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INTRODUCTION 

In Boron Neutron Capture Therapy (BNCT) the dominant dose delivered to the tumor 
is due to a and 'Li charged particles resulting from a neutron capture by '9 and is referred 
to herein as the boron dose. Boron dose is directly attributable to the following two 
independent factors, one boron concentration and the neutron capture energy dependent cross 
section of boron, and two the energy spectrum of the neutrons that interact with boron. The 
neutron energy distribution at a given point is dictated by the incident neutron energy 
distribution, the depth in tissue, geometrical factors such as beam size and patient's 
dimensions. To account for these factors can be accommodated by using Monte Carlo 
theoretical simulations'. However, in conventional experimental BNCT dosimetry, e.g., 
using TLDs or ionization chambers, it is only possible to estimate the boron dose. Many of 
the BNCT dosimetry issues were addressed in Ref. 2. 

To overcome some of the limitations in the conventional dosimetry, modifications in 
ferrous sulfate dosimetry (Fricke) and Electron Paramagnetic Resonance (EPR) dosimetry in 
alanine, enable to measure specifically boron dose in a mixed gamma neutron radiation 
fields. The boron dose, in either of the dosimeters, is obtained as a difference between 
measurements with boronated and unboronated dosimeters. Since boron participates directly 
in the measurements, the boron dosimetry reflects the true contribution, integral of the 
neutron energy spectrum with boron cross section, of the boron dose to the total dose. Both 
methods are well established and used extensively in dosimetry, they are presented briefly 
here. 
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FRICKE DOSIMETRY 
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Ferrous sulfate dosimeters, FeSO,, are often used as a reference dosime.2r when a careful 
absorbed dose measurements are to be carried3. Fricke dosimetry has been recognized to be 
accurate, reproducible, and stable, it was also applied in different radiation fields. The 
physical characteristics together with the analytical methods are documented in(44). Fricke 
dosimetry is based on conversion, under irradiation conditions, of ferrous ions (Fe+2) into 
ferric ions (Fe'3). The absorbance of the ferric ions, which is proportional to dose, are 
measured in a spectrophotometer at 304 nm. Composition and calibration of Fricke solution 
sensitized with boron for BNCT is described elsewhere7. Absorbance spectra, measured using 
Lambda 3 spectrophotometer, of irradiated Fricke solution with added boron, BF, and 
without, (UBF), are shown in Fig. 1. Both dosimeters were exposed in the epithermal port of 
the Brookhaven Medical Research Reactor (BMRR) simultaneously. 

W. W. W. BW. BW. BW. 
Fricke Boron Boron Fricke Boron Boron 
abs'. abs. Fricke abs. abs. Fricke 

0.065 0.732 11.26 0.067 0.719 10.80 

0.073 0.916 12.54 0.081 0.801 9.95 

0.055 0.454 8.25 0.061 0.382 6.26 

Fig. 1. Absorbance spectrum of boronated (BF) and unboronated (UBF) Fricke solutions 
irradiated in the epithermal port of the BMRR. 

Although, in the spectrum there are two absorbance peaks associated with the ferric ions only 
one at 304 nm is used. Fricke dosimetry has been applied to check whether dissolving boric 
acid in a water phantom, at 30 ppm level, will affect the boron dosimetry due to absorption 
of neutrons by boron atoms. The results at different depth are summarized in Table I. 
Clearly the Boron dose is reduced with depth and when boron is added to the water phantom. 

Table I. Dosimetry in boronated, BW, (30ppm) and unboronated, W, water phantom, at 
depth of 0.5, 2.0, 5.0, and 10 cm. At the epithermal port of the BMMR. 
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EPR DOSIMETRY 

Dose determination based on EPR measurements of free radical generated in alanine crystals 
by ionizing radiation has been generally recognized as a reliable dosimetric method. It has 
described in the literature and applied to different types of radiationS-lo. EPR dosimetry is 
sensitized to thermal neutrons by mixing boric acid with alanine crystals, thus CY and 7Li 
particles emitted from boron interact with alanine and deposit their energy by forming free 
radicals. It was demonstrated'' that it is possible using EPR dosimetry to measure beam 
quality directly. Typical EPR spectra from alanine samples exposed to 147Cs source and to 
thermal neutrons at the BMRR are shown in Fig. 2. These are the second derivative of the 
original spectrum, the x and y labels in the figure indicate the position of the peaks that were 
used for calculating the intensities in the sensitized samples. The sensitized sample contained 
40% by weight boric acid. The enhancement of the dose due to sensitization with boric acid 
is shown in Fig. 3. The two curves show the difference in calculating the peak intensity 
based on the amplitude or calculating the area under the peak. Explanation to these 
differences was provided in Ref. 11. 

Fig. 2. EPR spectra of alanine samples with and without boric acid exposed to photons and 
neutrons. 

Fig. 3. The neutron dose enhancement factor versus boric acid concentration in the sample 
for methods of calculating the peak intensity. 

SUMMARY 

Two dosimetric methods were outlined which can be sensitized to neutrons and allow to 
extract directly the true boron dose from the total dose in BNCT. The sensitization process 
does not affect the dosimetry in the conventional, gamma, radiation field thus it is possible to 
calculate the boron dose as the difference in the readings between boronated and unboronated 
samples. Fricke solution is basically water and alanine is organic material, thus both types of . 
dosimeters are very close to tissue. They cover large dose ranges thus can remain on a 
patient during the entire course of therapy and serve as a verification dose. Being sensitive to 
the neutron spectrum, the dose reading is a true integral of boron cross section and neutron 
energy distribution, they may very well serve for verification of Monte Carlo dose 
calculations. Fricke dosimetry is relatively simple and well calibrated, often it serves as an 
absolute dosimeter, and the instrumentation required is a spectrophotometer. EPR dosimetry 
requires instrumentation that is more involved and not easily accessible. 
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BORONATED AND UNBORONATED ABSORBANCE 
IN FRICKE SOLUTION 
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September 22,1994 

Dear 6th ISNCT Participant: 

The Proceedings of the 6th International Symposium on Neutron 
Capture Therapy will be published once again by Plenum Press. 

1. Please prepare your manuscript in a form ready for publication by . 

following the enclosed detailed instruction sheet from Plenum (Gamma 
Form, Version 2.0). 

2. Do not exceed 6 pages in total length (including text, figures and 

Regardless of the number of presentations, as first author you may 
references), however Plenary speakers may submit 8 pages. 

submit only one concise, inclusive paper. 

3. For indexing purposes please provide on a separate sheet of paper: 
Iinames of all authors, 2. complete title of manuscript, 3. ten key 
words, 4. Fax Number. 

4. To ensure timely publication of these Proceedings, there is a firm 

mn-neeog 'able deadline of December 10, 1994, or you are more than 
welcome to submit your manuscript to.the Registration Desk at the time of. . 

the Symposium. No late manuscripts will be considered. Note that 
manuscripts will undergo review. 

- 5. Please forward L o  complete sets of your manuscript in the for of 
publication (hard copy), including Figures and Tables, together with. floppy 
disks directly to this office and not Plenum Press. 

6. The pre-publication Discounted Price of these Proceedings will be 
$lO(+if you would like to avail yourself to this discounted price, order 
forms will be available at the Symposium. Alternatively, for those of you 
who wouId like to have the Proceedings included as part of your 
registration fee, you can pay a supplementary regispation fee oi $100 at the 
meeting, and this will cover the cost of the proceedings. 
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