray 
spectrometer.  

With  thermal  neutrons, for pract ical  purposes, car- 
bon, ni trogen and hydrogen are not act ivated at all, 
and oxygen very  little. Thus, typical  foodstuffs 
represent a ra ther  ideal matr ix,  if  one desires to 
detect and measure the amounts of various other 
elements present  in foodstuffs as minor constituents 
or trace impurities.  Almost all other elements are 
readily act ivated (though to various degrees) by 
bombardment  with thermal  (slow) neutrons. They 
become act ivated by  a neutron-capture  nuclear reac- 
tion, usually called an (n,y) reaction. Fo r  example, 
if  a sample containing some fluorine is exposed to a 
flux of thermal  neutrons, some of the stable F 19 nuclei 
will undergo a neutron-capture  reaction, F 19 ÷ n I ---> 
F e° + ~,, or, more simply, F19(n,~)F 2°, to fo rm a 
radionuclide of fluorine, F 2°. Fluorine-20 is radio- 
active, and decays with a half  life of-11.6 seconds, 
emitt ing fi particles of a certain max imum energy 
(E ..... = 5.41 Mev) and monoenergetic y-rays with 
an energy of 1.63 Mev (Mev = million electron volts).  

Twenty of the elements in nature  are monoisotopic, 
i.e., they occur only as one stable nuclide. Except  
in those cases where neutron capture forms a meta- 
stable isomer, these elements each form only one 
radionuclide, by (n,~,) reaction. The remaining ele- 
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ments occur in nature as mixtures of 2 or more (in 
a few instances, up to 10) different stable nuclides. 
Many of these elements, by (n, v) reaction, form two 
or more radionuelide products. For example, copper 
in nature consists of 69.09% Cu 63 and 30.91% Cu 65 
(stable nuclides). With thermal neutrons, copper 
forms two radioactive products: 12.8-hr Cu ~4 and 
5.10-rain Cu 66. Copper-64 decays in a branched fash- 
ion (38% by pure /~- emission, 19% by pure fl+ 
emission, and 43% by simple electron capture), 
whereas Cu 66 decays in a simpler fashion (91% by 
pure fl- emission, and 9% by fl- emission plus a 
1.04 Mev 7-ray). 

The amount of a particular radionuclide activity 
(Ao, expressed in disintegrations per second, dps) 
generated in a given weight (w) of a particular 
element depends upon the isotopic abundance (a) 
of the "target" nuclide in that element, the atomic 
weight (AW) of the element, the thermal-neutron 
flux (0)  to which the sample is exposed, the isotopic 
cross section (a) of that stable nuclide toward capture 
of a thermal neutron, the duration of the irradiation 
period (ti), and the half life ( T )  of the radionuclide 
formed : 

Ao = N$3~S, [1] 

where N = 6.02 × 1023 aw/AW, [2] 
and S ~--- 1 - -  e -0"693 t i /T [3] 

In an analysis, of course, w is the unknown quantity. 
The quantity, S, is the so-called "saturation" term. 
It  is a dimensionless quantity, with values that range 
only f r o m 0 t o  1. At t~/T values of 1, 2, 3, 4 , .  . . . .  
S has values of 1~, 3~, 7/s ' 1 5 ~ 6  ' . . . . .  If  an irradia- 
tion is continued for a period of time that is several 
times the half life of a particular induced activity, 
the level of that activity in the sample will asymp- 
totically approach a limiting value, since, as rapidly 
as new nuclei of that species are formed by (n,~) 
reaction, ones formed earlier will be disappearing 
by radioactive decay. The S term is the only time- 
dependent quantity in Equation [1], other than the 
resulting value, Ao. As a result, when one is looking 
for elements that form very short-lived products, one 
uses only a short irradiation period, followed rapidly 
by counting for a short time. Where longer-lived 
activities are the ones of interest, one usually employs 
a longer irradiation period (h), in order to increase 
S, then waits for a while after the end of the irradia- 
tion (to allow the interfering shorter-lived activities 
to decay out) before counting; for improved sensi- 
tivity, one may also wish to employ a longer counting 
period. 

When the irradiation is stopped, each induced 
activity decays according to the equation: 

A t  = A o  e -0"693 t/T, [4] 

where t is the decay period since the end of the 
irradiation (to), and T is the half life of the radio- 
nuclide. In practice, one seldom employs the absolute 
form of the method, directly substituting values in 
Equations [1] through [4], but instead employs the 
comparator form. This usually involves the irradia- 
tion and counting of known (standard) samples of 
each element of interest, in exactly the same way 
as the unknown samples. For  any particular induced 
activity, one can then write the appropriate equation 
(based upon Equations [1]-[4] ,  and including the 
counting efficiency (e) for that radionuclide) for both 
unknown and standard. Dividing one equation by 
the other, the terms, a, AW, ~, a, S, and e all cancel 

out, since they are exactly the same for both unknown 
and standard. The final equation is thus very simple: 

w (unknown) A'o (unknown) 
= [5]  

w (standard) A% (standard) 

The A'o terms represent radionuclide counting rates 
(counts per second) rather than disintegrations rates : 
A'o = ~ Ao. I t  is equally valid for the counting rates 
(of unknown and standard) at any particular decay 
time, i.e., not only at to. 

Forms of the Method 

There are two forms of the NAA method that can 
be employed: the instrumentM form and the radio- 
chemical-separation form. Usually, the instrumental 
(nondestructive) form is preferred-- if  it is 
applicable--since it requires less of a chemist's time. 
It  is based upon multichannel 7-ray spectrometry, 
using a thallium:activated sodium iodide (NaI(T1)) 
scintillation detector or a lithium-drifted germanium 
(Ge(Li))  semiconductor detector. Both of these 
detector materials are good absorbers for x-radiation 
and ),-radiation--the efficiency of detection and 
efficiency of total absorption (as opposed to only 
Compton scattering) increasing with increasing size 
of the detector, especially thickness. Upon interaction 
with a y-ray photon, each kind of detector produces 
an electrical output pulse (in the case of the NaI (T1) 
detector, via a coupled photomultiplier tube) whose 
magnitude is directly proportional to the y-ray 
energy absorbed by the detector in that event. Each 
detector output pulse is linearly amplified and its 
size then measured by the pulse-height analyzer, and 
a count then stored in the appropriate channel of 
the analyzer's memory. Available NaI(T1) detectors 
are very efficient, but rather poor in resolution-- 
resulting in rather broad total absorption peaks 
(photopeaks)~hence a 400-channel pulse-height an- 
alyzer is quite adequate. At present, only rather 
small Ge(Li) detectors are available, and hence their 
detection effieiencies are rather low, at least for 
higher-energy 7-rays. However, their energy resolu- 
tion is very good, typically being from 10-20 times 
better than that of a NaI(T1) detector. In order to 
retain the advantage of this higher resolution (which 
resuIts in the complete separation of many photopeaks 
that are close enough in energy to one another to 
partially overlap one another with a NaI(T1) detec- 
tor),  a more complicated multichannel analyzer is 
used, usually one with 4,096 analysis and storage 
channels. 

With either type of detector or analyzer, the pulse- 
height spectrum of an activated sample consists of 
counts per channel, as the ordinate, versus channel 
number, as the abscissa. The abscissa scale is a cali- 
brated, linear, energy scale (typically set at 7.5 
kev/ebannel with a NaI (T1) detector and 400-channel 
analyzer, or at 0.5 kev/channel with a Ge(Li) detec- 
tor and 4,096-channel analyzer). The observed spec- 
trum, accumulated during a counting period, perhaps, 
of 1 rain, is then a 400-point, or 4,096-point spectrum. 
The general shape is that of a continuum, decreasing 
in magnitude with increasing ~/-ray energy (increas- 
ing channel number), superimposed upon which are 
Gaussian-shaped photopeaks of various sizes, at 
various locations on the energy (channel number) 
scale. The channel number of a photopeak thus in- 
dicates the y-ray energy and hence the radionuclide, 
and hence the element. The net photopeak counting 
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rate (above the Compton continuum),  compared with 
that  of the corresponding standard of that  element, 
corrected to the same decay time, is a quantitat ive 
measure of the amount of that  element present in 
the sample. F o r  a given sample, i r radiated at some 
par t icular  thermal-neutron flux, the detailed shape 
of the resulting pulse-height spectrum is dependent 
upon the irradiat ion time (t~) and the decay period 
before counting (because the different contributing 
radionuelides have different half lives, T) ,  the type 
and size of detector used and the distance between 
the activated sample and the detector. In  simple 
cases, all the calculations can be done readily by hand. 
In  more complicated cases, such as those involving 
many  induced activities, and ones involving over- 
lapping photopeaks, data processing by computer is 
desirable and is routinely employed now in many 
activation analysis laboratories, such as the author's.  
Where an element is not detected, a firm (3a) upper  
limit for  the possible amount present in the sample 
can be calculated from the pulse-height data. For  
multi-element scanning of samples, the author's group 
has developed, and uses, a par t icular  schedule of 
irradiation, decay, and counting times, plus a com- 
puter  program that  gives a readout  for 65 elements: 
a firm value for each one detected, and a firm upper  
limit for  each undetected one. 

The instrumental  form of the method requires 
that  the induced aetivity of interest emit gamma 
rays, reasonably energetic x-rays, or positrons (which 
undergo annihilation, to emit 0.511 Mev ,/-ray 
photons).  If,  by (n,`/) reaction, the element of in- 
terest  forms a radionuelide that  decays only by  fl- 
emission or the emission of low-energy x-rays, or if 
much higher levels of other induced activities, 
emitting ,/ rays of higher energy than those of the 
activity of interest, obscure the detection of the 
activity of interest, one must resort to post-irradiation 
separation of the species of interest. An example 
where radiochemical separation is necessary is that  
of determining phosphorus by NAA with thermal 
neutrons, since the only product  it  forms is 14.3-day 
pa2, a pure fi- emitter. In  such cases, the activated 
sample is dissolved (usually by wet-ashing) in the 
presence of an accurately measured macro carrier 
amount  of the element of interest (e.g., 10.0 mg of 
phosphorus in some suitable chemical form),  chem- 
ically equilibrated with the carrier,  then separated 
and purified from the interfer ing activities. Once 
adequately purified (checked for radiochemieal pur i ty  
by  regular  techniques), the separated activity can be 
counted on a simple fl- (or 7-ray) detector. The 
recovery of the added carrier is then measured by 
any s tandard procedure (gravimetric, volumetric, 
etc.), since it is present at a high, easily-measured 
level, and the counting results then normalized to a 
100% recovery. For  trace, and ultra-trace, concentra- 
tion levels, this is a very  powerful  technique, since 
it eliminates all of the usual problems of micro- 
concentration elemental analysis by more conven- 
tional methods (losses, reagent contamination, reagent 
blank correction, etc.). I t  is, of course, more tedious 
than the instrumental  form of the NAA method, and 
hence is usually only employed where it is really 
necessary. In  the author's laboratory, a new Swedish 
automated radiochemieal-separation apparatus  is now 
being tested. I t  shows considerable promise. 

Sensitivity of the Method 
As shown in Table I, at a typical  research reactor 
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TABLE I 

Interference-Free Limits of Detection for 75 Elements by Neutron 
Act iva t ion  Analys is  at  a Thermal -Neut ron  F l u x  of 10 TM 

n/em~-sec (for  1 h r  m a x i m u m )  

lV[edian sens i t iv i ty  ~ 0.001 #g 
Limit  

of Elements 
Detection, 

ttg 

1 --  3 X 10 -7 Dy  
4 - -  9 M 10 -7 E u  
1 - - 3  X 10 -~ 
4 - -  9 X 10 -6 iVfn, In ,  L u  
1 - -  3 X 10 -s 0o, l%h, I r  
4 - -  9 X 10 -~ Br,  Sm, Ho, Re, Au  
1 - -  3 X 10 -4 Ar, V, Cu, Ga, As, Pd,  Ag, l ,  Pr ,  W 
4 - -  9 X 10 -4 lga, Ge, Sr, Nb, Sb, Cs, La,  Er,  Yb, U 
1 - -  3 X 10 -3 AI, C1, K, Se, Se, Kr, Y, Ru,  Gd, Tin, I t g  
4 - -  9 X 10 -3 Si, Ni, Rb, Od, Te, Ba, Tb, Hf, Ta, Os, Pt ,  Th 
1 - -  3 X 10 -2 P, Ti, Zn, Mo, Sn, Xe, C'e, Nd 
4 - -  9 X 10-~ 1Y£g, Ca, T1, B i  
1 - -  3 X 10 -I F, Cr, Zr  
4 - -  9 X 10 -1 Ne 
1 - - 3  S, P b  
4 - -  9 Fe 

thermal-neutron flux (10 is n/eroS-see), and a maxi- 
mum sample irradiat ion time of 1 hr, the limits of 
detection for 75 elements range from as low as about 
10 v /,g (dysprosium) to as high as about 10 /,g 
(iron).  A typical  element can be detected down to 
about 0.001 ~g. These sensitivities can all be improved 
fur ther ,  if  necessary, by employing an even higher 
neutron flux. Also, the sensitivities for about half 
of the elements listed in the Table (those forming 
radionuelides with half  lives of several hours or 
longer) can be improved fur ther ,  if necessary, by 
employing longer irradiat ion times and longer-than- 
normal counting periods. 

Pesticide-Residue Applications 
The NAA method has been used effectively, to date, 

to determine bromine, chlorine, arsenic and mercury  
pesticide residues in various types of foodstuffs. 
Some illustrative cases are cited below. 

The first NAA studies of pesticide residues in food- 
stuffs were carried out by the author and J. C. Potter ,  
in 1960-1961, and were published in 1962 (1). This 
s tudy was concerned with the instrumental  NAA 
determination of bronline pesticide residues in a 
var ie ty  of crops, resulting from the applieation to 
the soil, in various amounts, of the bromine-containing 
nematocide, 1,2-dibromo-3-chloropropane. In  the 
various kinds of crops studied, the Br  levels found 
ranged from as low as 20 ppm to as high as 440 
ppm, the level being dependent upon the type of 
crop, the extent of nematocide t rea tment  of the soil, 
and the time interval since treatment.  Cheek sam- 
ples of various crops, grown in untreated soil, in 
most cases contained in the range of 1-10 ppm of 
natural  bromine. Analyses were carried out both 
with thermal-neutron activations at the modest (10 s 
n/em2-sec) neutron flux from a 3 Mev electron Van 
de Graaff accelerator--detect ing the 0.511 Mev (fl+ 
annihilation) and 0.618 Mev ,/-rays of 17.6-rain Br  s°, 
and at the higher (101~) neutron flux of a research- 
type nuclear reactor--detect ing the 0.554-0.777 Mev 
,/-rays of 35.3-hr BrS2, in both cases using a NaI(T1) 
y-ray spectrometer. 

Since the time of these first experiments, the tech- 
nique has been refined further ,  and is now used quite 
routinely for the determination of bromine pesticide 
residues in many kinds of crops and foodstuffs. The 
present technique typical ly involves the simultaneous 
activation of up to 40 samples (0.5-1 g),  and a Br  
standard, for  30 rain in the ro ta ry  specimen rack 
of the 250 kw TRIGA Mark I reactor (where the 
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thermal-neutron flux is 1.8 × 1012 n/em2-see),  fol- 
lowed by NaI(T1)  y-ray spectrometry  af ter  a decay 
period of 3 days, to decrease the interference f rom 
15.0-hr Na 2~. Calculations are based upon the net 
photopeak area of 35.3-hr Br  se in the 0.554 Mev or 
0.777 Mev region of the pulse-height spectrum. A 
counting period of 5 min is usually sufficient. Bromine 
levels down to 1 ppm, or somewhat lower, can thus 
be detected ins t rumenta l ly  (under  the same irradia-  
tion and counting conditions, Br  levels as low as 
0.01 p p m  can be determined, if the Br  s2 is radio- 
chemically separated before counting).  

Bromine pesticide residues of interest, and con- 
cern, also occur in the methyl  bromide fumigat ion 
of stored grains, flour and certain other food prod- 
ucts. I f  the fumigat ions are excessive, or are 
repeated frequently,  the stored mater ial  can accumu- 
late quite considerable levels of bromide residue, up 
to several hundred ppm. This applicat ion was first 
investigated by D. L. Lindgren et al. (2), the analyses 
being per formed in the author 's  laboratory.  Many 
such samples are now routinely analyzed for Br  
residues in the author ' s  laboratory (same procedure 
as that  described above for nematoeide Br  residues). 

In  a recent s tudy of an inter- laboratory comparison 
sample of flour l ightly fumigated with CHaBr,  sup- 
plied by the In ternat ional  Atomic Ene rgy  Agency 
( I A E A ) ,  NAA measurements  carried out by D. M. 
Fle ishman and V. P. Guinn gave a mean value of 
8.0 _+ 0.6 p p m  Br  (total range of 23 values obtained 
on three aliquots: 7.1-9.1 p p m  Br) .  The 23 measure- 
ments included measurements  with three different 
detectors--sol id  and well-type NaI (T1)  crystals, and 
a 15 cm a Ge(Li)  de tec to r - -a t  five different decay 
times, and via the 0.554 and 0.777 Mev peaks of 
Br  s2 separately. Nine NaI (T1)  measurements,  based 
on the 0.777 Mev peak, gave a mean value of 8.0 ± 
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0.8 p p m  Br  ( f rom measurements  at three different 
decay times).  Four teen Ge(Li )  measurements gave 
a mean  value of 8 . 0 ± 0 . 5  p p m  Br  (8.1_+0.5 f rom 
the 0.554 Mev peak;  7.9 ___ 0.6 f rom the 0.777 lVIev 
peak) f rom measurements at three different decay 
times. In  the 0.544-0.828 Mev region, Br  s2 has major  
peaks at 0.554 Mev and 0.777 Mev, and lesser peaks 
at 0.619 Mev, 0.698 Mev and 0.828 Mev. With  the 
intrinsically poorer resolution of the NaI (T1)  detec- 
tors, there is so much overlapping tha t  only two 
broad peaks are observed, peaking at about 0.55 Mev 
and 0.78 Mev. With  the much better  resolution of 
the Ge(Li )  type of detector, as shown in Figs. 1 and 
2, all five of these Br  s2 peaks are completely resolved 
f rom one another. On this same I A E A  sample, un- 
official results f rom five other laboratories, that  also 
used the instrumental  N A A  technique, resulted in 
mean values of 8.3, 8.6, 8.0, 8.1 and 8.6 p p m  Br. 
Three other laboratories, using NAA followed by 
radiochemical separation, obtained mean values of 
5.7, 7.6 and 8.8 p p m  Br. One laboratory,  using a 
chemical method (not N A A ) ,  obtained a mean value 
of 6.5 p p m  Br. 

Chlorine pesticide residues can also be sensitively 
determined by NAA, as reported,  for example, by 
R. A. Sehmitt  and G. Zweig (3), but this is not 
so a t t ract ive an applicat ion of the method as the 
applicat ion to the determination of bromine residues. 
The reason, of course, is that  all p lant  and food 
materials contain relatively high levels of inorganic 
chloride. In  order to determine the much smaller 
amount  of organic chlorine possibly present  in the 
material  (e.g., in the form of D D T ) ,  one must  per- 
form an organic solvent extraction of the sample, 
followed by  N A A  of the extract  for chlorine. Since 
plant  materials  contain very  little na tura l  organic 
chlorine, any  C1 found in the extract  can, in almost 

4000 

i0~4 G}~mnel Number 2,34~ 

]?IG. 1. Ge(Li) pulse-height spectrmn of a neutron-activated sample of flour containing 8 ppm bromine. 
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Fro. 2. Ge(Li) pulse-helght spectrum of a neutron-activated aqueous bromide standard. 

all cases, be legit imately assumed to be present  as 
ehloro insecticide. However, once the organic ex- 
tract ion has been performed,  it is usually much 
easier, and just  as sensitive and quanti tat ive,  to 
analyze the extract  by  gas chromatography.  This 
lat ter  techniques also identifies the par t icular  chloro 
insecticide species (one or more) tha t  are present. 

In teres t  in the determination of mercury  pesticide 
residues in foodstuffs and animal tissues has increased 
markedly  dur ing the past  few years. P a r t  of this 
increased interest has stemmed f rom some major  in- 
stances of mercuria l  poisoning in J a p a n  (in some 
cases fatal)  that  resulted f rom concentration of 
mercury  in fish that  were exposed to water  acci- 
dental ly contaminated with mercury  f rom waste stor- 
age ponds, followed by  consumption of the fish by  
humans. Some of the increased interest has also 
come f rom studies in Sweden, which have shown 
dangerously high levels of mercury  in fish f rom some 
Swedish freshwater  lakes (apparen t ly  largely due 
to contamination of streams and lakes by mercury-  
containing effluents f rom pulp and paper  p lants) ,  
and concentration of mercury  in both grain-eat ing 
and fish-eating birds. Although the toxicity of 
mercury  has been shown to be strongly dependent  
upon the chemical fo rm of the mercury  (alkyl H g  
compounds being much more toxic, for example, than  
aromatic  or inorganic H g  compounds) ,  an analysis 
for total  mercury  is, itself, of considerable value. 

Various studies on mercury  in water, foodstuffs, 
and various animal species (fish, birds, m a m m a l s ) -  
summarized in Amste rdam in May  of 1967, at  the 
I A E A  Exper t ' s  Meeting on Mercury in the Bio- 
s p h e r e - h a v e  shown, for  example, that  many  com- 
mon, uncontaminated,  foodstuffs contain from 0.005 
to 0.05 p p m  Hg, some even containing as much as 
0.1-0.3 p p m  Hg. I t  has been shown that  one can 
readily detect H g  in such materials,  by purely  in- 

s t rumental  NAA (at reactor thermal-neutron fluxes 
in the range of 1012-]0 TM n/em2-see),  down to levels 
of about 0.05 ppm. With  radiochemieal separat ion 
of the induced 65-hr t t g  r97, levels as low as 0.001 
p p m  t t g  can be determined. 

Recently, the author ' s  labora tory  undertook the 
analysis of two in ter labora tory  eomparison samples 
of flour, distr ibuted by the I A E A .  One was flour 
f rom grain containing no deliberately-added mercury.  
The other was flour f rom grain containing some 
mercurial  fungicide-treated seed grain. Thermal-  
neutron activation of mercury  produces several radio- 
nuclides of mercury,  but, of these, the one that  pro- 
vides the best sensitivity of deteetion is the induced 
65-hr H g  197 activity. Three representative,  ~--4 em 3 
bulk volume, ,--2.3 g aliquots were taken of each 
of the two flour samples. They were activated for 
30 min in the 250 kw T R I G A  Mark I reactor at a 
thermal-neutron flux of 1.8 X 1012 n/cm~-see, along 
with a careful ly-prepared aqueous s tandard  solution 
of H g  ÷+. The various samples and the s tandard  were 
then counted, at  decay times of 1 day and 7 days, 
by mult iehannel  y - r ay  spectrometry.  Three kinds of 
detectors were employed in the speet rometry:  a 3 X 
3-in. solid NaI(T1)  detector, a 3 × 3-in. well-type 
NaI(T1)  detector, and a 15 em 3 (10 mm depth) 
planar  Ge(Li )  detector. The results obtained on the 
mercurial-pesticide containing sample were essentially 
the same regardless of the type  of detector used, or 
of the decay time at  which the measurements  were 
made. The mean value of the 12 results obtained was 
5.10 + 0.16 ppm H g  (5.13 ± 0.15 p p m  f rom three 
Ge(Li )  measurements;  5.09 ± 0.17 p p m  from nine 
NaI (T1) measurements) .  

I t  is interesting to note that,  in its decay, H g  ~9~ 
emits essentially equal numbers  of 77.6 key 7-ray 
photons and 68.8 key gold K x-rays. With  a NaI (T1)  
detector, these are so close together in energy that  
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they appear  in the pulse-height spectrum as a single 
photopeak, just  slightly broader  than one would 
expect (from the resolution of the detector) for  a 
single peak in this energy region. However, as can 
be seen in Figs. 3 and 4, the two peaks are completely 
resolved with the Ge(Li)  detector. 

The mean value obtained (5.10 ± 0.16 ppm Hg)  
is in good agreement with the results obtained in 16 
other laboratories on this same material, using the 
NAA procedure (4 instrumental,  12 with radio- 
chemical-separation). The mean value from all 17 
laboratories (excluding one grossly high value) was 
4.86 ± 1.25 ppm Hg. 

In  the other I A E A  sample, which contained no 
deliberately introduced mercury,  no mercury could 
be detected by means of purely instrumental  NAA. 
However, f rom the counting data in the region of 
the y-ray spectra where the Hg 197 peak (or peaks) 
should appear, a firm upper  limit could be set for  
the possible concentration of mercury  in the sample: 
~0 .04  ppm Hg. Radiochemieal separations were not 
at tempted on the sample, in the author's laboratory, 
but  were carried out in 14 of the other part icipat ing 
laboratories. The mean of all their  determinations 
on this sample was 0.044 ± 0.014 ppm Hg. 

Arsenic, f rom arsenic-compound pesticide residues, 
is also readily determined by means of high-flux 
NAA with thermal neutrons (4). By  (n,y/) reaction, 
arsenic forms 26.4-hr As 76. This emits a 0.559 Mev 
7-ray photon in 43% of its disintegrations. In a 1-hr 
irradiat ion at a thermal-neutron flux of 10 la n/era 2- 
sec, the As v6 photopeak counting rate, per gram of 
arsenic, is about 1 .7×101°  cpm (2 cm from a 3 ×  
3-in. NaI(T1) detector).  Thus, the defined limit of 
instrumental  detection for arsenic, in the absence 
of appreciable interferences, is about 6 × 10 -1° g, or 
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0.0006 /*g, i.e., 0.0006 ppm in a 1 g sample. Wi th  
typical food samples to be analyzed for arsenic (apple 
peels, for  example),  Compton pulses f rom other in- 
duced activities of comparable half  life, but  larger 
y-ray energies (e.g., 15.0-hr Na 24) increase the 
practically attainable limit of detection appreciably 
above this interference-free value, but  very good 
sensitivity is still attainable. I f  samples contain 
relatively appreciable concentrations of other ele- 
ments whose (n,y) products  emit y/-rays very close 
in energy to the 0.559 Mev As 76 peak, such as copper 
and antimony, for  example, the various photopeaks 
can readily be resolved--with some sacrifice in sensi- 
tivity, of course--by means of a Ge(Li)  detector. 
I f  all else fails, one can still at tain the interference- 
free limit of detection by employing a radiochemical 
separation of the As 76 activity, with arsenic carrier. 

Toxic elements, other than ones coming from 
pesticides, can end up in food products  as a result 
of corrosion and wear in food-processing equipment, 
or f rom inadvertant  additions of chemicals. Con- 
tamination with low, but  possibly toxic, amounts of 
Cu, Ni, Cr, Sn, and Sb can happen. High-flux NAA 
can be a very  useful analytical method in these 
cases also. 

Trace-Element Determinations 
In  contrast to the interest in determining ppm 

levels of certain toxic elements in foodstuffs, occurring 
as pesticide residues, there is also much interest in 
determining ppm levels of certain elements known to 
be beneficial trace elements (to fowl, animals, and 
man),  or possibly to be beneficial, f rom the nutri-  
tional standpoint. Fo r  example, it  is known that  
the trace elements, Zn, Cu, Mn, iV[o, I, Co and Se, 
are essential to man (5),  and there is some evidence, 

Cha~: ~el Number i 0g-~ 

FIa.  3. Ge(Li )  pulse-helgh~ spectrum of a neu~ron-aetlvated sample of flour contalnir~g 5 ppm mercury.  
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Fro. ,1. Oe(IA) paise-height spectrum of a ~leutro~-aetivategt aqueou~ mercury standard. 

though not conclusive, that  tile trace elements, Cr, 
F, Ni, Si, V, Cd, A1 and Sn, may also p lay  essential 
roles in human biochemistry (5). As may  be gleaned 
f rom the sensitivities listed in Table I, M1 of these 
15 elements can be sensitively determined by means 
of high-flux N A A  with thermal  neutrons:  

N A A  Limit  of Detection Elements  

4 - -  9 × 10 -6 ~g N n  
1 - 3 × 10 5 Co 
4 - 9 × 10 ̀5 
1 - 3 × 10 ~ V,  Ca, I 
4 - 9 × 1@ 4 
1 -  3 × 10 -~ A1, Se 
4 - 9 × 10 -a Si, Ni, Cd 
1 - 3 × 10 -e Zn, Mo, Sn 
4 - 9 x 1 0  2 
1 -  3 × 10 -1 F, Cr 

Excluding the stable inert  gases (He, Ne, Ar,  Kr ,  
Xe) ,  and the appreciably  radioactive na tu ra l  ele- 
ments (Po, At, tgn, Fr ,  Ra, Ac, Th, Pa  and U) ,  
one notes tha t  the earth 's  crust  consists of 76 elements. 
Of these 76 elements, 10 occur in the human  body 
as main s t ruc tura l  elements (0,  C, H,  N, Ca, P, 
K, S, Na and C1, a r ranged  in descending order of 
percentage in the body) ,  and 2 more occur at near- 
t race levels (Mg and Fe)  (5). The remaining 64 
elements occur in the body at  t race levels, or may  
occur there at trace levels. Of these 64 trace elements, 
as mentioned above, 7 are definitely known to be 
present  in the body as essential t race elements, and 
8 more are known to be present  probably  as essential 
trace elements. But,  of the remaining 49 trace ele- 
ments, extremely little is known (6). F o r  most of 
these, we do not even know at what  levels they corn- 

monly occur in the body, or in various par t icular  
tissues or organs of the body, nor the normal  ranges 
of their  concentrations. Certainly,  for these 49 trace 
elements, we do not know which ones, if  any, pe r fo rm 
essential biochemical roles (usually, as co-factors in 
enzyme reactions).  I t  seems very likely tha t  a num- 
ber of these essentially unstudied trace elements, upon 
careful study, will later  prove also to be essential 
trace elements. Since these elements all occur in the 
body at levels lower than  1 ppm, sensitive analytical  
techniques are obviously needed in such studies. High-  
flux N A A  is, for most elements, outstanding with 
respect to sensitivity, especially quant i ta t ive  con- 
centrat ion sensitivity, so it  is f requent ly  either the 
method of choice, or the only applicable method. Fo r  
this reason, this technique is being used in a number  
of Iaboratorics in the United States and abroad, in- 
eluding the author 's  laboratory,  to fu r the r  extend 
our knowledge of trace elements in biomedicaI 
systems. 

I t  should be noted that,  to a t ta in  the kinds of 
limits of detection shown in Table I, in biological 
samples (vegetable or animM),  it  is for  most elements 
necessary to employ post- irradiat ion radiochemicai 
separations, to remove higher level in terfer ing activi- 
ties. Such separat ions can be ra ther  tedious if one is 
endeavoring to detect and measure quite a number  
of trace elements in each sample. Recently, a very  
promising automated radiochemical separat ion ap- 
para tus  has been developed (7), capable of auto- 
matical ly separa t ing an activated, wet-ashed, bio- 
logical sample into 16 different groups of trace 
elements, represent ing a total  of 50 elements. These 
50 elements are distr ibuted amongst  16 different ion- 
exchange and chromatographic  columns and solutions, 
each one essentially containing only 1-3 elements, 
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except for one column tha t  contains l an thanum and 
all the rare-ear th  elements. The contents of each of 
the 16 columns and flasks can them be counted on a 
v-ray spectrometer.  The separat ion time, per  sam- 
ple, is about 2 hr. An appara tus  of this type,  ob- 
tained f rom Sweden, is now being tested and evalu- 
ated in the author ' s  laboratory.  The results to date 
are quite promising. 

Major and Minor Elements in Foods 
All of the at tention in this paper ,  up to this point, 

has been devoted to the use of high-flux N A A  for 
the determinat ion of trace levels of certain elements 
in foods or other biological mater ia ls :  pesticide resi- 
dues, other toxic element contaminants,  essential trace 
elements and other possibly essential trace elements. 
Another  type  of applicat ion of NAA to problems 
concerning foodstuffs is that  of determining nitrogen. 
A t  the percentage nitrogen levels found in many  
protein-containing foods, the ni trogen content can be 
determined quite accurately in a few minutes per  
sample. The analysis is based upon the format ion 
of 9.96-rain N 13, a pure  positron emitter, via the 
N 14 (n, 2n)N 13 reaction. This is not a thermal-neutron 
reaction, but  ra ther  is a fas t -neutron reaction, re- 
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quir ing neutrons of at least 10.5 Mev energy to cause 
the reaction to take place, since it is endoergic to 
this extent. The most convenient source of fas t  neu- 
trons is a small Cockcroft-Walton deuteron accelera- 
tor, which forms 14 Mev neutrons by  bombarding a 
t r i t ium target  ( typical ly  5 c /sq  in.) with a beam of 
150 kev deuterons ( typical ly  1-2 mil l iamperes) .  The 
target  reaction is the highly exoergic (17.6 Mev) 
t t  3 (d, n ) I t e  4 reaction. Such small generators, capable 
of producing,  isotropically, about 2 X 1011 n/sec 
(corresponding to an average flux at a 10-cm 3 sample 
location of about 109 n/cm2-sec),  cost about $20,000. 
The lower limit of detection of ni trogen by this 
method is about 100 p p m  (0.01%).  
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