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Status of Nuclear Data for Use in Neutron Therapy 

Roger M White 

Abstract—Optimization of neutron therapy requires nuclear cross section data for: 1) the selec
tion of source reaction for neutron production, 2) the design of collimators and shields, 3) the cal
culation of absorbed dose in the irradiation tissues, including heterogeneity corrections, 4) 
microdosimetry, and 5) studies of the influence of radiation quality on biological effects. Under 
the auspices of the International Atomic Energy Agency (IAEA), a Coordinated Research Pro
gram (CRP) has been underway since 1987 to assess the status of these nuclear data, to coordinate 
research efforts, to report recent progress, and to recommend acceptance of appropriate data and 
further research where necessary. In this paper, we outline the results of the CRP's final report to 
be published and evaluate the status of the most critical nuclear data needs for therapy, i.e., kerma 
calculations and measurements, from low neutron energies to 70 MeV. Recommended values for 
(n,p) kerma and the carbon-to-oxygen neutron kerma factor ratios up to 70 MeV are given with 
estimates of their current uncertainties. 
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INTRODUCTION 

In 1987, the International Atomic Energy Agency's Nuclear Data Section initiated a Coordi

nated Research Program (CRP) to deal with nuclear data needed for neutron therapy. Three 

Research Coordination Meetings (RCM) were held to consider the nuclear data needs for opti

mum neutron therapy. The objective of the first RCM was to assess the deficiencies in the 

required nuclear data. Improved nuclear data could be produced and used in the dosimetry proto

cols for radiotherapy applications using neutron beams. Accomplishments of the first RCM 

included presentation of the most Tecent measurements, exchange of views of participants con

cerning the status of nuclear data needed to optimize neutron therapy, and specification of 

research to be carried out under this CRP. 

The second RCM produced the outline of a technical document!), to be an IAEA-TECDOC, 

that will be published in the future to provide up-to-date information on the status and needs of 

nuclear data for neutron therapy. The report is intended for both the radiation therapists who need 

the data and the nuclear physicists who must produce them and thereby to help bridge the gap 

between the two. 

In the third and final RCM, the outline of the lAEA-TECDOC was completed. The docu

ment will contain the following sections: present status of fast neutron therapy—survey of clini

cal data and of the clinical research programs; protocols for the determination of absorbed dose in 

mixed neutron-photon beams; neutron source reactions; collimation and shielding; microscopic 

data and kerma factors; absorbed dose and radiation quality; conclusions and recommendations; 

and an appendix containing calculated kerma factors based on the 1991 version of the Lawrence 

Livermore National Laboratory's Evaluated Neutron Data Library^. The CRP intends that this 

IAEA-TECDOC provide the necessary background to prompt proposals for the funding of new 

measurements to improve neutron therapy. 

Below, a brief summary of the success of neutron therapy is presented along with an over

view of the nuclear data needed to optimize therapy. We then concentrate on the status of the 

most critical nuclear data needs for therapy, i.e., kerma calculations and measurements, from low 
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neutron energies to ~70 MeV, the upper limit of neutron energies in use today. Recommended 

values for hydrogen, carbon, and oxygen kerma factors and the carbon-to-oxygen neutron kerma 

factor ratio for neutron energies from 10 to 70 MeV are given with estimates of the uncertainties. 

OPTIMIZATION OF NEUTRON THERAPY 

Success of Neutron Therapy 

The motivation to improve the nuclear data from which neutron therapy can be optimized 

comes principally from the present success of neutrons to treat specific kinds of tumors. Fast neu

tron therapy is routinely applied today at 18 centers throughout the world. Over 15,000 patients 

have been treated with fast neutrons, either as the sole irradiation modality or in combination with 

other radiotherapy techniques. For some centers the follow-up period of patients now exceeds 15 

years. A discussion of the overall local control rates for specific kinds of tumors when irradiated 

with fast neutrons or neutrons plus photons vs. the control rates for photons alone is given in a fol

lowing paper* \ These data will be reviewed in comprehensive detail in Reference 1. 

Roughly half of all cancer patients are referred to some type of radiotherapy. Given the 

present uncertainties in most of the nuclear data needed for therapy, the patients treated with neu

trons thus far have been treated in suboptimal technical conditions. However, results to date sug

gest that fast neutrons are superior to photons for up to 15% of the patients currently referred to 

radiotherapy^ \ Clinical results indicate that the dose response for tumor control and normal tis

sue complications are as steep for neutrons as for photons. Therefore the same accuracy in dose 

delivery and physical selectivity are necessary. The differential between the dose necessary to 

control the tumor and that which is unacceptable to the patient is less than 5%. Since we do not 

know the basic nuclear data to this accuracy, particularly at the higher neutron energies currently 

being used (10-70 MeV), neutron therapy has been demonstrated successfully in less than optimal 

conditions. Quite likely neutron therapy can be more successful for a larger fraction of patients 

referred to radiotherapy if improvements are made in the nuclear database. 
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Neutron Source Reactions for Therapy 

Since the relative biological effectiveness (RBE) depends on the neutron spectrum bombard

ing the tumor, knowledge of the neutron source energy spectrum and the effects of collimation 

and shielding upon this spectrum are essential. All modem neutron therapy facilities use hospital-

based proton cyclotrons to produce neutrons via the (p,n) nuclear reaction. The ideal nuclear 

reaction would yield the maximum high-energy neutrons only in the forward direction. Reactions 

best meeting this requirement are: 7Li(p,n)7Be, 9Be(p,n)9B, "BCp.n^C, 13C(p,n)13N, and 
1 5N(p,n) 1 30, i.e., reactions which have large Fermi (charge-exchange) and Gamow-Teller 

(charge-exchange plus spin-flip) transitions in light nuclei. Of these reactions, targets of 1 3 C and 
5 N are ruled out because they represent only 1.1% and 0.37%, respectively, of naturally occur

ring carbon and nitrogen and would be prohibitively expensive to prepare. Lithium (92.5% 7Li) is 

a difficult material to work with so Be and B are the remaining choices. 

Most high-energy neutron therapy facilities currently use the 9Be(p,n)9B reaction. Figure 1 

shows a plot of the neutron emission spectra from this reaction for an incident proton energy of 

135 MeV*4) and for neutron emission angles of 0,9, and 12 degrees. This figure shows that Fermi 

and Gamow-Teller interactions play crucial roles in high-energy neutron production through both 

the dramatic forward-peaking of the high-energy part of the spectrum and how greatly it decreases 

in magnitude with angle. What have not been compared are the equivalent spectra for the 
lB(p,n)nC reaction which, from a nuclear structure viewpoint, may be superior to the 

9Be(p,n)9B reaction for the purpose of high-energy neutron production for therapy. Specific rec

ommendations for the cross section measurements needed for both reactions as well as charged-

particle Monte Carlo techniques for accurate calculation of thick-target yields and optimization of 

target design are given in Reference 1. 

Collimation and Shielding 

High-energy neutrons from (thick-target) source-producing reactions are broadly distributed 

in energy and to some degree in emission angle relative to the initial charged-particle beam. To 
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localize these neutrons to the therapy volume, a collimator is placed between the source and the 

patient Additional shielding is used to protect other parts of the patient and to confine radiation 

to the therapy room. Collimators must be adjustable and, because of the high penetrating power 

of neutrons, must present a thickness of several mean free paths—often nearly one meter of mate

rial. The mechanical complexity and mass of the collimator lead to a cost on the order of 

$500,000 (US). Shielding of irradiation facilities is accomplished by building materials such as 

concrete, the composition of which must be carefully chosen for shielding characteristics, e.g., 

concrete that is limestone-based is preferred to silicaceous concrete^. 

Nuclear data and radiation transport codes are needed to calculate the performance of colli

mators and shields. For neutron data, the energy region between 10 and 70 MeV is an intermedi

ate region that is difficult to describe with simple theories or with complete databases. In this 

energy region, compound nuclear processes, direct processes, and intermediate or "pre-com-

pound" processes are important. Most evaluated databases were intended for use in the develop

ment of nuclear fission and fusion energy sources and have a 20 MeV upper energy limit Recent 

measurements and the modification of transport codes to better reproduce new benchmark tests 

are given in Reference 1. 

High energy neutrons also interact with materials to produce activation (radioactive 

nuclides). Depending on the materials selected for the collimator and shielding, the activated iso

topes have a variety of half-lives and can emit energetic radiation. Although the added dose to 

patients from this induced activity is small when compared with the therapeutic dose, the medical 

staff and accelerator technicians will receive additional dose. Hence, there exist safety require

ments and economic benefits for developing databases and codes that lead to optimized collima-

tion and shielding. Reference 1 discusses new sources of experimental information from which 

these databases can be assembled. 
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Neutron kerma 

Effects produced by nuclear reactions in matter are due to the energetic charged-particles pro

duced, including residual nuclei, and the subsequent energy loss of these particles by ionization 

and excitation. Kerma is defined as the average kinetic energy released in matter (per unit mass) 

and is the sum of all energy transferred to light charged-particles and residual nuclei in a reaction. 

The neutron kerma factor is the kerma produced per unit neutron faience. The absorbed dose is 

the energy deposited per unit mass. 

For biological purposes, accurate measurement of neutron absorbed dose is best accom

plished in wet tissue. Such a medium is not amenable to the construction of detectors, hence tis

sue substitute materials, more suitable for measurement purposes, are used. Ideally, a tissue-

equivalent material would exactly duplicate the atomic composition of tissue and a measurement 

would yield the absorbed dose in tissue. As this is never the case, the tissue-absorbed-dose deter

mination depends upon knowledge of the relative rate of charged-particle energy production per 

unit mass for the tissue and tissue substitute material, i.e., the kerma or kerma factor ratio. As the 

kerma ratio is a function of the neutron energy, information about the neutron energy spectrum is 

needed. Hence, neutron dose determinations using tissue substitute materials require accurate 

kerma factor values for all constituent materials for both the tissue and tissue substitute over the 

entire neutron energy range. 

Standard man® consists of hydrogen (10%), carbon (18%), nitrogen (3.0%), oxygen 

(65.0%), and various trace elements (4%). A typical tissue substitute material such as A-150 plas

tic has the corresponding percentages: 10.1%, 77.6%, 3.5%, 5.3%, and 3.5% (6 ). Hydrogen, which 

contributes most significantly to the kerma and absorbed dose, is well-matched for these mixtures. 

For A-150 plastic, and most other substitute materials, carbon is exchanged for oxygen. Thus, 

information about the hydrogen kerma factor and the carbon-to-oxygen kcrma factor ratio are 

essential for accurate fast neutron absorbed dose determinations. 
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EVALUATED KERMA FACTORS 

There are two ways kerma factors are determined: 1) from direct measurement of kerma, and 

2) from calculation of kerma factors from basic cross section information contained in nuclear 

data libraries^ ' ' where all significant reaction channels are explicitly represented, including 

angular and/or energy distributions of secondary reaction particles, etc. While some experimental 

kerma factor data exist, the direct measurement of kerma is difficult and valuer are available for 

only a few elements and neutron energies. Some new measurements are discussed in a following 

paper^. The explicit representation of all significant reaction channels and secondary reaction 

product properties in nuclear data libraries comes either from evaluation of experimental micro

scopic cross section data or from nuclear model predictions. The degree to which an evaluation 

can be based on experimental data determines the uncertainty of the kerma factors calculated 

from evaluated nuclear data libraries. For purposes of therapy, the uncertainties in kerma factor 

values are as important as the values themselves. In practice, realistic uncertainties are difficult to 

assess. The following sections discuss neutron kerma factors for hydrogen, carbon, and oxygen, 

and the associated uncertainties in those kerma factors given the databases currently available. 

Evaluation of the neutron kertna factor for hydrogen 

The database of experimental cross section values for the 'Hfanj'H reaction is extensive 

since this reaction is fundamental to the understanding of the nucleon-nucleon interaction. These 

cross sections are some of the best-determined of all nuclear reactions. The calculation of the 

neutron kerma factor for hydrogen depends only upon the integrated elastic cross section and the 

average energy given to the recoil proton—which in turn is directly related to the a] coefficient of 

the Legrendre polynomial expansion of the differential elastic scattering cross section. (The cap

ture cross section is insignificant.) 

In Table 1 we give recommended hydrogen kerma factors for neutron energies from 10 to 70 

MeV calculated from cross sections obtained from the "VL40" phase shift analysis of Arndt^l 

The values in Table 1 can be interpolated linearly (as can the rest of the tables in this paper) and 
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have an assigned uncertainty of ±1.0% (one standard deviation). This uncertainty is based on 

comparing kerma factor values calculated with the VL40 phase shifts to those calculated from the 

cross sections in the ENDF/B-VI evaluation™. 

The ENDF/B-VI evaluation of the integrated 'H(n,n)J H reaction cross section is based on an 

R-matrix analysis^ at energies below 26 MeV, a phase shift analysis™ above 30 MeV, and a 

sliding average of the two between 26 and 30 MeV. The differentia elastic cross section values 

below 26 MeV are taken from the R-matrix analysis and those at and above 26 MeV are taken 

from the phase shift analysis. The kerma factors calculated from ENDF/B-VI and VL40, based 

on 1988 and 1992 phase shift analyses by Amdt, disagree by less than 0.5% over the 30 to 70 

MeV region. In the 10 to 30 MeV region, the cross sections for the two kerma factor calculations 

were based on two completely different analyses (phase shift vs. R-matrix) of the cross sections 

and the resulting kerma factors disagreed by up to 1.0%. 

Evaluation of the neutron kerma factor for carbon 

Figures 2 and 3 show the information currently known to us for both measured^'11"24' and 

calculated^25"32) neutron kerma factors for carbon as a function of incident neutron energy. The 

Works of Caswell28) and Howerton*31) were calculated from evaluated nuclear databases^7,2* and 

the other calculated kerma factors were obtained using nuclear models based on various theoreti

cal approaches. The nuclear models may or may not be normalized to one or more experimental 

measurements. The work of Caswell has been recently revised above -13 MeV<33> and is now in 

Substantial agreement with the work of Howerton*31) at the higher neutron energies. 

Until quite recently, the only experimental data available at high energies was the work of 

Brady^13'. Based upon the thresholds of reactions on carbon, their probable cross sections, and 

numerous modeling calculations, the kerma ftctor measured by Brady at the highest energy point 

(60.7 MeV) appears too high. As this paper was being prepared, new measurements from 

Schrewe^ were received which provided four experimental points above 30 MeV. These new 

data are in excellent agreement with our preliminary evaluation. As shown in Figure 4, +8% was 
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assigned as the minimum uncertainty in the recommended kerma factor up to neutron energies of 

~50 MeV. That is, given the current database, no realistic uncertainty of less than ±8% can be 

assigned to the recommended values. A greater uncertainty could be assigned. Above ~50 MeV, 

a minimum uncertainty of ±16% was assigned based on the only two sets of experimental data 

available. While the errors reported by Schrewe are significantly larger than those of Brady, we 

have given more weight to the shape and normalization of the Schrewe data based partially on 

guidance from the change in slope of several nuclear model calculations. Table 2 gives the rec

ommended values of the carbon kerma factor as a function of neutron energy from 10 to 70 MeV. 

Evaluation of the neutron kerma factor for oxygen 

Figure 5 shows a summary of measured and calculated neutron kerma factors for oxygen as a 

function of incident neutron energy. As in the case for carbon, the values of Caswell (28) and 

Howerton^31* are calculated from evaluated nuclear databases"^ and the other calculations 

employ various nuclear models. As seen in Figure 5, the experimental database for oxygen is lim

ited. There exists reasonable agreement in shape and normalization between most of the measure

ments and calculations up to 40 MeV. With this limited database, however, the uncertainties are 

much greater than in the case of carbon. Figure 6 shows our recommended values for oxygen 

kerma factors from 10 to 70 MeV. The assignment of ±15% from 10 to 30 MeV for the minimum 

uncertainty in the recommended kerma factors is dictated by the spread in the experimental data. 

Above 30 MeV, a minimum uncertainty of ±20% has been assigned based on our belief that 

the 60.7 MeV data point of Brady is too large. We based this conclusion upon knowledge of 

thresholds of reactions, the systematics of cross sections for those reactions, several model calcu

lations, and the fact that the same energy point for Brady's carbon value is higher than the latest 

measurements^23-* would indicate. However, this value is the only experimental point available at 

high energy and, until further measurements are carried out, must fall within the minimum uncer

tainty estimate on our recommended values. Values of the recommended kerma factor for oxygen 

are given in Table 3. 
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The carbon-to-oxygen kerma ratio 

In Figure 7 recommended carbon-to-oxygen kerma factor ratios are plotted for neutrons from 

10to70MeV. Corresponding values are given in Table 4. Because the recommended carbon and 

oxygen kerma values each had two (non-overlapping) regions where the minimum assigned 

uncertainty changed, the recommended ratio has three regions of differing uncertainties as indi

cated in Figure 7. Because Brady*13' and Harimann*8' each measured carbon and oxygen kerma 

factors at the same energies, Figure 7 includes their ratios with their corresponding uncertainties 

plotted. Also plotted is the ratio of DeLuca's carbon measurement at 14.9 to his mea

surement of oxygen at 15 MeV*34'. DeLuca's measurements of oxygen at 17.5 and 18.1 MeV*34' 

were interpolated linearly and used with his carbon measurement at 17.8 MeV*1?' to obtain the 

ratio point at 17.8 MeV. DeLuca's measurement of carbon at 19.8 MeV* ' was used with his 

oxygen measurement at 19.1 MeV*34' and plotted as 19.45 MeV. These ratios are plotted in Fig

ure 7 for informational purposes only and were not used to determine the recommended carbon-

to-oxygen kerma ratio. The recommended ratio was determined from the separate evaluations of 

carbon and oxygen. 

The purpose of this carbon-to-oxygen ratio evaluation is: 1) to establish a recommended 

value for this ratio based upon all available direct measurements and model calculations currently 

known to us, and 2) to give an uncertainly estimate to this ratio. We have chosen a minimum 

uncertainty which is only meant to indicate that no lesser uncertainty could reasonably be placed 

on the values. It does not mean that the uncertainty is not greater. It is not a precise definition, but 

only meant to serve as a guide to the current state-of-the-art and to indicate clearly where further 

measurements are needed. 

CONCLUSIONS 

We have piovided a brief description of a Coordinated Research Program sponsored by the 

Nuclear Data Section of the International Atomic Energy Agency to assess the status of nuclear 

data needed for neutron therapy. An outline of a comprehensive technical document has been 
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given that will be published in the future by the IAEA. We have provided recommended values, 

along with our estimate of the current uncertainties, for the most important quantities which 

depend upon nuclear measurements mat are needed to help optimize neutron therapy. From this 

work it is clear that, with the exception of the hydrogen neutron kerma factor, we do not yet have 

the nuclear data necessary to allow neutron therapy to reach its full potential. 
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Table 1. Recommended neutron kerma factor for 
hydrogen. The table is designed for linear-linear 
interpolation. The uncertainty (1 standard 
deviation) is ± 1% at all energies. 

E„(MeV) Kf (GyVlO" 1 5) 
10.00 45.69 
1238 4659 
15.62 46.93 
20.46 4650 
31.42 44.21 
46.19 41.11 
59.79 38.92 
70.00 37.80 

Table 2. Recommended neutron kerma factor for 
carbon. The table is designed for linear-linear 
interpolation. The minimum uncertainty (see 
text) is ±8% below SO MeV and ±16% above 50 
MeV. 

E„(MeV) Kf (GynrMor15) 
10.0 1.20 
12.1 1.75 
19.5 3.12 
23.1 3.51 
30.1 3.86 
70.0 5.14 



Table 3. Recommended neutron kerma factor tor 
oxygen. The table is designed for linear-linear 
interpolation. The minimum uncertainty (see 
text) is ± 15% below 30 MeV and ± 20 % above 
30 MeV. 

E„(MeV) Kf (Gym 210' 1 5; 
10.0 0.70 
13.2 1.28 
15.8 1.67 
18.9 1.99 
22.5 2.19 
30.5 2.42 
40.7 3.03 
70.0 4.91 

Table 4. Recommended ratio of carbon to oxygen 
kerma factors. The table is designed for linear-
linear interpolation. The minimum uncertainty 
(see text) is ± 17% below 30 MeV, ± 22% between 
30 and 50 MeV, and ± 26 % above SO MeV. 

E^ (MeV) Ratio 
KM) U 2 
14.6 1.47 
17.3 1.49 
26.1 1.62 
30.9 1.60 
46.0 1.30 
61.5 1.12 
70.0 1.05 
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Figure 1. Measurement of the 9Be(p,n)9B neutron emission spectra at 0 ,9 , and 12 degrees for 
13S MeV incident protons*'4'. The data in this figure show that both the Fermi and 
Gamow-Teller interactions play crucial roles in the high-energy neutron production 
from this reaction through both the dramatic forward-peaking of the high-energy part 
of the spectrum and how greatly it decreases in magnitude with angle. For clarity, the 
energy scales of the 9 and 12 degree spectra have been shifted to correspond to the 0 
degree peak. 
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Figure 2. Measured and calculated neutron kerma factors for carbon as a function of incident 
neutron energy from 0 to 70 MeV. 
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Figure 3. Expanded plot of the measured aoicakub'ed carbon kennafactos as a functioa of 
iiKiaentrieutron energy from 13 to 21 MeV. Symbols and lines keyed as in Figure 2. 
Also shown is (he recommended carbon kerma factor. See Figure 4, Table 2, and text 
for further explanation of the recommended values and associated minimum uncer
tainties. 
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Figure 4. Recommended carbon kerma factor values as a function of neutron energy from 10 to 
70 MeV with experimental measurements included. Figure is keyed the same as Fig
ure 2. Included is the calculation of Howerton*31' at the lower neutron energies. Also 
included are the minimum uncertainties on tbe recommended values as discussed in 
the text. 
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Figures. Database currently known to us for both measured and calculated neutron kenna fac
tors for oxygen as a function of incident neutron energy from 0 to 70 MeVl 
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Figure 6. Recommended oxygen kenna factor as a function of incident neutron enagy from 10 
to 70 MeV with experimental measurements included. Figure is keyed the same as 
Figure 5. Included is the calculation of Howerton^3^ at the lower neutron energies. 
Abo included are the minimum uncertainties on the recommended values as dis
cussed in the text 
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Figure 7. Recommended carbon-to-oxygen kenna factor ratio as a function of neutron energy 
from 10 to 70 MeV with the ratios of specific data included. Also included are the 
minimum uncertainties on the recommended values of the ratio as described in the 
text 


