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ABSTRACT 

Reactor neutrons constitute excellent 'probes' for exploring and measuring a wide range 
both of minor and trace constituents in solids and liquids with high sensitivity because of their 
transparency in materials. Nondestructive neutron prompt-gamma analysis (PGA) utilizing either 
cold or thermal neutrons, such as at JRR-3M, is compared and contrasted to the more common 
(delayed) instrumental neutron activation analysis (INAA) and epitheraial NAA. Clearly PGA 
offers high sensitivity for selected elements: B, H, Cd and REE's in suitable matrices, and is 
therefore, complementary to INAA which is not as useful for them, or for Ni,Sn,Fe,C or N. 

Recent INAA applications in our laboratory that demonstrate some of the uniqueness 
of neutron methods include use of epithermal neutrons for small biological specimens to measure 
Cd, K, As, Zn and, multielemental INAA for environmental pollution studies. The latter involves 
large data sets of multielemental concentrations which are subjected to statistical multivariant 
factor analysis to reveal unknown or unsuspected quantitative relationships among groups of trace 
constituents. These patterns, or 'factors' are shown to be uniquely related to pollution sources 
and can be utilized to compute the relative source contributions at a given receptor site. 

INTRODUCTION: 

For more than 40 years, neutrons have proven very useful for studying the microcomposition 
of materials. In earlier years the methods, although sensitive, were quite primitive as were the 
simple p- and y-detectors used for the measurement of those radionuclides induced in materials 
by neutron activation. Most often tedious radiochemical procedures had to be developed or 
modified to permit selective analysis of different components. However the increasing 
availability of reactor, accelerator-produced and radioisotope-excited neutrons of energies from 
eV to MeV has permitted a significant growth both in neutron methods and their uses. Neutron 
fluxes within reactor cores, their moderator blocks and tanks, in internal and external neutron 
beams, neutron sources in space and in mobile lunar explorers, even neutron pulses in 
underground caverns at nuclear explosions, have all been utilized for measuring low concent
rations either of a few selected elements or a wide range of microelements. Notable achieve
ments of neutron methods have been: accurate calibrations of reference materials, lunar rocks, 
ultrapure materials, and rare earth elements (REE) in rocks and meteorites. The neutron-based 
methods involved, several of which are discussed in this conference include: neutron activation 
analysis(NAA) and special adaptations of it: (INAA) instrumental, (ENAA) epithermal, (RCAA) 
radiochemical, (PCNAA) preconcentration, (SSNAA) substoichiometric, (CNAA) cyclic; prompt 
(capture) gamma analysis (PGA); neutron diffraction and radiography, and, 
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nuclear track analysis. Each neutron method has its advantages and applicability, often 
complementary to each other, but few establishments have all techniques available. 

As to the practicality of using neutrons for material analyses, this has often depended 
and been limited by access to neutron facilities installed for other purposes. Scientists 
interested in microanalysis had to share facilities established primarily for neutron physics and 
which have been summarily shut down because of escalating costs when the needs of nuclear 
physics have changed. Nuclear analytical uses of neutron beams and thermal columns have had 
to fit in between lengttiy physics experiments. Now, many such facilities have been 
discontinued worldwide. However, notwithstanding these difficulties in gaining access to 
suitable neutron sources, unlike the vagaries of nuclear physics research, the capabilities of 
neutron microanalytical methods and the number and variety of needs for them have continued 
to grow through each of the past 5 decades. As a consequence, neutron-producing facilities 
which have been dedicated to analytical uses in different scientific fields and disciplines (as 
well as neutron physics) have flourished. Of particular note have been the development of low 
cost, user-oriented mini-reactors of powers 1 MW and lower, typically around 100 KW, as 
neutron sources for applications. Their simplicity, low cost, inherent safety, day-to-day 
reliability and neutron flux constancy have encouraged their widespread utilization for studying 
the microcomposition of materials.e.g. new materials synthesis, microelectronics and super-pure 
crystals, applied chemistry, environmental, geochemical, archiometric, forensic, conical and 
biomedical studies. The US TRIGA, the Canadian SLOWPOKE-2 and their Chinese 
counterpart, are examples of user-dedicated mini-reactors of which between 100 and 200 are 
in constant operation around the world, including in developing countries. Although they 
provide neutrons at orders of magnitude lower fluence than provided by the new JRR-3M 
facilities, however, they have proved very useful for microanalysis and in certain applications, 
are advantageous. 

ATTRIBUTES OF NEUTRON-BASED ANALYTICAL METHODS 
The different neutron methods cited above are not always alternatives but more often 

are complementary to each other and a research group will often use two such methods for the 
same materials because, in practice, any one of the neutron methods can only provide a fraction 
of the compositional information required. (Below, examples are cited in which a neutron beam 
method such as PGA can very significantly extend the range of components measureable by 
INAA alone). The challenge to the analysts of the 1990's and beyond and where their wisdom 
and expertise are required is to choose the 'most appropriate' method to use for the particular 
material to be measured out of the range of sophisticated and highly developed instrumental 
analysis techniques available, viz., in addition to the nuclear analytical methods (cited above), 
a choice needs to be made also among ICP, XRF, AAS, spectrometric, electroanalytical, laser 
plasma/ablation techniques, and others that are arising. 

An important attribute of neutron-based methods is their capability to be applied to 
sample specimens non-destructivelv because of neutron transparency and Y-spectrometry. This 
physically-nondestructive aspect is considered to be quite important in practice for modern 
analytical techniques for several distinctive reasons: not only to preserve the integrity of the 
sample for further measurements and for the inherent simplicity of instrumental techniques that 
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permit replicate measurements and that lend themselves to semi-routine application, to 
automation and to use by less-qualified laboratory personnel, but also for better precision and 
accuracy to be achieved. Trace analysis techniques that require prior digestion, fusion or other 
destruction of the sample are more subject to limitations due to: (i) spurious contamination from 
handling, from laboratory equipment, from chemical reagents or previous procedures, (ii) 
uncertain losses during such procedures, (iii) the need to make corrections to the analyte from 
such sources, and, (iv) the inability to replicate the analysis for exactly the same specimen. 
Also, when various elements have to be measured sequentially in separate portions of sample, 
as is the case for many instrumental methods of chemical analysis, there is always a larger 
combined error in the derived relative concentrations of different elements which is a practical 
disadvantage when inter-relationships among elements are to be utilized, such as for source 
identification in environmental studies (see below). 

Another attribute of these methods is sensitivity, variously defined as the minimum mass 
or concentration of analyte that can be measured by a given technique within some acceptible 
degree of precision, or, the level of analyte that corresponds to 2 to 3 standard deviations of the 
measurement While some techniques are limited to a certain concentration sensitivity 
(regardless of the mass of specimen available for analysis), other methods have an absolute 
mass sensitivity in nanograms, say. When a method permits a range of samples sizes to be 
measured, then the concentration sensitivity can be correspondingly increased (improved), 
within practical limits. On the other hand, charged-particle methods and some instrumental 
methods such as ICP, AAS, XRF have fixed concentration limits of sensitivity. The relative 
transparency of neutrons in most matrices makes it possible to bombard specimens which are 
either quite small or which may be many grams in total mass. 

In the remainder of this paper, attributes of neutron-based methods are illustrated by 
citing examples of microcomposition studies by PGA, ENAA and multielemental INAA, the 
latter used in conjunction with statistical multivariant analysis. 

PROMPT GAMMA ANALYSIS 

PGA has an inherent advantage for selective, low level analysis because it is an on-line, 
prompt method of using neutron reactions and responds to different sample components in 
proportion to their respective n-capture cross-sections and relative concentrations. By 
comparison, activation methods may detect fewer events since they are dependent not only on 
the cross-sections but also on exponential radionuclide 'build-up' factors which vary with the 
nuclide half-lives relative to sample bombardment times. However, whereas PGA is limited 
to suitable sample matrices of low neutron absorption, in conventional NAA, preferential build
up and decay can often be optimized to minimize matrix activation interference. Selective 
activation and decay for optimizing the determination of particular components can be achieved 
by using varying activation times and decay intervals to measure short-, medium- and long-lived 
radionuclides. Such selectivity for desired analytes cannot be achieved in PGA during neutron 
bombardment. Both methods utilize gamma spectrometry for final resolution of multiple 
components but the gamma spectra arising in PGA are more complex owing to additional peaks 
from pair production and annihilation quanta escape phenomena. 
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Previously, PGA sensitivity was appreciably less than other neutron methods of analysis 
but, the recent design and installation of cold neutron sources and improved beam guide tubes 
has increased the neutron fluxes at the sample position to greater than 108 and has decreased 
interfering background at the detector. The new Compton-suppression BGO/Ge capture-gamma 
spectrometer has also greatly enhanced the signal/background ratio (by about a factor of 4 for 
some elements to greater than 10 for others'" so that the JRR-3M is now one of the best 
systems reported. 

In Table 1, the sensitivites of the PGA systems at JAERI, NIST, Missouri and 
ILL(France) are compared using available literature values (of which the results for the first two 
labs listed above are recent, unpublished results). Absolute detection limits for elements such 
as B, Cd and Gd are now as low as 1-7 ng. Recent studies by Yonezawa at JRR-3M indicate 
analysis for these elements down to ppb levels, and, to ppm levels for other elements0'. 

Table 1: Comparison of Analytical Sensitivity of PGA Systems 
(in cps/mg) 

JAERI 
JAERI ILL DL(ue) 

2.5 - 1.0 

1480 2700 0.002 
3.4 0.5 
0.28 5.1 
250 0.007 
980 6900 0.005 

Flux (n/cm2-s) 1.5 xlO8 5 x 108 1.1 x 108 1.3 x 108 

Reference: (2) (3) (4) (5) 

EPITHERMAL NEUTRON ACTIVATION 

Epithermal neutrons may be used to advantage for selective determination of those 
elements with finite resonance-integral cross-sections, particularly when they occur at low 
concentrations in matrices strongly activated by thermal neutrons, such as soils and minerals, 
most metals and biological matter. The use of boron or cadmium thermal neutron shields cause 
a large repression of thermal-n reactions and allow reactions with epithermal neutrons to be 
greatly enhanced. 

A recent example of the use of epithermal neutrons in our laboratory is the 
determination of trace cadmium in human bone cores. To be able to measure nanogram 

ELEMENT y-Energv^ NIST Missouri 

H 2223 2.2 2 

B 478 530 760 

CI 1165 4.6 1.4 

Ni 465 0.38 0.17 

Cd 558 550 250 

Gd 182 1750 950 
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quantities of Cd non-destructively in small (0.01-0.02 g), precious, human bone biopsy 
specimens is vital because exposure to Cd has been associated with bone abnormalities, 
however such samples are difficult to obtain from patients and must be preserved intact for 
histological examination. Because of intense Na, CI and Ca activation by thermal neutrons, Cd 
cannot even be detected non-destructively by thermal NAA at normal concentrations of 1-10 
ug/g. For this special application, an ENAA method was developed based on bone sample 
irradiation inside 1 mm Cd metal and B4C thermal-n shields, irradiations were done inside the 
core of the McMaster 5 MW pool reactor at the (higher) 10" thermal flux (1.5-2 x 101 2 epi-th 
flux) in order to achieve sufficient sensitivity to 0.3 ppm. 'Advantage factors' defined as the 
ratio of " 5Cd activity to that of interfering MNa with and without the two kinds of epithermal 
shields, were measured to be 12.2 and 16.7s. 

MULTIELEMENTAL INAA ANALYSES WITH MINIREACTOR NEUTRONS 

For studies in which it is desirable to measure as many as possible components in a 
single sample specimen, INAA is a preferred neutron technique. (Although INAA examples 
cited below have been carried using a Canadian minireactor of 20 kW power, <|>max=1012, similar 
measurements can be made using high flux reactors such as JRR-3M although with some 
limitations). An on-line method such as PGA is also inherentty multielemental but it is limited 
in practical applicability to selected elements of high a in low a matrices and to elements 
whose capture gammas fall in a suitable region of the sample spectrum. Typical PGA studies 
report 5-10 elements measureable in particular sample types and these are often elements such 
as B, Pb, N which are not readily measureable by other nuclear analytical methods. By 
designing non-destructive INAA techniques for sequential detection of short, medium and long-
lived activation products as many as 35-40 trace elements can be determined in a single sample. 

Extensions of these neutron-based techniques in special studies such as the well-known 
analyses of lunar rocks have resulted in the determination of more than 60 elements. Clearly, 
for mat type of study, because of the uniqueness of the 'precious' lunar samples and curiosity 
about their composition and origin, it was important to determine as many elements as possible. 
Certain environmental studies such as the examples below also require such multielemental 
analyses. 

In recent work in our laboratory'7' and others'8' it has proven useful to adapt INAA 
methods supplemented by another complementary nuclear method such as, in our laboratory, 
PNAA (photonuclear activation) and proton PIXE to be able to determine more than 30 
elements semi-routinely in large sets of environmental samples. The reasons for carrying on 
such comphrensive environmental analyses can be explained as follows: while only a relatively 
few chemical elements can be classified as 'environmentally important' owing to their known 
toxicity to humans, their persistence in the environment and tendency to incorporate in pathways 
of human exposure, other components measureable in the environment have been shown to be 
useful as key indicators, or 'markers' characteristic of particular sources of environmental 
contamination. Because concentration co-relationships among marker elements stemming from 
the same sources are not always known or predetermined, they have to be derived from 
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methods supplemented by another complementary nuclear method such as， in our laboratory， 
PNAA (phoωnuclear activation) and proton PIXE to be able to de飽nninemore由叩 30
elements semi-routinely in Iarge sets of environmental s釘nples.The reasons for carrying on 
sucb comphrensive environmental analyses can be explained as follows: wbile only a relatively 
few cbemical elements can be cIassified as‘environmentally important' owing to their known 
toxicity to bumans，由eirpersistence in the environment and tendency to inco中oratein pathways 
of buman exposure， 0出巴rcomponents measureable in the environment bave been sbown to be 
usefulωkey indicators， or‘markers' cbaracteristic of p鉱山ularso町田sof environmental 
contamination. Because concentration co-relationships arnong marker elements stemming from 
the same sources are not always known or predetennined， they have to be derived from 
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Table 2: Elemental Concentrations in Airborne Particulate Matter (la in ng/m3) and 
in Ash samples (lb in ppm) from Hospital and Municipal Incinerators 

Element Site 1 
la 

Site 2 
la 

Suburban 
la 

Hospital Inc. 
Ash (lb) 

Municipal 
Inc. Ash 
(lb) 

Ag' 5.3 4.2 0.56 160 85 
Al 2460 1680 600 40200 10900 
As 12.4 9.3 5.3 98 40 i B r 27 42 70 180 120 
Ca 4005 803 2150 25500 43000 
Cd' 8.2 6.0 — 680 42 
Ce 2.7 1.8 -- 34 78 
cr 4300 7800 2340 99000 8000 
Co 1.12 .82 0.45 18 35 
Cr* 310 27 7.5 2422 1330 
Cs >2.7 2.8 — 3 0.76 
Cu 2370 1829 740 2.2 -
Fe 1640 1230 640 36500 52000 
Hf >0.42 - - 2.6 6.8 
I 1.4 >0.8 3.2 6.8 25 
K 550 1100 — 32050 — 
La 1.2 2.4 1.5 13 34 
Mn 115 278 34 1260 4300 
Na 625 1890 1520 18200 14500 
Ni 23 26 - — --
Pb 210 330 — — — 
Sb- 6.4 4.9 1.4 750 270 
Sc 0.37 0.38 - 5.6 10.4 
Se 2.27 2.90 3.3 66 3.4 
Ti 150 230 64 21000 32000 
V 16.8 91.8 5.9 15.4 135 
W 0.75 >0.43 - 12.4 16 
Zn* 434 330 108 18000 10800 

Hospital incinerator marker elements 
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measured data sets by means of multivariant correlational analysis. For this to work it is vital 
to use a reliable multiemental analytical technique such as INAA that can yield concentration 
data for multiple components relatively free from random or uncontrolled errors. 

Examples of key marker elements which are characteristic of particular (and, common) 
air particulate sources are: V, Se (oil and other fossil fuels); CI, Cr, Sb, Cd, Zn (incinerators); 
Mn, Br, Zn (motor vehicles); Al, Fe, Ba, REE's (soil dust). These marker elements can be 
confirmed by direct analysis of stack emission samples or residual ashes from combustion 
plants, industrial sources or incinerators. 

In Table 2 are listed mean concentrations and ranges for about 30 elements in ambient 
aerosols and residual ashes from two hospital incinerators, in ng/m3 and ug/g units respectively, 
as determined by a combination of INAA and PDCE. The latter method was used on the same 
samples mainly to extend the range of elements measureable by INAA alone, such as 
Pb,Cd,Ni,Se,S. These were done using neutrons in the U. of Toronto SLOWPOKE-2 mini-
reactor and 1.5-3 MeV protons at the U. of Guelph accelerator. Repeated sampling (n=35 and 
26) at the 2 sites was done using Hi-Vol air samplers (0.3 mVmin) during 12 hours periods 
extending over 4-5 months periods. Sampling was repeated not only to obtain good mean 
aerosol concentrations averaged over different wind speed and directions and different source 
emission days, but also, because statistical analysis was done on the variances of individual 
elements for the entire concentration data set. 

Notable from the table (as indicated by '*') both for the aerosols at the two sites and 
for the hospital incinerator ash were elevations of Ag,Cd,Cl,Cr,Sb and Zn characteristic of high-
temperature combustion. By comparison, the municipal incinerator did not show such eleva
tions consistently although high levels of Ag,Cl,Cr,Fe,Ti,V and Zn were evident. 

As mentioned, statistical analysis of variance among the elements' concentrations can 
reveal inter-relationships among small groups of elements, called 'factors', which are caused 
because such elements are emitted in characteristic ratios from the same particular sources and 
tend to exhibit the same positive or negative fluctuations as a function of meierological factors 
and temporal variations in emission rates on different sampling days. The STATGRAPHICS1 

software was employed for multivariant factor analysis as illustrated in the Figure. A matrix 
diagonal rotation procedure: 'Varimax' was used to minimize insignificant correlations of 
individual elements in factors, causing the (so-called) factor loadings either to be large 
approaching unity, or to be small. Elements that fall into particular factors with loadings 
greater than 0.3-0.5 are considered to be significantly correlated with that group of elements. 
Of the 17 elements included in Table 3 for site 1 results, all have a significant loading in at 
least one factor (most are >0.6) and 5 factors have been included. For example, Al has a 
loading of 0.93 in factor 1, attributable to soil dust but in other factors its loadings are very low 
positive or negative values. It is seen how the Varimax procedure produced factors loadings 
from 0.4-1 or else low values. This simplifies decisions as to which elements are included in 
the different factors (Table 4). Each factor is comprised of 3 to 5 elements plus a wind 
direction as shown for the hospital incinerator factor. 

'STATGRAPHICS is the name of a software statistical package provided by STSC Inc., Rockville, MD, 20852 
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Table 3: Varimax Rotated Factor Loadings for Site 1 

Element Factor 1 Factor 2 Factor 3 Factor 4 Factor 5 
(soil) (hospital) (cement) (vehicles) (oil/coal) 

Al 0.93 0.08 0.12 -0.08 -0.23 
Fe 0.65 -0.34 0.76 -0.29 0.06 
Mn 0.32 -0.11 0.21 0.72 -0.31 
Ca 0.22 -0.21 0.99 -0.23 0.01 
Sc 0.96 -0.32 0.08 -0.18 0.23 
Pb 0.14 0.30 -0.32 0.84 -0.21 
Si 0.58 -0.23 0.93 -0.32 -0.24 
Br 0.12 0.08 -0.28 0.97 -0.21 
Zn" -0.31 0.38 -0.20 0.19 0.39 
La 0.80 -0.12 -0.03 -0.18 0.16 
cr 0.08 0.92 -0.21 0.09 -0.28 
As' -0.01 0.86 -0.18 -0.10 -0.11 
Sm 0.72 -0.09 0.01 0.22 -0.32 
Sb' -0.12 0.62 -0.23 0.16 -0.15 
S -0.21 -0.31 0.05 0.02 0.96 
Cd' 0.13 0.93 -0.07 -0.21 -0.02 
Ag' -0.13 0.86 -0.18 -0.10 -0.11 

South* 0.13 0.82 -0.12 0.02 -0.05 
Southwest 0.08 -0.21 0.93 -0.32 0.04 
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Table 3: Varimax Rotated Fac旬，rLoadings for Site 1 

Element Factor 1 Factor 2 Factor 3 Factor 4 
(soil} (hospital) {cement} (vehic1ω} 

Al 0.93 0.08 0.12 -0.08 
Fe 0.65 -0.34 0.76 -0.29 
Mn 0.32 -0.11 0.21 0.72 
Ca 0.22 -0.21 0.99 -0.23 
Sc 0.96 -0.32 0.08 -0.18 
Pb 0.14 0.30 -0.32 0.84 
Si 0.58 -0.23 0.93 -0.32 
Br 0.12 0.08 -0.28 0.97 
Zn" -0.31 0.38 -0.20 0.19 
La 0.80 -0.12 -0.03 -0.18 
Ci" 0.08 0.92 -0.21 0.09 
As" -0.01 0.86 -0.18 -0.10 
Sm 0.72 -0.09 0.01 0.22 
Sb" -0.12 0.62 -0.23 0.16 
S -0.21 -0.31 0.05 0.02 
Cd. 0.13 0.93 -0.07 -0.21 
Ag. -0.13 0.86 -0.18 -0.10 

Sou血. 0.13 0.82 -0.12 0.02 
Southwest 0.08 -0.21 0.93 -0.32 
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Table 4: Rotated Factor Pattern For Site 1 

Fl(Soil) F2(Hospital) F3(Cement) F4(Vehicle) FS(Sulfate) 

Sc (0.96) Cd (0.93) Ca (0.99) Br (0.97) S (0.96) 
Al (0.93) CI (0.92) SW (0.93) Pb (0.84) As (0.82) 
La (0.80) Ag (0.86) Si (0.76) Mn (0.72) Zn (0.39) 
Sm (0.72) Sb (0.62) Fe (0.58) 
Fe (0.65) Zn (0.38) 

South (0.82) 

*SW = southwest wind 

Eigenvalues for the first 11 possible factors provided for this data set by STATGRAPHICS 
are shown in Table 5, also, the fraction of total variance accounted for by each factor. The 5 
factors chosen all had eigenvalues greater than unity, accounted for more tha 87% of all the 
variance in the data set (Table 5) and all element loadings are quite high. Obviously, factors 
other than the first 5 are weak contributors although one or more of them may correspond to 
real (though, unidentified) sources. The five factors have been identified independently by 
measurements of source samples and by the literature to be: wind-entrained soil particles 
(factor 1); hospital incinerator emissions (factor 2); dust particles from cement use (factor 3); 
motor vehicle emissions and historical contamination of mobile surface deposits (factor 4); and, 
a combustion source (factor 5). The latter source also exhibited small particle Se, marker for 
coal combustion, and V, marker for oil combustion, in particle-size separated samples, and 
could include aerosol transported over long distances from industrial-ized cities of the mid-west 
U.S. Similar findings resulted from factor analysis of site 2 data which was divided into coarse 
(>2 um) and fine (< 2 urn) particles, except that a 6th factor was also resolved. 

Table 5: Eigenvalue Analysis of Correlation Matrix for Site 1 Data 

Factor No. Eigenvalue Percent Cumulative 
Variance % variance 

1 4.09 35.2 35.2 
2 2.34 27.1 62.3 
3 1.80 14.2 76.5 
4 1.28 6.1 82.6 
5 1.01 4.7 87.3 
6 0.73 3.9 91.2 
7 0.62 2.8 94.0 
8 0.48 2.5 96.5 
9 0.32 1.8 98.4 
10 0.21 1.4 99.8 
11 0.07 0.2 100 
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These source identifications which were possible through factor analysis of the large 
concentration data set (obtained by INAA and PIXE) demonstrate the value of having used 
neutron methods for this type of research. The fact that so many strong correlations (viz. high 
factor loadings) were found in this data is a tribute to the reliability and relative freedom from 
uncontrolled errors in the aerosol concentrations. That this was due to the INAA method was 
further substantiated by a separate controlled study in which both INAA and XRF analyses were 
performed on the same set of air filters from steel-making Canadian cities. While the INAA 
concentration data revealed 4 factors with good loadings, including a distinct steel factor, the 
XRF results did not yield good correlations, indicative that there were many errors in the XRF 
filter measurements; also, some elements were barely detectable by XRF. 

AIR POLLUTION SOURCE APPORTIONMENT BY INAA 

Once the major sources of air pollution at a given receptor site have been identified by 
factor analysis, a chemical element balance computation (CEB) applied to the same aerosol data 
can quantitatively apportion relative contributions of each of the identified sources to the 
ambient aerosol at the receptor site. This CEB model assumes that the concentrations of any 
element 'i' at the site is a linear sum of the contributions of that element from ' j ' sources: 

where: a, = concentration of 'i' th element at receptor site, 
b ~ mass fraction of T th element in the mass from source ' j ' collected at receptor, 
Cj = ratio of mass contributed by source ' j ' to total collected mass 

and this calculation leads to a matrix solved by least squares regression separately for each air 
filter, the results being averaged over all filters to yield a mean contribution of each aerosol 
source at the receptor site. In Table 6: are listed the relative contributions of each of six 
identified sources to the total air particulate at the two hospital sites: while their incinerators 
contributed 22 and 36%, respectively to total aerosol in the vicinity, their contributions to 
particular components were greater: Cd(68%), Cl(74%), Cr(46%), Pb(28%), Sb(60%), Se(48%) 
and Zn(43%), (results not shown in the table, however). 

Table 6: Chemical Element Balance: Source Contributions 
to Total Inorganic Aerosol (%) 

Source Site 1 Site2 (fine) Site2 (coarse) 
(summer) (winter) (winter) 

Hospital 
incineration 22 36 6 
Motor Vehicle 9 24 1.5 
Wind-entrained 
soil/road dust 55 10 79 
Cement from 
construction 12 n.a. n.a. 
Coal combustion/ 
second.sulphate 2.3 30 n.a. 
De-icing salt n.a. n.a. 13.5 
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SUMMARY 

Reactor neutrons are valuable probes for exploring the micro-composition of materials. 
Compared to other non-nuclear techniques, neutron-based methods such as INAA, ENAA and 
PGA have the advantages of being non-destructive, selective, sensitive, multielemental and 
somewhat less error-prone in the hands of experienced and knowledgeable personnel. However 
it can be asserted, based on much minireactor utilization experience, that INAA can be used 
quite reliably also by novice analysts from other disciplines who have materials amenable to 
neutron methods such as archiometry, environmental, geochemical and medical studies. Further
more, such non-destructive INAA multielemental measurements can be accomplished with large 
sample suites at unparalleled low costs for trace analyses - of the order of one dollar (US) per 
analysis. 

REFERENCES 
(1) C. Yonezawa,"Prompt gamma-ray analysis of elements using cold and thermal neutron beams", 
Analytical Sciences, (accepted, 1993) 

(2)R. Paul, R.M.Lindstron, D.H.Vincent, "Cold-neutron PGA at NIST", J. Radioanal Nucl. 
Chem., (accepted, 1992) 

(3) A.G. Hanna, R.M. Brugger, M.D. Glascock, Nucl. Instrm. Methods, 188 619 (1981) 

(4) C. Yonezawa, A.K.H. Wood, M. Hoshi, Y. Ito, E. Taclukawa, "Characteristics of the 
Prompt Gamma-ray Aanalyzing System at the Neutron Beam Guides of JRR-3M", Nuclear 
Instruments & Methods in Physics (A), (accepted, 1992) 

(5) S.A. Kerr, R.A. Oliver, P. Vittoz, G. Vivisr, F. Hoyler, T.D. MacMahon, N.I. Ward, 
J.Radioanal.Nucl.Chem., 112 321 (1987) 

(6) R. Dowlati, R.E. Jervis, ibid, 150 455 (1991) 

(7) M.M.C. Ko, R.E. Jervis, "Atmospheric Toxic Metal Contributions From Hospital 
Incinerators" ibid, 161 159 (1992) 

(8) S, Landsberger, Anal.Chem.,60 1842 (1988) 

~/M 

SUMMARY 

Reactor neutrons are valuable prob巴sfor exploring the micro-composition of materials. 
Compared to other non-nuclear techniques， neutron-based methods such as INAA， ENAA and 
PGA have the advantages of being non-destructive， selective， sensitive， multielemental and 
somewhat less error-prone in the hands of experienced and knowledgeable personnel. However 
it can be asserted， based on much minireactor utilization experience，白紙 INAAcan be used 
quite reliably also by novice analysts from other disciplines who have materials amenable to 
neutron methods such as archiometry， environmental， geochemical and medical studies. Further-
more， such non-destructive INAA multielemental measurements can be accomplished with large 
sample suites at unparalleled low costs for trace analyses ・ofthe order of one dollar (US) per 
analysis. 
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