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A dosimetry technique based on neutron activation of circulating water with dissolved salts is
discussed. This paper focuses on use of the generalized least-squares (GLS) method to derive
information on the neutron-energy spectrum from the measured radioactivity yields.

1 Introduction

The basic concept and a description of an experiment performed to demonstrate this approach
were presented at a recent conference [1]. The neutron source was the FNS accelerator at
JAERI, Tokai, Japan [2]. Yttrium chloride hexahydrate (YC13.6H2O) was the salt (264.9 grams
dissolved in 16.094 liters of water). Gamma-ray yields were measured with an intrinsic Ge
detector. The following reactions were examined: (1) 16O(n,p)16N ( E ^ j , = 10.245 MeV, tm

= 7.13 sec, Ey = 6.129 MeV); (2) 37Cl(n,p)37S (E^h = 4.194 MeV, t1/2 = 5.05 min, Ey = 3.104
MeV); (3) 89Y(n,n')89mY (E^ = 0.919 MeV, t1/2 = 16.06 sec, EY = 0.909 MeV). This paper
describes use of the generalized least-squares (GLS) method to adjust the neutron spectrum.

2 Spectrum adjustment formalism

As discussed in some detail in Ref. [1], the measured gamma-ray count-rate ratios pu are
related functionally to the parameters of this experiment by the formula:

pa « (1)

where t = neutron source-to-detector transit time, T = cycle time, X = decay constant, B -
gamma-ray branch, e = detector efficiency, M = target-atom density in the liquid, <o> =
Ja(E)4>(E;p)dE (spectrum average cross section), and F = ABeM<a>. When n+1 reactions
are considered, n independent ratios py can be formed. It is convenient to assemble these py
into a vector y with an associated covariance (uncertainty) matrix Vy. The measured and
calculated quantities in Eq. (1) are related symbolically by y = f(p). The parameters p serve
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to characterize the neutron spectrum ct>. Let pa define this spectrum before adjustment, with
Va as the covariance matrix for these estimated parameters. Then, ya are corresponding
calculated count-rate ratios. This leads to the expression y-ya = A(p-pa). The elements of A
are a^ = (df/dpj., and the subscript "a" indicates that the derivatives are evaluated using
parameters pa. Spectrum adjustment (i.e., pa adjusted to p) is performed by the GLS method
[3]. The solution is given by these formulas:

p = pa + V ^ C Q + V C y - y J , (2)

Q = AVaA
+, (3)

Vp = Va-VaA
+(Q+Vy)-1AVa, (4)

(x2)™ = ( y - y a H Q + W y - y j . (5)

Superscripts "+" and " -1" signify matrix transposition and inversion, respectively, (x2),^ is a
scalar quantity that measures data consistency in accordance with a chi-square distribution [3].

3 Analysis of an experiment at the JAERI FNS facility

Count-rate ratios, yl = p13 and y2 = p ^ (v = 2 degrees of freedom [3])_ were extracted from
four spectra measured with flow rates 4.2 1/m, 5.8 1/m (2 runs) and 5.9 1/m. The covariance
matrix Vy includes errors and correlations from these sources: counting statistics (4.0-26.2%);
decay constants (1.0-3.6%); branching (0.1-2.9%); liquid composition (negligible); geometric
factors (8.3-13.8%); flow path length (16.4-24.6%); flow rates (5.5-16.3%); cross sections
(10-20%); detector efficiencies (3.0-8.0%). Cross sections were obtained from: (1) ENDF/B-
VI [4]; (2) JENDL 3.2 [5]; (3) BNL-325 [4]. Ratio and parameter errors were combined using
the effective variance method [6]. The measured ratios and their errors appear in Table 1.

Table 1: Count-rate ratios and their errors from the present experiment

Ratio 4.21/m 5.81/m (1st run) 5.81/m (2nd run) 5.91/m

yt 0.0207(45.2%) 0.140(28.9%) 0.140(28.8%) 0.142(28.7%)
y2 0.778(37.7%) 0.163(30.7%) 0.165(30.6%) 0.175(30.4%)

Neutrons are produced at the FNS facility with the D-T reaction [2]. The spectrum near the
target consists of primary neutrons =14 MeV plus a small component of scattered neutrons
[7]. The spectrum in the range 0-17 MeV can be represented fairly well by the formula:

$(E;p,) = $ 0 {0.16283ptE exp(-E/2.5) + 1.8789 exp[-11.090(E-14.844)2]}, (6)

where <£0 is an overall normalization factor which cancels in Eq. (1) and E is in MeV. The
multiplying factors in Eq. (6) normalize each term independently. The first is a Maxwellian
with 2.5 MeV "temperature" (scattered neutrons). The second is a Gaussian with FWHM =
0.5 MeV (primary D-T neutrons). Parameter p t indicates the relative importance of these two



components. Figs 8.1-8.8 of Ref. [7] suggest a priori that p, should be small, but otherwise
it is essentially undetermined. For present purposes, we have assumed that pal = 0.009 and Vall

= 100, i.e., a small Maxwellian term with a very large error. The GLS adjustment process is
then dominated entirely by the present data. The results of this analysis are shown in Table 2.

Table 2: GLS solutions for parameter P( and the corresponding values for (x2)mu/v anc l

Quantity 4.2 1/m 5.8 1/m (1st run) 5.8 1/m (2nd run) 5.9 1/m

Pi
(X2)mii/V

(C/EY
(C/E)/

-0.26±0.21
0.031
0.79±0.36
0.69±0.26

-0.07±0.14
0.0007
0.91±0.26
0.91±0.28

-0.08±0.13
0.003
0.92±0.26
0.89±0.27

-0.08±0.14
0.104
0.98±0.28
0.80±0.24

a These C/E values correspond to p, = 0. They vary noticeably from those given earlier in Ref. [ 1 ] due to a difference
in primary neutron energy (14.844 MeV rather than "14 MeV") and alternative sources for the cross-sections.

Since the (x2)mii/v are all < 1 this implies consistency for the input data [3]. Negative values
of p[ are certainly non-physical, but they are mostly indistinguishable from zero within their
errors. The C/E values also are nearly consistent with unity. These data, parameters and cross
sections are clearly not known well enough to determine the scattered-neutron component near
the FNS target. It has been discovered from various trials that modest, arbitrary changes in the
cross sections (within the indicated errors) can actually lead to positive GLS solutions for p t.

4 Conclusions

In principle, reaction-rate data acquired with a liquid dosimetry system constitute a valuable
resource that can be employed in adjusting neutron spectra by the GLS method. However, the
successful application of this procedure requires possession of precise count-rate data as well
as accurate values for cross sections and operating parameters of the liquid dosimetry
apparatus (e.g., geometry and flow rates). Among these requirements, the most difficult to
satisfy is most likely that of establishing accurate cross-section representations. Of course, this
statement is generally true for such well-known dosimetry techniques as the irradiation of
conventional multiple-foil packets or the use of calibrated fission or proton-recoil detectors.
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