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Abstract 

A closed-form direct method for unfolding neutron spectra from foil activation data is presented. The method is 
applied to measurements of the free-field neutron spectrum produced by the proton-cyclotron-based fast-neutron 
radiotherapy facility at the University of Washington 0 School of Medicine. The results compare favorably 
with theoretical expectations based on an a-priori calculational model of the target and neutron beamline 
configuration of the UW facility. 

1. INTRODUCTION 

Neutron radiotherapy in various forms, including fast-neutron therapy (FNT), Boron Neutron Capture Therapy 
(BNCT), and a third form, which is a hybrid that combines the features of FNT and BNCT, has been a subject of 
research and clinical interest for over 50 years. Over the past several years, researchers at the Idaho National 
Engineering and Environmental Laboratory (INEEL) has developed a unique, internationally-recognized set of 
software modules, BNCT-rtpe, for computational dosimetry and treatment planning of epithermal-neutron BNCT' . 
The BNCT-rtpe system is currently being enhanced for use with FNT and with BNCT-augmented fast-neutron 

therapy by extending the energy range of the cross-section library up to 100 MeV and b incorporation of additional 
appropriate transport models for high-energy neutrons and the associated recoil protons! As part of this effort, 
experimental data useful for validation of the BNCT-rtpe system have been and continue to be developed using the 
cyclotron-based fast-neutron therapy facility (Figure 1) at the University of Washington 0 Medical School. 
This paper presents some results of this validation exercise. 

Figure 1. Neutron radiotherapy facility at the University of Washington School of Medicine. 
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In the UW fast-neutron facility protons are accelerated to an energy of 50.5 MeV and are subsequently directed 
onto a beryllium target located in the treatment head of an isocentric gantry system. The neutrons produced in the 
target then pass through flattening filters and a multileaf collimator assembly, which establishes a transverse beam 
profile appropriate to the requirements of each individual patient. 

This paper is concerned with various experimental measurements used for validation of the calculational 
sequence used to develop fast-neutron source descriptions for BNCT-rtpe. The source description in BNCT-rtpe 
chamcterizes the neutron flux projected to the isocenter in the free-field (i.e. no patient is present). This information 
is used to develop the necessary boundary conditions for treatment planning calculations to estimate therapeutic 
dose on an individual patient basis. The ability to accurately characterize the free-field neutron flux is thus a key 
component in the overall patient treatment planning process. 

2.0 METHODS AND MATERIALS 

2.1 A-PRIORI BEAMLINE CALCULATIONS 

Radiation transport computations to simulate the performance of the UW system were performed using coupled 
Monte Carlo charged-particle and neutron mspor t  methods. These calculations produce a mathematical 
description of the neutron source emanating from the exit port of the treatment head, projected to the isocenter. This 
source description can then be used as the input neutron source for treatment planning calculations pertinent to each 
individual patient. Proton transport in the cyclotron target was modeled with the LAHET3 code system (LCS). A 
model of the UW proton beadtarget system was constructed to allow calculation of the neutron source spectrum 
emitted by the target. The model included the 10.5mm thick beryllium target and the surrounding cooling and 
structural components. Subsequent neutron transport calculations were performed with the MCW4 Monte Carlo 
code using the neutron source emanating from the target as calculated by LCS. The beamline model for the 
calculations presented here was based on a simplification of the actual geometry and consisted of the target, a square 
iron collimator assembly 60 cm in length, with an aperture sized to illuminate a 7.5x7.5 cm square field at the 
isocenter, 150 cm downstream from the target. 

2.2 CONFIGURATION AND IRRADIATION OF THE ACTIVATION FOILS 

Measurements of the intensity and spectrum of the neutron beam produced by the UW facility were performed 
using extensions of well-known activation-foil techniques (see for example References 5 and 6). Measured data for 
the intensity and spectrum of free beam were obtained using, 1) cadmium-covered foil dosimeter packages 
consisting of copper, indium, gold, aluminum, iron, and cobalt foils and, 2) cadmium-covered gold foils contained 
within hollow boron spheres, placed at the gantry isocenter. All foils were 12.7 mm (0.5”) in diameter and had 
thicknesses selected such that the foil mass would be sufficient to provide adequate counting rates for the gamma 
emissions associated with the activation interactions of interest. The boron spheres were composed of fully- 
enriched boron-10 and had an inside diameter of approximately 25 mm (1”) and an outside diameter of 
approximately 50 mm (2”). These provided an artificial threshold at approximately 10 keV for the neutron capture 
reaction in gold. 

Figure 2 shows the placement of the cadmium-covered foil packages in a plane perpendicuar to the beam axis, 
passing through the isocenter. One foil package was placed at the isocenter and additional identical packages were 
placed at radial distances of 30,60, and 90 cm from the beam axis. In a separate experiment, the boron spheres with 
cadmium-covered foils inside were placed at these locations and an additional sphere was located at a radial distance 
of 10 cm fiom the beam axis. In all cases, the purpose of the off-axis foil packages was to obtain an indication of 
the background neutron field in the treatment room due to neutron leakage from the treatment head as well as from 
neutron reflection from the walls and floor of the room. The measured activation rates of each of the off-axis foils 
were fit with a straight line as a function of radius perpendicular to the beam line using the method of least squares, 
and an extrapolation along this line inward to the beam axis then provided an estimate of the neutron background at 
this point. This was then subtracted from the measured activation of each corresponding foil in the on-axis packages 

significant at low energies. 
’ to provide a measured estimate for the activation from the neutrons in the beam alone. This correction was very 



Figure 2. Activation foil arrangement for spectrum measurements at the University of Washington neutron 
radiotherapy facility. 

Three 1-hour irradiations were run to produce the data reported here. In all cases the field size was set to produce 
a square field at the isocenter, 7.5 cm on a side. The first two runs were for identical sets of on-axis and off-axis foil 
packages in cadmium covers only. The results from these runs were statistically combined in the subsequent 
unfolding computations. The third run was for the cadmium-covered gold foils in the boron spheres. The proton 
current on-target in all three runs was 66 microamperes with a variation of less than 1 microampere from run to run. 
Operation of the system at this power produces a dose rate of one “Monitor Unit” 0 per second . One MU is 

defined as one rad neutron plus gamma, at a depth of approximately 15 mm in a standard water phantom for a 
square field size of 10 cm by 10 cm. The expected neutron flux in air at the isocenter from this arrangement was 
computed to be approximately 2 x 10’ neutrons per square centimeter per second, integrated over all energies up to a 
50.5 MeV cutoff, corresponding to the energy of the protons impinging on the target. 

2.3 MEASUREMENT OF THE INDUCED FOIL ACTIVITIES 

The induced activities of the irradiated foils were measured using standard gamma spectrometric techniques. 
Activities of the short-lived gamma emissions of interest were measured on-site using, in some cases, the 
germanium spectrometer system available at UW and, in other cases, one of two portable germanium spectrometer 
systems from the INEEL that were transported to UW for this purpose. Cross-calibration between the UW and 
INEEL spectrometer systems was accomplished by counting a number of foils on both the UW system and on the 
INEEL system. Following analysis in the field at UW the foils were returned to the Radiation Measurements 
Laboratory (RML) at the INEEL for sensitive laboratory gamma spectrometry in order to quantify various long- 
lived radionuclides that were not wellquantified in the field spectra. This was done only for the foils from the first 
two irradiations. The field data for the gold foils in the boron spheres (the third irradiation) was found adequate for 
the measurements reported here. A total of ten foils from the first two irradiations were counted at the RML, 
beginning about ten days after the irradiations. Background spectra and energy calibration measurements were also 
taken for the various spectrometer systems as appropriate. 

The induced activities for all foils were corrected for a variety of measurement artifacts including gamma self- 
shielding in each foil and true coincidence summing. The resulting activities were then corrected for decay between 
irradiation and counting, and decay during counting. The INEEL computer code PCGAP, a version of the 
VAXGAP’ suite of codes was used as an aid in this process. Gamma spectra for the foils were converted to the 
correct format and input to PCGAP. PCGAP also inputs an appropriate measured background spectrum, makes the 
necessary corrections, and performs nuclide identification through reference to an isotope library of gamma-ray 
data. The resulting activities were then corrected for decay during irradiation, and the corresponding activation rates 
per atom with associated uncertainties from all sources for each activation interaction of interest were computed. 
The resulting set of foil interactions and measured interaction rates that were used for spectral unfolding are shown 
in Table 1. 



Table 1. Activation interactions used for spectral characterization of the UW 
fast-neutron beam. 

Threshold 
Energy Activation Rate f lo 

Interaction 0 Per Atom Per Second 

197Au(n,6n)192Au 
197Au(n,5n)193Au 

CU(n,X)”CO 
197Au(n,4n)194Au 

cu(n,x)s8co 
59~o(n,3n)57~o 

197Au(n,3n)’95Au 
59~o(n,2n)58~o 

197Au(n,2n)196Au* 
27Al(n,a)24Na 
5wn,P)5- 

1 15h(n,n>)l15mh 
197Au(n,y)198Au* * 
19’Au(n,y)198Au 

* Includes approximate correction for formation of Ig6*Au 
** Gold foil in boron sphere. Approximate pseudo-threshold energy is shown 
*** Data are corrected for neutron background in the treatment room. 

5h(n,r)116h Thermal (3.07 f 1.99)E-17*** 

38.0 
30.0 
29.0 
25.0 
23.0 
21.0 
15.5 
11.0 
8.6 
4.9 
3.5 
0.4 
0.01 

Thermal 

(8.54 f 0.41)E-19 
(1.34 f 0.07)E-17 
(3.78 f 1.04)E-19 
(4.26 f 0.14)E-17 
(2.15 f 0.12)E-lS 
(1.48 f 0.05)E-17 
(7.55 f 0.03)E-17 
(3.55 f0.11)E-17 
(6.32 f 0.21)E-17 
(2.99 f 0.16)E-lS 
(3.94 f 0.19)E-lS 
(1.63 f 0.07)E-17 
(4.16 It 0.80)E-18*** 
(2.65 f 1.38)E-17*** 

The neutron capture interaction rates shown in Table 1 for gold and indium have been corrected for neutron 
background as described previously. This produced a very significant correction for the foils that were shielded 
only with cadmium. The background contributions were approximately 75% and 85% of the total neutron capture 
interaction rates for these gold and indium foils, respectively. This caused a corresponding magnification of the 
uncertainties for the corrected interaction rates in these cases as a result of subtracting two numbers that were 
relatively close together. The neutron capture rate correction for the case of the cadmium-covered gold foil in the 
boron sphere was not so large since the sphere suppresses a larger fraction of the low-energy flux than the cadmium 
alone. In this case the background component accounted for only about 30% of the total. Thus the fractional 
variance of the corrected interaction rate is not as large for this case, as can be seen in Table 1. No background 
contributions of significance were observed for any of the other interactions shown in Table 1. 

2.4 SPECTRAL UNFOLDING 

The volume-average activation rate per atom for a foil dosimeter placed in a neutron flux field may be calculated 
as 

R = I“&) 0 Y,(E)dE 

where o@) is the microscopic activation cross section of interest for the foil material, as a function of neutron 
energy and yl@) is the volume-average scalar neutron flux within the foil, again as a function of energy. Equation 1 
can also be expressed as: 



where yr(E) is the unperturbed neutron flux that would exist at the measurement location in the absence of the foil. 
Equation 2 may also be expressed in standard multigroup form as: 

NG R = C  
j=1 

where NG is the total number of groups and 

rof (E)Pf (E)Y(E)dE 
a .  =  EL^ 

1 r Y ( E ) d E  ELj 

and 

(3) 

(4) 

If additional foils are placed in the beam, or if a particular foil exhibits more than one activation response, then 
Equation 3 may be written as a system of equations: 

where Ri is the total activation rate for interaction i and ai is the activation constant from Equation 4 for reaction i 
due to neutrons in energy group j. There will be a total of NF equations, where NF is the total number of activation 
responses available. Unshielded and effective shielded cross sections, relative a-priori reaction rates, and a-priori 
neutron fluxes to evaluate Equations 16 for all foils were computed with MCNP models of the dosimeter packages 
in the free beam, with or without the boron sphere as appropriate. Foil dosimetry reaction cross sections were 
obtained from Greenwood',*, except for the Au(n,Sn) and Au(q6n) cross section, which were approximated. For 
this, the Au(q4n) cross section profile was translated upward to the appropriate threshold energies with 
corresponding adjustment of the shape and magnitude. Foil reaction rates for each interaction of interest were 
computed using the MCNP volume-averaged flux tally. 

The system of activation equations, 6, may be written out in matrix form as: 

a21 

a3 1 

a12 a13 * . *  ~ I N G  

a22 a23 "' a2NG 

aNF2 am3 NG 

A 
4 2  

4 3  

$NG 

(7) 



or, more compactly: 

Equation 7 is exact, provided that the reaction rates Ri, the activation constants ai, and the group fluxes, 4, are all 
self-consistent. If measured reaction rates for each interaction Ri are substituted into Equation 7, a solution of the 
resulting new system of equations for “measured” fluxes corresponding to the measured reaction rates may also be 
obtained under certain conditions. 

In particular, if NF = NG, then the matrix [A] is square, its inverse will ordinarily exist, and the unknown 
“measured” flux vector may be obtained by any standard solution method that converges, provided that the rows of 
[A] are linearly-independent. In physical terms this implies that the response functions (cross sections) for the 
activation interactions used in the measurement must be selected such that they have different shapes as functions 
of energy. It may be noted that positive fluxes are not guaranteed to result from this procedure, but if the elements 
of [A] are computed in a sufficiently valid, physically-realistic manner for the specific measurement configuration, 
and if the measured reaction rates are accurately determined, a positive solution can generally be obtained. 

There are two possibilities for the situation where NF, the number of available activation response functions, is 
not equal to NG, the number of energy groups for which it is desired to obtain unfolded fluxes. If NF < NG the 
problem is underdetermined and additional information must be introduced in some manner to permit a solution, as 
is done in the so-called “adjustment” techniques for spectrum estimation from activation data. If NF > NG the 
problem is overdetermined and the “extra” information that is thereby available can be incorporated into the 
solution for the group fluxes by a linear least-squares fitting procedure as shown below: 

For the work presented here, NF > NG, and an approximation for the flux vector is sought such that the sum of 
the squares of the differences between the measured reaction rates and the calculated reaction rates obtained by 
substituting the desired approximate solution vector into each row of Equation 7 is minimized. That is, we wish to 
minimize the quantity A, where 

NF 

i=l 

and 

To accomplish this, Equation 9 is differentiated successively with respect to each group flux and the result in 
each case is set to zero. This produces a new set of NG equations, one for each differentiation operation. Upon 
some additional manipulation it can be demonstrated that the new set of equations has the following compact form: 

or 

where the new matrix [B] = [AIT [A] will be of dimensions NG x NG and the new vector [SI will be of length NG. 
Equation 12 is then solved by standard Gauss-Seidel iteration, with linear extrapolation to accelerate convergence to 
yield the desired flux vector. If NF = NG the solution of Equation 12 will be the same as would be obtained by 
simply solving Equation 8 without multiplying through first by [AIT. 



It is also necessary to consider the propagation of uncertainties in the unfolding process described here. In 
general the measured reaction rates in Equation 11 will each have an associated experimental uncertainty. In 
addition there will be a component of variance in the unfolded fluxes associated with the nature of the least-squares 
process itself, since it should also be noted that insertion of the unfolded fluxes back into the basic balance equation 
(Equation 7) will not ordinarily produce calculated reaction rates that are the same as the measured reaction rates, 
unless of course, NF = NG, in which case the fluxes are forced by definition to produce the measured reaction rates 
exactly. 

An estimate for the variance of the unfolded flux in group j may be expressed as: 

where Eii is computed from Equation 10 and ui is the experimental uncertainty associated with reaction rate i. It is 
therefore necessary to compute a matrix of derivatives of the group fluxes with respect to each reaction rate in order 
to evaluate the uncertainties in the unfolded fluxes from Equation 13. 

To obtain the required matrix of derivatives the rows of Equation 11 are differentiated successively with respect 
to each reaction rate and the results are rearranged and combined to yield: 

[BI - ab1 = [column i of [ A T ]  
aR, 

Equation 14 describes NF systems of NG simultaneous equations that can be solved to obtain all of the 
derivatives necessary to evaluate Equation 13 for the uncertainties associated with the group fluxes. 

If the matrix [A] is square, i.e., if NF = NG, the evaluation of the derivatives can be simplified. The following 
general set of equations can be produced for this case after some additional manipulations: 

[A] = [column i of an NG x NG identity matrix]. 
aRi 

Equation 15 describes NF (now equal to NG) systems of NG simultaneous equations for the necessary 
derivatives. These are used to evaluate Equation 13 where, in this case, the “fit variances” 6; resulting from the 
(necessarily) approximate value of the unfolding constants ai are zero by definition, and only the experimental 
reaction rate variances, u; propagate through to the unfolded fluxes. The fact that the 6; values are zero in this 
case does not necessarily mean that the unfolded fluxes are somehow more accurate, or more physically realistic. It 
simply means that the fluxes were forced to match the measured reaction rates when premultiplied by the given 
activation matrix [A]. 

It is also possible (when NF > NG) to compute unfolded fluxes using an objective function whose components 
are inversely weighted by the experimental uncertainties associated with the measured reaction rates. This was the 
procedure used in the work presented here. In this case, Equation 9 becomes: 

NF 62 A=Y + 



where ui is the previouslydefined experimental uncertainty associated with reaction rate i. In this case it is 
straightforward to show that Equation 11 becomes: 

where [Vj is an NF x NF diagonal matrix with the diagonal element of row i being the inverse square of the absolute 
measurement uncertainty for reaction i. Thus the matrices [B] and [SI in Equations 12 and 14 are redefined 
according to Equation 17. In addition, [AIT in Equation 14 is postmultiplied by [v. It is useful to note that in this 
case, the inverse of the matrix [B] is a covariance matrix for the unfolded fluxes, based on propagation of the 
measurement uncertainties u;. Accordingly, the diagonal elements of 
variance in each group that are attributable to propagation of the measurement uncertainties. 

correspond to the components of the flux 

3.0 RESULTS 

Figure 3 shows the final unfolded spectrum resulting from application of the techniques discussed in this work. Six 
unfolded neutron groups are shown, that is, NF (from Table 1) is 15 and NG is 6 for this example. As noted 
previously, the total calculated, energy-integrated, scalar neutron flux at the isocenter was approximately 2.0 x 10' 
neutrons per square centimeter per second. There were no empirical adjustments of any type in the case of the 
calculation. Thus, the computed neutron spectrum shown in Figure 3 is simply the result of normalizing the a-priori 
calculation to the specified proton current on target (66 microamperes). The computed flux is approximately 40% 
higher than the measured flux of 1.4 x 10' neutrons per square centimeter per second, integrated over all energy, as 
shown in the Figure. The computed and measured spectral shapes are, however, in very good agreement. If the 
calculation is renormalized as shown in Figure 3 to produce the same integrated total scalar flux as was measured, 
then the agreement between calculation and measurement is well within the statistical uncertainty at the 95% 

@(EYE = (1.4 i 0 . 1 ) ~  ICP 
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Figure 3. Measured free-beam scalar neutron flux at isocenter (66pA) for the UW fast-neutron facility. A lo 
uncertainty band is shown for the measurement. 



confidence level at all energies except above 40 MeV, where the measured flux appears to fall off slightly faster 
with increasing energy than expected from the calculation. Finally, we note that if the measured neutron flux 
spectrum is folded with appropriate energy-dependent neutron E R M A  factors for standard tissue and integrated 
over energy the resulting “measured” neutron KERMA rate at the isocenter is 0.83 rad per second, as shown in 
Figure 3. As noted previously, the nominal E R M A  rate for the UW system at the specified power level for a 10 
cm x 10 cm field is approximately 1.0 rad per second, of which approximately 6% is from gamma contamination. 
Correcting for field size using standard UW operational data yields a nominal KERMA of 0.92 d s e c  with about 
4% gamma for a 7.5 x 7.5 cm field. Thus the measured neutron KERMA is slightly lower than expected, based on 
the nominal system characteristics, but still reasonably within the measurement uncertainty. There is also a 
systematic uncertainty due to the fact that the nominal KERMA rate was measured by UW in previous work using a 
water phantom, where there will be some buildup due to neutron scatter not present in the measurements reported 
here. 

4.0 DISCUSSION 

In general, the measurements reported here have produced very satisfying results. Agreement between the a- 
priori calculated and measured total scalar neutron flux at the isocenter was well within the expected range (factor of 
2). Agreement of the calculated and’the directly-unfolded measured spectrum, upon renormalization of the 
calculation to match the measured total flux, integrated over energy, is comfortably within the propagated 
uncertainty of the measurements at most energies of interest. The measured neutron KERMA of the beam was 
within the range expected based on the nominal characteristics of the UW system. This serves as a validation of 
both the computational techniques (to within the agreement observed) as well as a validation of the simple and 
powehl direct spectral unfolding technique presented here. 

Finally, it may be noted that essentially the same unfolded spectrum as is shown in Figure 3, with comparable 
propagated uncertainties, may be obtained by performing the unfolding operation using a simplified subset of the 15 
interactions shown in Table 1. This subset consists of the interactions occurring in gold, indium, and alumhum, 
with the cobalt, iron and copper interactions deleted, yielding a set of ten interactions, with only about half as many 
foils for which gamma spectra must be measured. Thus, a simplified protocol for this type of measurement appears 
possible. This will facilitate certain future efforts that will be focused on the design and validation of a modified 
target for the UW system for use with BNCT-augmented fast neutron therapy. The modified target will be designed 
to produce additional flux in the low-energy region with essentially the same total neutron dose-depth profile as is 
produced with the current target. 
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