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F O R E W O R D

During the past decade the IAEA has devoted much attention to developing
nuclear and atomic databases for medical applications. The programme has covered
the following topics:

1. Atomic and molecular data for radiotherapy and radiation research. (Results
were published as IAEA-TECDOC-799 in 1995)

2. Nuclear data for medical isotope production.

3. Nuclear data for neutron therapy.

The present report summarizes the results of the programme for the last topic.
The starting point was an Advisory Group meeting on Nuclear and Atomic Data
for Radiotherapy and Related Radiobiology held at TNO Rijswijk, Netherlands, in
September 1986. The meeting participants emphasized the growing number of neu-
tron therapy clinics throughout the world and also noted that the energy of neutron
beams was shifting to higher neutron energies: to the range from 14 to 70 MeV. The
meeting has reviewed the status of data at that time and concluded that the following
information was required for neutron therapy:

1. Kerma factors for the neutron energy range between 15 and 100 MeV and
partial and total cross sections for biologically important elements, especially
for carbon and oxygen.

2. Improvement of neutron transport calculations for in-phantom conditions, in-
cluding the effect of inhomogeneities.

3. Primary and secondary charged-particle spectra needed for calculations of ab-
sorbed dose during treatment of patients.

In order to address these needs the IAEA organized a Co-ordinated Research Pro-
gramme (CRP) on Nuclear Data Needed for Neutron Therapy. In the framework of
this CRP three research co-ordination meetings were held during 1987-1993. The CRP
participants concentrated on the problems of microdosimetry and protocols for the
determination of absorbed doses, neutron source properties (for the Be(p,n)reaction
up to 100 MeV), beam collimation and shielding, measurements of kerma factors
for biologically important elements, and a comparative characterization of radiation
quality (i.e. biological effect per unit dose) of neutron beams used in various therapy
centres.

The work on summarizing the results of the CRP was continued after its official
termination in 1993 and a report was prepared by the participants in 1995 for final
review by a group of consultants.
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1 Nuclear Data Needed for Neutron Therapy

1.1 Introduction
Neutron therapy is applied at present in eighteen centers worldwide. The considerable
number of patients, exceeding 15,000, and their follow-up, extending over a period of
twenty years in the longest series, allow some conclusions concerning the value of fast
neutron therapy to be drawn.

Although the first patients were treated with neutrons with too low energies pro-
duced in cyclotrons or (D-T) generators, a clinical benefit was observed for some
tumor types, especially for slowly growing, well-differentiated tumors, which are cur-
rently considered to be resistent to photon radiation (as well as to chemotherapy).

The most encouraging results were actually obtained for locally extended salivary
gland tumors and prostatic adenocarcinomas, but also for some advanced tumors of
the head and neck area as well as for well differentiated soft tissue sarcomas, osteo-
and chondrosarcomas.

It is difficult today to evaluate the proportion of the patients currently referred to
radiotherapy and who could in the future benefit from fast neutron therapy. However,
the survey of the available clinical data allows us to expect that this proportion would
exceed 10%. In fact this proportion is probably a lower limit since the patients treated
in the past with neutrons were often treated in "suboptimal" technical conditions
(poorly penetrating beams, fixed beams, fixed inserts, etc.). In addition, the greater
efficiency of neutrons observed for some types of slowly growing tumors could extend
the borders of the indications of radiation therapy, and allow the therapist to consider
irradiation of tumor types traditionally considered as being resistant to photons.

The main problem for the therapist remains the selection of the patients suitable
for neutron therapy. Much effort is spent to that end, and development of predictive
tests is promising.

From a technical point of view, fast neutron therapy is undergoing important
changes, especially with the introduction of high-energy, hospital-based, therapy-
dedicated cyclotrons. The high-energy neutron beams available at present (50 to
65-MeV protons on Be target) have beam characteristics very similar to the current
photon beams as far as dose distribution is concerned, i.e. penetration, skin sparing,
penumbra, etc. In addition, these neutron machines are equipped with variable-
often multileaf-collimators and isocentric gantries. They are entirely dedicated to
treatment and are as reliable in their operation as modern linear electron accelerators
for photon therapy. Consequently, one can assume that with the new generation
of therapy-dedicated cyclotrons, patients can be treated with fast neutrons under
conditions very similar to those at modern linear electron accelerators.

There is clinical and radiobiological evidence that the accuracy required for clin-
ical dosimetry for neutrons is at least as high as that in photon clinical dosimetry. In
general, an accuracy of + /- 3.5% is required (Mijnheer et a/., 1987).

Neutron dosimetry for clinical purposes is carried out mainly with ionization
chambers made of "tissue-equivalent" (wall and gas) material. The energy deposition
by fast neutrons results, from a two-step process. In the first, interactions between
neutrons and target nuclides lead to the release of energetic charged particles, mainly
protons, alpha particles and heavier ions. The second step is the subsequent interac-
tion of these charged particles with matter by ionization and excitation.



The neutron interactions are highly nuclide-specific and strongly dependent on
neutron energy within the energy range of interest for neutron therapy. The physi-
cal parameters describing these neutron interactions are microscopic cross sections,
charged-particle spectra, and kerma, i.e. the total kinetic energy transfered to
charged particles. For accurate dosimetry these parameters should be known for
all nuclides that comprise tissue and detector materials. In practice, uncertainties
are considerable, especially for neutron energies exceeding 15 MeV. The introduction
of higher energy cyclotrons to produce neutrons with improved beam characteristics
has therefore created additional problems for clinical dosimetry. Nuclide specificity
and the strong energy dependence of the nuclear interactions make it impossible to
construct ionization chambers or other dosimeters that are truly tissue-equivalent.
Determination of absorbed dose in tissue depends upon the knowledge of the kerma
for the constitutive elements of tissue and the dosimeter to be able to evaluate kerma
factor ratios. Therefore, clinical neutron dosimetry requires comprehensive and ac-
curate knowledge of kerma factor values for nuclides and materials relevant to the
neutron energy range of interest. Furthermore, the application of kerma factors (ra-
tios) requires adequate knowledge of the neutron energy spectrum.

This report discusses the status and success of neutron therapy and some of
the problems in clinical neutron dosimetry. Existing neutron interaction data, in
particular results of kerma factor measurements and data evaluations, are reviewed.
Nuclear data relevant for neutron source reactions, collimation, and shielding are
also discussed. Finally, physical aspects of the variation of biological effectiveness of
neutrons with neutron energy ("radiation quality") are set out.

Exchange of information between neutron therapy centers is essential, since only
clinical experience can determine the optimal absorbed dose, fractionation, target
volume, and clinical indications/contra-indications for neutron therapy.

This exchange of information implies uniformity in specification of dose as well
as radiation quality. In order to achieve this, the ECNEU (European Clinical NEU-
tron dosimetry group) and AAPM (American Association of Physicists in Medicine)
independently designed clinical neutron dosimetry protocols. Application of these
protocols ensured reasonable dosimetric uniformity within European and US centers.
However, differences in the European and American dosimetric approaches, as well
in the selection of numerical values for some parameters, could result in differences
in the evaluated absorbed dose as large as 8% between the two protocols. Such
discrepancies are highly significant clinically. Therefore a Reporting Committee set
up by the ICRU, issued a unified protocol (ICRU Report 45, April 1989).

Although the agreement on a common protocol worldwide guarantees a uniform
method of dose determination and of dose reporting, several problems remain to be
solved. They are related to the fact that a change in neutron energy implies a change
in the cross-sections and the responses of the detectors and also alters the biological
effectiveness. This latter aspect is specific to neutron therapy, since RBE differences
as high as 40% have been reported between the highest and the lowest energy beams
used in therapy. By contrast, in the field of conventional photon therapy, there is
no significant variation in RBE. A practical difficulty arises when transferring, at the
new high-energy facilities, the experience previously gained with low-energy machines.
The uncertainty in the kerma or W (energy per ion pair) values at high energy, as
well as on the kerma and W ratios between high and low energy, will be reflected in
the uncertainty in the "clinical RBE" used at high-energy machines. Discrepancies as
high as 10% were reported on RBE variation between high and low neutron energies.



Of course animal experiments could be performed to provide the ultimate check on
the optimum dose to be delivered to patients. However it is important, both for safety
as well as for data interpretation, to separate what is due to differences in kerma and
W, i.e. pure physical aspects, and what is due to biological effectiveness.

Differences in dose distribution as a function of tissue composition are probably
more important with neutrons than with photons. Determining the exact absorbed
dose in some relevant organs, or at least a clear indication of the possible differences, is
essential for the interpretation of some clinical data. This also applies to some radio-
biological experiments designed to derive some information to be used clinically (e.g.,
on mammalian cells irradiated in monolayers attached to different plastic materials).

In that respect one of the advantages of neutron beams is related to the fact
that the kerma in bone material is lower than in soft tissues. Knowledge of the
absorbed dose near the bone-soft-tissue interface and at the level of the bone cavities
is important in analyzing the existence or the absence of a bone necrosis and to set
a dose limit to avoid bone necrosis.

Finally, correct interpretation of clinical data, which is the basic condition for
improving therapy, requires the accurate determination of dose to the relevant or-
gans. As indicated above, it is recognized that in photon therapy differences in dose
as small as a few percent can be detected clinically in certain conditions: therefore an
accurancy of 3.5% is required. All available clinical and radiobiological data indicate
that for neutrons the dose effect curves for tumor control and normal tissue complica-
tions are at least as steep as for photons. The same accuracy on dose delivery should
then be required. Today we are still far from that goal for absolute dose values or
when different neutron energies or tissue compositions are involved.



2 Status and Success of Neutron Therapy

2.1 Introduction

Fast neutron therapy is applied today routinely in 18 centers throughout the world
(Table I). More than 15,000 patients have been treated so far with neutrons, either as
the sole irradiation modality or in combination with other radiotherapy techniques.
The available clinical data now enable us to identify some tumor types (or sites)
for which neutrons were shown to bring a benefit, as well as to discuss other tumor
sites for which neutrons could be useful (Breit et a/., 1985; Chauvel and Wambersie,
1989; Schmitt and Wambersie, 1990; Wambersie, 1990; Wambersie and Battermann,
1985; and Wambersie et al., 1986). Since fast neutrons were introduced in radiother-
apy on the basis of radiobiological arguments, it is essential to review briefly some
radiobiological data in order to properly interpret the clinical observations.

2.2 Rationale for Using Fast Neutrons in Radiation Ther-
apy: Radiobiological Considerations

Historically, the oxygen effect was the rationale for the use of neutrons (and other
high-LET radiations) in radiotherapy. The advantage expected from fast neutrons
rests on the following experimental data (Tubiana et a/., 1990):

1. The presence of hypoxic cells in malignant tumors;

2. The selective radioresistance of hypoxic cells when irradiated with low-LET
radiations. This is expressed by the Oxygen Enhancement Ratio (OER), which
is the ratio of doses required, for a given biological effect, when delivered under
hypoxic or aerobic conditions. For X rays the OER is about 3.

3. A reduction of the OER with high-LET radiations. For fast neutrons the OER
is about 1.6.

The term Hypoxic Gain Factor (HGF) has been used to quantify this advantage:
it is denned as the ratio of OER values for the compared radiation qualities. When
fast neutrons are used instead of X rays, the HGF is equal to 3/1.6 = 1.9. The
HGF represents the therapeutic gain if the hypoxic cells were the determining factor
in tumor resistance. In practice, therapeutic gain is less than the HGF as tumor
reoxygenation during fractionated irradiation reduces the population of hypoxic cells.

Therefore, as one must accept that hypoxic cells play a role in the radioresis-
tance of some tumors, it is not reasonable today to ascribe the radioresistance of all
malignant tumors to this cause (Adams, 1990).

There are other factors besides the oxygen effect which may also influence the
therapeutic gain with high-LET radiations. A wider approach to the rationale of
neutron therapy suggests that with increasing LET there is a general reduction in
differences in radiosensitivity between cell populations. Some experimental results
are presented here in order to support this hypothesis, which is based to some extent
on the comparison of the microdosimetric characteristics of the neutron and X-ray
beams. After neutron irradiation, recoil protons and other secondary particles deposit
about 50-100 times more energy per unit path length than do electrons (Figure 1).
When a cell nucleus (or a critical sub cellular structure) is crossed by such particles,



Table I: Fast neutron therapy facilities presently operating in the world.
Updated from ICRU (1989), Tsunemoto et a/., (1989), and Schmitt and Wambersie (1990).

Center

U.K.

France

Belgium

Germany

Texas

Ohio

California

Michigan

Washington

Illinois

Japan

Korea

Saudi Arabia

South Africa

M RC- Clat t erbridge

Orleans

UCL-Lou vain-la-Neuve

Hamburg
Heidelberg
Munsler
Essen

Garching-T.U. Munich

Neutron Producing
Reaction

EUROPE
p(62)+Be

p(34)+Be

p(65)+Be

(d+T)
(d+T)
(d+T)

d(l4)+Be

reactor neutrons
(av. energy 2 MeV)

UNITED STATES
M.D. Anderson-Houston

Cleveland

UCLA-Los Angeles

Harper-Grace Hospital, Detroi

Seattle

Fermilab

National Institute of
Radiological Sciences
Chiba

Institute Tor Medical Sciences
Tokyo

Korea Cancer Center Hospital
Seoul

King Faisal Hospital-Riyadh

National Accelerator Centre
(NACJ, Faure

p(42) + Be

p(43) + Be

p(46)+Be

d(50)+Be

p(50)+Be

p(66)+Be
ASIA

d(30)+Be

d(l4)+Be

d(5O.5)+Be

p(26)+Be
AFRICA

p(66)+Be

Comments

rotational gantry
variable collimator

vertical beam

vertical beam
(multileaf collimator and
horizontal beam in preparation)

rotational gantry
rotational gantry
rotational gantry
rotational gantry

mixed beam

rotational gantry
variable collimator

horizontal beam

rotational gantry
variable collimator

rotational gantry
multirod collimator

rotational gantry
multileaf collimator

horizontal beam

vertical beam
multileaf collimator

horizontal beam

rotational gantry

rotational gantry

rotational gantry
variable collimator

there is much greater probability of lethal damage than when the nucleus is crossed
by recoil electrons (Wambersie et ah, 1984).

Studies on the survival of irradiated cell cultures shed light on the effectiveness of
irradiations with differing LET. In 1977, Barendsen and Broerse compared cell sur-
vival curves of five cell lines in vitro after irradiation with 300 keV X rays and 15 MeV
neutrons. A general reduction in the differences of radiosensitivity was observed with
neutrons. Somewhat different conclusions were reached by Fertil et al. (1982) who
showed that the ranking of radiosensitivity of some cell lines could be altered when
X rays were replaced by fast neutrons (Figure 2).
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Figure 1: Comparison of energy depositions after irradiation with fast neutrons and 7-
rays. The curves indicate distributions of individual energy-deposition events in a simulated
volume of tissue 2 mm in diameter; the parameter y (lineal energy) represents the energy
deposited by a single charged particle traversing the sphere, divided by the mean cord length.
The maximum with 7-rays is at 0.3 keV'/tm"1 and with d(14)Be neutrons at 20 keV'/xm"1.
The spectrum for p(65)Be neutrons shows four peaks: the first is at 8 keV'/xm"1 and
corresponds to high energy protons, the second at 100 keV'/xm"1 corresponds to low energy
protons, the third at 300 keV-txm"1 is due to a-particles and the last is due to recoil nuclei
at 700 keV-imi-1 (Menzel et al., 1990; Pihet et al., 1990).
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Figure 2: Comparison of surviving fractions for six cell lines irradiated with 60Co 7-rays
and d(50)Be neutrons. Survival of the six populations has been calculated for a fractionated
irradiation given with fractions of 2 Gy (7-equivalent). The effDo values were deduced from
the a and 0-coefficients derived from the survival curves observed in vitro. To facilitate
the comparison, relative absorbed doses are indicated on the abscissa, the SZC cells being
taken as the reference. The variations of radiosensitivity are as important with neutrons
as with photons, but the order of radiosensitivities is altered (calculated from the data of
Fertil et al., 1982).



Another factor favoring high LET radiation is that repair phenomena are in
general less important with neutrons, and consequently differences in repair capacity
are of less significance (Tubiana et a/., 1960).

A third difference in the biological effects produced by neutrons compared to
X rays is a reduction in the variation of radiosensitivity with the phase of the cell
cycle and consequently a variation in neutron RBE, depending on the phase (Figure 3)
(Chapman, 1988).

Withers and Peters (1979) introduced the concept of the Kinetics Gain Factor
(KGF) defined as the ratio of the RBE values for effects on the tumor and normal
tissues, evaluated by taking account only of the fluctuations in radiosensitivity with
the phase of the cycle. Basing their calculations on data such as those of Gragg et al.
(1978), they obtained Kinetics Gain Factors which could under certain conditions
be as great as 3, i.e. of the same order as the Hypoxic Gain Factor. However, a
reduction in OER is always an advantage because only malignant cells are hypoxic,
whereas the KGF may, depending on the situation, represent a gain or a loss. There
may be a gain (KGF > 1) for tumors in which cell redistribution is slow, leading to
the accumulation of cells in resistant phases of the cell cycle during a fractionated
treatment. It may also be effective for tumors whose cells have a long radioresistant
G| phase. These radiobiological considerations can be correlated with slowly growing,
well-differentiated tumors.

In summary, with photons there are large variations of radiosensitivity between
different cell lines or tissues, whether they are normal or malignant. These variations
are amplified by fractionation because of differences in repair patterns. With neutrons
these variations in radiosensitivity are reduced. The reduction in OER with neutrons
is an example of the more general phenomenon of radiosensitivity leveling. Although
a reduction in OER is always advantageous, a reduction of differences in radiosen-
sitivity related to cell line, position in the mitotic cycle and repair capacity could
be an advantage or a disadvantage, depending on the characteristics of the tumor
cell population and the normal cell population(s) at risk. This raises the important
problem of patient selection (Figure 4).

Another conclusion which can be derived from the radiobiological data is the
importance of the physical selectivity with LET radiations. As a matter of fact, since
there is a reduction in the differential effect between the different cell populations,
high-physical selectivity plays a more important role for improving the therapeutic
gain.

It can therefore be concluded from the available radiobiological data that high-
LET radiations could be advantageous for some tumor types or sites. In addition,
radiobiology suggests some mechanisms which could be responsible for this therapeu-
tic gain, as well as ways to select the patients suitable for neutron therapy. On the
other hand, analysis of the clinical data is needed to identify the tumor types for
which fast neutrons bring a benefit and furthermore to evaluate quantitatively the
therapeutic gain.

2.3 Review of the Clinical Neutron Therapy Data

A review of the clinical data is presented here. Data have to be analyzed keeping in
mind the important problem of patient selection (neutrons certainly do not provide
the solution for all tumors!), and the role of the technical factors which are of special
importance when high-LET radiations are used.
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et al.) It has been assumed in the figure that the survival curves are exponential after
fractionated irradiation, i.e. a constant proportion of the cells is killed at each session.
However, the exact shape of the cell survival curve is not essential for the present discussion
(Tubiana et al., 1990).
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2.3.1 Salivary Gland Tumors

Locally extended inoperable salivary gland tumors are the first type of tumors for
which the superiority of fast neutrons, compared to conventional low-LET radia-
tions, has been recognized. Griffin et al. (1979) reported promising results from
the University of Washington in Seattle. In Europe, the two most important series
were obtained in Hammersmith (Catterall and Errington, 1987) and in Amsterdam
(Battermann and Mijnheer, 1986) with persistent local controls of 77% and 66%, re-
spectively. These results were confirmed by the further publications from the Seattle
group (Table II) (B.R. Griffin et al., 1988).

Table II: Neutron therapy of salivary gland tumors loco-regional control rate versus
tumor histology (minimum one year follow-up). Modified from Griffin et al. (1988).

Tumor histology

Adenoid cystic
Mucoepidermoid
Malignant mixed
Undifferentiated
Overall

Number of patients

17
9
2
4
32

Loco-regional
control

15
6
2
3

26 (81%)

At the NIRS in Japan, 21 patients with inoperable or recurrent parotid gland
tumor were treated with fast neutrons; local control was achieved in 13 cases (62%).
In addition, 14 patients were treated after radical surgery; no local recurrence was
observed. Of the total number of 35 patients treated with neutrons, 4 complications
were scored (Tsunemoto et al., 1989). A recent review of all the patient series treated
worldwide (Table III) indicates an overall local control rate of 67%, while the overall
local control rate for "similar" patient series treated with low-LET radiation (photons,
electrons, interstitial therapy) reaches only 24% (Griffin et al., 1984).

Such a comparison of historical series is always questionable and only a ran-
domized trial can bring a definite conclusion. A prospective randomized trial for
inoperable primary or recurrent malignant salivary gland tumors was initiated by the
RTOG in 1980 (Table IV).

The loco-regional control rates at two years were 67% for neutrons and 17% for
photons. Although the numbers of patients were small (13 and 12, respectively),
the study was closed in 1986 for ethical reasons when the statistical significance of
the difference between treatments became apparent (p < 0.005) (T.W. Griffin et al.,
1988). One should point out that the local control rates observed in the randomized
study are very similar to the average local control rates reported in the historical
series.

Taken as a whole, the results of the non-random clinical studies and the prospec-
tive randomized trial overwhelmingly support the contention that fast neutrons offer
a significant advance in the treatment of inoperable and unresectable primary or
recurrent malignant salivary gland tumors.

11



Table III: Review of the loco-regional rates for malignant salivary gland tumors
treated with radiation therapy. Updated from B.R. Griffin et al. (1989), T.W. Griffin
et al. (1988), and Tsunemoto et al. (1989).

FAST NEUTRONS
Authors

Saroja et al. (1987)
Catterall and Errington (1987)
Batteimann and Mynheer (1986)
Griffin et al. (1988)
Duncan et al. (1987)
Tsunemoto et al. (1989)
Maor et al. (1981)
Ornitz et al. (1979)
Eichhorn (1981)
Skolysiewski (1982)
Overall

Number of patients *

113
65
32
32
22
21
9
8
5
3

310

Loco-regional
control (%)

71 (63%)
50 (77%)
21 (66%)
26 (81%)
12 (55%)
13 (62%)
6 (67%)
3 (38%)
3 (60%)
2 (67%)

207 (67%)
LOW-LET RADIOTHERAPY PHOTON AND/OR ELECTRON BEAMS,

AND/OR RADIOACTIVE IMPLANTS
Authors

Fitzpatrick and Theriault (1986)
Vikramet et al. (1984)
Borthne et al. (1986)
Rafla (1977)
Fu et al. (1977)
Stewart et al. (1968)
Dobrowsky et al. (1986)
Shidnia et al. (1980)
Elkon et al. (1978)
Rossman (1975)
Overall

Number of patients *

50
49
35
25
19
19
17
16
13
11

254

Loco-regional
control (%)

6 (12%)
2 (4%)
8 (23%)
9 (36%)
6 (32%)
9 (47%)
7 (41%)
6 (38%)
2 (15%)
6 (54%)

61 (24%)

Table IV: Neutron therapy of inoperable salivary gland tumors: results of an
RTOG/MRC prospective randomized trial. Modified from Griffin et al. (1988).

Number of evaluable patients
Loco-regional control

at 1 year
at 2 year

Survival
at 1 year
at 2 year

Photons
12

17 ± 11%
17 ± 11%

67 ± 12%
25 ± 14%

Neutrons
13

67 ± 14%
67 ± 14%

77 ± 12%
62 ± 14%

* Patients treated de novo and for gross disease after a post-surgical recurrence are
included, but not patients who were treated postoperatively for microscopic residual
disease.
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2.3.2 Paranasal Sinuses

Remarkably good results of neutron therapy have also been reported by Errington
for locally extended tumors of the paranasal sinuses. In the series treated at the
Hammersmith Hospital, 86% (37/43) of the patients showed complete remission, and
relief of symptoms was noticed in all cases. Thirty percent of the patients survived
at three years with a 50% local control rate (Errington, 1986). Several factors could
explain these interesting results, indicating that paranasal sinuses could be a good
indication for neutron therapy:

• The superficial location of these tumors (when only poorly penetrating beams
are available);

• The diversity of differentiated histology: in the Errington's series, there were
14 squamous cell carcinomas, but also 11 adenoid-cystic carcinomas and 8 ade-
nocarcinomas (Table V);

• The presence of bone structures, in or near the target volume, which reduces
the absorbed dose to the cells located in the osseous cavities (Bewley, 1989;
Catterall and Bewley, 1979). Similar results were reported more recently by
Errington at the Clatterbridge cyclotron in U.K. (Errington, 1991).

Table V: Results of treatment with 7.5 MeV neutrons for advanced tumors of
paranasal sinuses: histological types, responses, and complications.

Histological
type

Squamous (n = 17)
Adenoid cystic (n = 11)
Adenocarcinoma (n = 8)
Transitional cell (n = 5)
Undifferentiated (n = 1)
Malignant melanoma (n = 1)
Total (n = 43)

Regressing
completely

14
10
6
5
1
1

37 (86%)

Recurring

3
4

1

8 (18%)

With
complications

3
4
1
2

* 10 (23%)

*2 of these from 8 patients who had received previous photon radiotherapy (Errington,
1986).

2.3.3 Other Head and Neck Tumors

Conflicting results have been reported in Europe for neutron therapy of advanced
squamous cell carcinomas of the head and neck. The first study conducted by
Catterall et al. (1977) showed a highly significant advantage of neutrons over photons
with respect to local control and survival. However, these results were not substanti-
ated in a European multi-center, randomly controlled trial. The disease-free survival
rate at 12 months was 34% (34/100) for the neutron group and 38.9% (37/95) for
the photon group. The recurrence rates were 37% and 39.7%, respectively (Duncan
et al., 1984). In Japan, 13 patients with tumor of the supraglottis were treated with
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fast neutrons at the NIRS. Local control was reported in 11 cases (84%), while with
photons for similar patients local control was achieved in only 25% of the cases. In
the same center, no difference in local control after neutron or photon irradiation
was reported for carcinoma of the glottis and subglottis (Tsunemoto, 1989). In the
United States, an RTOG trial with a small number of patients with advanced disease
revealed a local control of 52% (12/23) for the neutron group, compared with 17%
(2/12) for the photon group. Although the number of patients was small, the bene-
fit due to neutrons for these advanced cases was statistically significant (p = 0.035).
The actuarial survival rate at two years was 25% in the neutron group and 0% in the
photon group (Griffin et a/., 1984).

Another RTOG randomized trial compared mixed schedule irradiation (2 neutron
+ 3 photon fractions per week) with conventional photon irradiation in unresectable
squamous cell carcinomas of the head and neck (Griffin et a/., 1989). A total number
of 327 patients entered in the study: 163 patients of the mixed schedule group and
134 patients of the photon group were eligible for analysis. The minimum at-risk
follow-up period was six years. The study results reveal no significant differences
in overall loco-regional tumor control rates of survival. However, subgroup analysis
reveals significant differences based on whether or not patients presented with pos-
itive lymph nodes. Loco-regional tumor control rates for patients presenting with
positive lymph nodes were 30% for mixed schedule treated patients versus 18% for
photon-treated patients (ps = 0.05). In contrast, loco-regional tumor control rates for
patients presenting without positive lymph nodes were 64% for photon-treated pa-
tients and 33% for mixed-beam-treated patients (p = 0.004). It is important to stress
that control of the metastatic lymph nodes favored mixed schedule over photons by a
margin of 45% (49/109) to 26% (23/87) with a significance of p = 0.004 (Figure 5).
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Figure 5: Comparison of the tumor local control rates at the level of the lymph nodes after
photon and mixed scheduled irradiation. After Griffin et al. (1989).
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A similar difference of 12.5% in favour of the neutron-treated patients was found
in the Edinburgh series for the local control of lymph nodes metastases of more than
3 cm in diameter (Duncan et al., 1982). A possible explanation for the observed dis-
crepancy of the results between patients presenting with or without positive lymph
nodes could be related to the physical distribution of the dose. The suboptimal tech-
nical conditions (fixed horizontal beam, lack of adequate port verification, poor beam
penetration) could be responsible for a geographic miss of part of the primary tumor
in patients presented with negative lymph nodes. The large field sizes required for
patients presenting with positive nodes could have increased the chance of adequate
coverage of the primary site. On the other hand, the rather poor depth dose char-
acteristics of the neutron beams available for this study could have resulted in an
increased irradiation of the neck (lymph nodes) compared to the deeper primary site.
These physical characteristics of the neutron beams could explain an increase rate of
nodal tumor control versus primary tumor control.

It seems reasonable to conclude that fast neutrons can bring a significant benefit
in well-defined patient series with tumors in the head and neck area, especially locally
advanced tumors with fixed metastatic lymph nodes. However, there is no argument
at present for recommending neutron therapy as a general treatment policy for all
tumors of the head and neck area. In particular, it seems reasonable to keep the
classical treatments for tumor types which are efficiently controlled with photons
(such as Ti_2 tumors of the larynx) (Wells et al., 1989).

2.3.4 Brain Tumors

The marked radioresistance of the majority of brain tumors of the adult to photon
irradiation was the rationale for treating them with fast neutrons. No prolongation of
survival and no benefit in terms of quality of life was observed for the neutron treated
patients. This was observed in most of the centers, and underlines the high or low
RBE radiation in the CNS, which obviously prevents achieving a sufficient therapeutic
gain factor for brain tumors (Saroja et al., 1993; Schmitt and Wambersie, 1990)

At the NIRS in Japan, grade III (15 patients) and grade IV (22 patients) astro-
cytomas were treated with fast neutrons either as mixed schedule or as boost. Cu-
mulative five-year survivals of 36% and 16%, respectively, were reported (Tsunemoto,
1989). The corresponding survival rate for grade IV astrocytoma in the Brain Reg-
istry in Japan is 9.8%. Malignant meningioma is also considered as a good indication
for fast neutrons at the NIRS.

A recent study by B.R. Griffin et al. (1989) confirms that although neutrons could
have an increased antitumor effect against malignant gliomas compared to photons,
no benefit in survival could be expected. The authors conclude from their study that
anaplastic astrocytomas should be excluded from pilot studies involving fast neutrons.
For patients with newly diagnosed glioblastomas multiforme or recurrent malignant
gliomas, a possible new approach could be the combination of neutron irradiation
with agents designed to selectively protect the normal brain or with agents aimed at
selectively increasing the dose to the tumor cells (e.g., target antibodies).

Another possible approach could be the use of heavy ions which combine the po-
tential high-LET advantage with a superior physical selectivity (Castro et al., 1985).
Heavy ions could be used as a boost irradiation. A similar rationale was followed by
Breteau in Orleans who observed after neutron boost a slight improvement in sur-
vival for grade IV astrocytoma for non-operated patients and for patients who had
incomplete resection (Breteau et al., 1989).
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As far as differentiated tumors of the spinal cord are concerned, Schmitt reported
the result obtained for ten extensive and inoperable low grade astrocytomas (Schmitt
et al., 1987). These patients were treated in Essen between 1980 and 1986 with
neutron doses of 8 Gy in ten fractions. Objective neurological improvements were seen
in six cases with follow-up periods of 12-71 months. Complete remission occurred in
two of them and no change of symptoms in two other patients. Two patients died from
progressive disease. This pilot study will be continued to determine the optimum dose
for long term control. For these tumors also, the high physical selectivity of heavy
ions could provide a promising alternative (Chauvel and Wambersie, 1989).

2.3.5 Sarcomas of Soft Tissue, Bone and Cartilage

Soft tissue sarcomas were treated in most of the neutron therapy centers, mainly
because they are often resistant to X rays and also because of the excellent results
reported from Hammersmith (Catterall and Bewley, 1979). When evaluating the
results of neutron therapy, comparison with historical series should be made very
carefully since the series could differ by histology, degree of differentiation, local ex-
tent, localization, etc. Furthermore, patient recruitment is influenced by the general
treatment policy in a given center (i.e., the relative place of surgery and/or chemother-
apy). Therefore, randomized trials that would be ideally needed have been difficult
to achieve so far for practical reasons.

The largest patient series was treated in Essen. Neutrons only were used first and
a 76.5% local control rate was achieved. However, a high percentage of complications
was observed (22%), which could be related to the poor beam penetration and the
high skin doses. Therefore, in a second phase neutrons were applied as boost, resulting
in a local control rate of 61.9% and a complication rate of 15%. The results of this
study are reported in detail by Schmitt et al. (1989, 1990).

A review of the results reported from the different centers (Table VI) indicates
an overall local control rate after neutron therapy of 53% for inoperable soft tissue
sarcomas. This value is higher than the 38% local control rate currently observed
after low-LET radiation for similar patient series (Laramore et al., 1989; 1986).

Taking into account the difficulties in initiating a randomized trial for soft tissue
sarcomas, the German Neutron Therapy Group (M. Wannenmacher) together with
the EORTC (European Organization for Research on Treatment of Cancer) Heavy-
Particle Therapy Group initiated a collaborative study in order to. collect all the
data from the different participating neutron therapy centers. The data are to be
reported according to strict rules in terms of tumor description, follow-up, treatment
technique, dose specification, etc.

The proposed indications of neutron therapy (and/or photon therapy) for low
grade soft tissue sarcomas, are presented in Table VII after Potter et al. (1990).

As far as primary bone tumors are concerned, conventional radiotherapy generally
fails to control bulky tumors, as appropriate doses inevitably induce osteoradionecro-
sis. The low neutron kerma in bone reduces the absorbed dose by 25% or more to
cells in osseous cavities (Bewley, 1989) and allows application of an adequate dose
with a reduced probability of late normal bone injury. Hence, differentiated primary
bone tumors of the adult were part of many clinical neutron programs.

The review of the published data indicates that for 88 patients with osteosarcoma
treated at different institutions, persisting local control of 54% (52/97) was achieved
(Laramore et a/., 1989; Richter et al., 1984). Most of these patients had inoperable
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Table VI: Review of the local control rates for soft-tissue sarcomas treated with ra-
diation therapy. Modified from Laramore et al. (1989, 1986).

Institutions
Essen + Heidelberg, 1983
Hammersmith, 1987
Hamburg, 1987
TAMVEC, 1980
Fermilab, 1984
Seattle, 1986
Louvain-la-Neuve, 1982
Amsterdam, 1981
NIRS, 1979
Edinburgh, 1986
MANTA, 1980
Overall

NEUTRONS
Number of patients*

60
50
45
29
26
21
19
13
12
12
10

297

Local control (%)**
31 (52%)
26 (52%)
27 (60%)
18 (62%)
13 (50%)
15 (71%)
4 (21%)
8 (61%)
7 (58%)
5 (42%)
4 (40%)

158 (53%)
PHOTONS/ELECTRONS

Authors
Tepper & Suit (1985)
Duncan & Dewar (1985)
McNeer et al. (1968)
Windeyer et al (1966)
Leibel et al. (1983)
Overall

Number of patients*
51
25
25
22
5

128

Local control (%)
17 (33%)
5 (20%)

14 (56%)
13 (59%)
0 (33%)

49 (38%)

* Patients treated de novo or for gross disease after surgery are included but not
patients treated postoperatively for "microscopic residual disease or for limited macro-
scopic residual disease.
**Two-year actuarial data. Modified from Laramore et al (1989, 1986).

tumors or refused amputation (Table VIII). An overall local control rate of 21% after
photon irradiation is currently reported for similar patient series. However, due to
the large treatment volumes, and often preceeding chemotherapy, a complication rate
up to 36% was registered for neutron irradiation (Schmitt et al, 1982).

As far as differentiated chondrosarcomas are concerned, the review of the results
reported from the same institutions indicates a persisting local control after neutron
therapy in 49% (25/51) of the patients (Laramore et al, 1989; Richter et al, 1984).
This value compares well with the 33% (10/30) local control rate achieved after
photon irradiation (Table IX). Debulking surgery followed by appropriate neutron- or
neutron-boost irradiation then may become an alternative to ablative or mutilating
surgery.

In conclusion, fast neutrons (and high LET radiation) may be considered the best
radiation quality for differentiated, slowly growing, soft tissue sarcomas, especially
locally extended inoperable or recurrent tumors. A similar conclusion may apply to
osteosarcomas and chondrosarcomas.
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2.3.6 Prostatic Adenocarcinomas

Prostatic adenocarcinomas, having in general a long doubling time, should be a good
indication for neutron therapy taking into account the available radiobiological data
(Battermann, 1981). In fact, the benefit of neutron therapy was rapidly recognized
in several centers and initially in Hamburg by Franke et al. (1980). Excellent re-
sults were also achieved at Lou vain-la-Neuve using mixed schedule (3 neutron and
2 photon fractions per week) (Richard et al., 1986). At NIRS in Chiba, for prostatic
adenocarcinomas Stage A2, B and C, local controls at three years of 3/3, 3/5 and
8/14, respectively, were reported (Tsunemoto, 1989).

The most convincing data are the result of a randomized trial, initiated by the
RTOG, on locally advanced (C,D1) adenocarcinomas of the prostate gland (Figure 6)
(Russell et a/., 1987).

The local control rate was 77% for patients treated with mixed schedule (55 pa-
tients) and only 31% for patients receiving photons alone (36 patients) (P < 0.01).
Actuarial survival rates at eight years ("determinental" survivals, i.e. adjusted by
exclusion of intercurrent deaths) were 82% and 54%, respectively, (P = 0.02).

Complications after radiation therapy have been studied by Russell et al. (1990).
Among 132 patients treated for prostatic adenocarcinoma (94 with neutrons, 16 with
mixed schedule, 22 with photons) and with a median follow-up of 14 months (range
1-101 months), 31 have experienced either sciatica beginning during or shortly after
treatment, or diminished bladder or bowel continence developing at a median time
of 6.5 months after treatment (26/94 after neutron, 3/16 after mixed schedule and
2/22 after photon irradiation). Sciatica responded to oral steroids and was usually
self-limited, whereas sphincter dysfunction appears to be permanent. Seven patients
have moderate (5 patients) or severe (2 patients) residual problems, all in the group
receiving neutrons (6/7) or mixed schedule (1/7) irradiation. The total number of
severely affected patients (2/110) represents a small percentage of the patients treated
with fast neutrons only or with mixed schedule. These complications should not place
a constraint on the use of neutrons, although it is conceivable that the incidence of
complications will increase, as the follow-up of the patients is still short. Because
survival and local control of locally advanced prostate cancer achieved with neutrons
is superior to results with photons, this low incidence of severe neurological problems
appears to be an acceptable risk to take for more effective treatment.

In the Lou vain-la-Neuve experience, on a total number of more than 150 pa-
tients treated with mixed schedule irradiation following the RTOG protocol (but
with 3 neutrons + 2 photons per week), the early tolerance was excellent and only
one late complication, scored grade 3, was observed (urethral stricture in a patient
who underwent several surgical procedures).

The RTOG has performed the second multicenter randomized trial comparing
neutrons (alone) and photons in locally extended prostatic adenocarcinoma. Prelimi-
nary results indicate that neutrons are indeed more effective than photons for locally
controlling the tumor, but this does not seem to affect the patient survival. As far
as complications are concerned, they appear to be dependent to a large extent on
the technical irradiation conditions (such as beam collimation: fixed inserts, vari-
able collimator or multileaf variable collimator which is probably more effective with
neutrons than with photons) (T.W. Griffin, 1991). The results of this clinical trial
showing the selective efficiency of neutrons against slowly growing tumors, as well as
a need for a high physical selectivity, is in full agreement with the radiobiological data
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Figure 6: Locally extended prostatic adenocarcinoma. RTOG randomized trial compar-
ing a combination of fast neutrons and photons ("mixed-beam") and conventional photon
irradiation alone, (a) The actuarial survival rates at 8 years are indicated, adjusted by
exclusion of intercurrent non-cancer death ("determinental" survival rates), (b) The local
control rates are indicated, combining clinical and biopsy criteria (Russell et al., 1987).

discussed above (see Section 2.3). Of course, one has to take into account the slow
natural history of prostatic adenocarcinoma and be careful before deriving definitive
conclusions. However, the clinical data presently available indicate a significant ben-
efit for fast neutrons, used alone or in a mixed photon/neutron schedule, as compared
to the current photon irradiation modalities for locally advanced cases (Russell et a/.,
1989a).

2.3.7 Pancreatic Cancers

The poor prognosis currently observed with the conventional techniques was an argu-
ment for the radiotherapists to introduce fast neutrons in the treatment of pancreatic
carcinoma, at least for patients medically or technically inoperable. Between 1980 and
1984, the RTOG conducted a trial in patients with untreated, unresectable localized
carcinomas of the pancreas (Thomas et a/., 1989).

Patients were randomly assigned to receive either 64 Gy with photons (control
arm), the equivalent dose with mixed schedule (2 neutrons + 3 photons per week)
or the equivalent dose with neutrons alone. The adopted "clinical RBE" was 3.3 for
the University of Washington and the Cleveland Clinic Foundation and 3.0 for the
Fermilab.

A total of 49 cases were evaluable: 23 treated with photons, 11 with mixed
schedule and 15 with neutrons alone. The median survival times were 8.3 months,
7.8 months, and 5.6 months, respectively. The median local control durations were
2.6 months, 6.5 months and 6.7 months, respectively. These differences are not statis-

19



tically significant and the results are similar to those currently reported after photon
irradiation or after heavy ion radiation therapy (Chauvel, 1989). As far as side effects
and complications are concerned, acute toxicity was similar for the 3 groups. On the
other hand, late complications were more severe and more frequent in the neutron
arm compared to the photon and mixed schedule arms. In the neutron arm, 2 pa-
tients showed severe and life-threatening reactions (i.e., grade 4 or 5) and 1 patient
showed reaction of grade 3. No patient in the photon or mixed schedule arms showed
reaction of grade 3 or more.

Several technical factors could have contributed to higher complication rates with
neutrons: the poorer depth doses and the wider penumbras. In addition, some pa-
tients were treated with neutrons in standing position because of the fixed horizontal
beam. This may have allowed a greater volume of stomach and intestine to fall into
the treatment volume compared to conventional supine position.

The RTOG study concluded that neutrons and mixed schedule irradiation do
not bring a therapeutic benefit in the treament of inoperable pancreatic carcinoma as
far as survival and local control are concerned. Furthermore, complication rate was
higher in the neutron group.

More recently, a preliminary study from Fermilab indicates an improvement in
survival for patients treated with a combination of neutrons and chemotherapy com-
pared to neutrons alone. The median survial was 6.4 months in the neutron arm (21
patients), as compared to 13.5 months in a neutron-chemotherapy arm (17 patients).
Chemotherapy consisted of 5-FU alone or in combination with Mitomycine, FAM or
Adriamycine (Cohen et ai, 1996).

2.3.8 Tumors of the Uterine Cervix

Neutron therapy of locally advanced tumors of the cervix was carried out at several
centers. The rationale for this treatment was the high local recurrence rates observed
with conventional techniques and the benefit observed from the use of hyperbaric
oxygen, suggesting the role of hypoxic cells in tumor radioresistance. At several neu-
tron facilities, the patients were treated in "suboptimal" conditions as far as physical
selectivity was concerned. This has to be taken into account when analyzing the
results and especially when analyzing complication rates.

A randomized trial was carried out by the RTOG for locally advanced cervical
cancers, comparing mixed schedule irradiation (neutrons + photons) and photons only
(Maor et ai, 1988). A total of 146 patients were analyzed (stages IIB, III, and IVA
with negative para-aortic nodes): 80 patients were treated with mixed schedule and
66 with photons. Tumor clearance was 52% and 72% for mixed schedule and photons,
respectively; local control at two years was 45% and 52%. Median survival was 1.9
years for mixed schedule and 2.3 years for photons; severe complications occurred
in 19% and 11% of the patients, respectively. The inferior outcome with neutrons
resulted from "suboptimal" technical conditions, especially the use of fixed horizontal
beams. Another randomized trial using high-energy hospital-based cyclotrons with
gantry-mounted beam-delivery systems has been activated in order to evaluate more
accurately the role of fast neutron therapy for advanced cervical cancers. However,
accrual of suitable patients for that tumor site raised difficulties.

A similar study was performed by Tsunemoto et al. (1989) at the NIRS in
Japan where 98 patients with stage IIIB squamous cell carcinoma were randomized
between mixed schedule (neutrons + photons) and photons only (45 and 53 patients,
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respectively). The local control rates were 73% after mixed schedule compared to
66% after photon irradiation. However, the cumulative five year survival was 49% in
both series. This was due, according to the authors, to the frequent involvement of
the para-aortic lymph nodes in stage IIIB cancers, which could obscure the effects of
the greater efficiency of neutrons for the local control of pelvic lesions.

2.3.9 Bladder Carcinoma

As far as bladder tumors are concerned, the data reported from Amsterdam (Bat-
termann, 1981; 1982; Battermann et al., 1981) and Edinburgh (Duncan et al, 1985;
Duncan et al., 1982) give no indication that fast neutrons can produce better results
than photons. However, in both centers the dose distributions achieved with neutrons
were poor compared to those currently achieved with photons and explain the rather
high complication rates.

A recent analysis of 58 patients treated for bladder carcinoma at Louvain-la-
Neuve with p(65)Be neutrons gives a local control rate of 22% with a complication
rate of 12% (Kirkove et al., in press). The patient series consisted in 12T2, 32T3
and 13T.|, and as far as grade was concerned, 2OG2 and 3OG3. Patients were treated
according to the RTOG protocol with mixed schedule (3 neutrons + 2 photons per
week: ''clinical RBE" 2.8). Although comparison with other published data are diffi-
cult taking into account differences in recruitment, this study clearly indicates that
the tolerance to mixed schedule irradiation compares well with the conventional pho-
ton techniques when neutrons of sufficiently high-energy are used. Comparison of the
complication rates observed at Louvain-la-Neuve, Amsterdam and Edinburgh stresses
the importance of the physical selectivity in neutron therapy.

Further studies are needed in order to determine the value of fast neutrons in
the treatment of bladder carcinoma. In particular, the use of predictive tests should
be activated in order to select specific subgroups of patients eventually suitable for
neutron therapy.

2.3.10 Melanomas

Although surgery when feasible is the treatment of choice for melanomas, radia-
tion therapy may be required for some patients (discussion of the value of adjuvant
chemotherapy is outside the scope of this paper). Melanomas are often resistant
to photon irradiation; this can be related, from a radiobiological point of view, to
the broad shoulder of the survival curves for several cell lines (Malaise et al., 1975;
Tubiana et al., 1990). Therefore neutron therapy could be an alternative.

Encouraging results were obtained at the Hammersmith Hospital where 87 tumor
sites in 48 patients were treated with fast neutrons (Catterall, 1991). They consist of
metastatic tumors, recurrences after surgery, or sites unsuitable for surgery. Perma-
nent local control was achieved in 62% of the sites (the minimum follow-up was three
months). In addition, in 20 of the 25 patients good palliation was obtained. These
results, as well as others (Duncan, 1982), indicate that fast neutron therapy can be
an alternative in the treatment of some melanomas, especially where surgery cannot
be performed, and for metastatic tumors.
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2.3.11 Other Tumor Sites or Types

The value of fast neutrons has been assessed in other tumor types or sites such as
rectum, bronchus or oesophagus carcinoma. No general and definitive conclusions can
be drawn yet, but some of the results are promising (Bewley, 1989; Hall, et aL, 1982;
Schmitt and Wambersie, 1990; Tsunemoto et aL, 1989; Wambersie, 1990; Wambersie
et aL, 1986).

As far as rectal adenocarcinoma is concerned, no valid conclusion can be de-
rived from the Amsterdam and Edinburgh experiences since the dose distributions
were not suitable for that type of localisation (Battermann, 1982; Battermann et
aL, 1981; Duncan et aL, 1982). On the other hand, preliminary results of the pilot
study recently initiated in Orleans using p(34)Be neutron beams should be mentioned
(Breteau, et aL, 1986). For recurrent or inoperable rectal adenocarcinoma, complete
tumor regression was observed in 23/31 cases, and at 14 months persistent local con-
trol was achieved in 14/31 cases. Severe pelvic sclerosis was observed in two cases.

A prospective randomized trial comparing neutrons and photons for inoperable
or recurrent rectal carcinoma has been initiated at the European level (Engenhardt
and Potter for the German Neutron Therapy Group and the EORTC Heavy-Particle
Therapy Group, 1991).

Encouraging results for Pancoast tumors were obtained at the NIRS in Chiba
where the cumulative survival rate at five years of 21 patients stage III or IV was
24%. It was 36% and 10% for stages III and IV, respectively (Tsunemoto, 1989).

The value of neutron irradiation for unresectable non-small-cell carcinoma of the
lung has been reviewed by Stewart et al. (1989).

As far as the esophagus is concerned, 34 patients were irradiated at the NIRS with
fast neutrons given either as boost or in mixed schedule. Local control was achieved
in 15 of them (44%). In a comparable group of 81 patients treated with photons,
the local control rate was 30% (24/81). For small lesions (< 8 cm in length) the
local control rate after neutron irradiation was somewhat better than after photon
irradiation, i.e., 50% (13/26) compared to 41% (17/41). The superiority of fast
neutrons was less apparent for a small group of patients with large tumors (> 8 cm
in length) where the local control rate was 29% (2/7) compared to 26% (7/27) for
photons (Tsunemoto, 1989).

2.4 Discussion and Conclusions

Introduction of fast neutrons in radiation therapy was based on radiobiological ar-
guments, historically focusing on the oxygen effect. The bulk of radiobiological data
accumulated for more than 25 years indicate that (see Section 2.3):

1. Fast neutrons can indeed bring an advantage in the treatment of some tumor
types. Radiobiological data also suggest mechanisms through which such an
advantage could be achieved: Oxygen Gain Factor, Kinetics Gain Factor, etc.

2. Radiobiological data also indicate the need for proper patient selection. For
example, neutrons should not be used for a patient where the normal tissues
are more resistant to X rays than the tumor (and thus selectively protected).

3. The physical selectivity which was proven for decades to play an important role
with X rays is even more important with neutrons due to the reduction of the
radiobiological differential effect with increasing LET.
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The arguments mentioned above for fast neutrons can be extended to the other
forms of high-LET radiation, such as heavy ions. In particular, the requirements
for a high physical selectivity is the justification of the heavy ion therapy programs
(Lawrence Berkeley Laboratory in California, HIMAC in Japan, and EULIMA in
Europe) (Chauvel and Wambersie, 1989).

The available clinical data indicate that indeed there exist some tumor types (or
sites) for which fast neutrons were shown to bring a benefit when compared with
conventional X rays. In that respect, one can schematically identify:

• Tumors for which fast neutrons were found to be superior to the conventional
X rays. Examples are:

1. salivary gland tumors (locally extended, well differentiated)

2. paranasal sinuses (adenocarcinomas, adenoid cystic carcinomas, other his-
tology (?))

3. some tumors of the head and neck area (locally extended, metastatic
adenopathies)

4. soft tissue sarcomas, osteosarcomas, chondrosarcomas (especially slowly
growing /well differentiated)

5. prostatic adenocarcinomas (locally extended)

6. melanomas (inoperable/recurrent)

• Tumors for which conflicting or incomplete results have been reported and for
which additional studies are necessary.

• Tumors for which no benefit or even worse results were observed with fast
neutrons.

As far as the first group of tumors is concerned, they are in general slowly growing
and well differentiated as could be expected from the radiobiological data (Tubiana et
a/., 1990; Wambersie, 1990). This is in agreement with the observations of Batterman
for lung metastases (Battermann, 1981).

The second group of tumors are those for which further clinical studies are nec-
essary. However, when evaluating the results at least two factors must be taken into
account:

1. Some of the conflicting results which were reported could be related to differ-
ences in patient recruitment and to the fact that, in some studies, the patient
"subgroups" for which neutrons could bring a benefit could not be identified.

2. In many centers, neutron treatments were applied (especially in the past) in
"sub-optimal" technical conditions (e.g., poor beam penetration, no skin spar-
ing, fixed beams, poor patient positioning, etc.). These technical factors could
bias the conclusions that one would derive concerning the value of fast neutrons
or high-LET radiations in general. For example, one cannot derive valid con-
clusions from data on bladder tumors irradiated with d(16)Be beams (Duncan
et a/., 1985). Similarly, the difficulty of treating cervix tumors with a fixed
horizontal beam was stressed at TAMVEC (Maor et ai, 1988).

Some of the poor results, and especially the high complication rates, reported in
patients treated with low-energy cyclotrons (or D-T generators) confirm once more
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the importance of the physical selectivity in the outcome of radiation therapy. This
indicates that an improved radiobiological differential effect cannot compensate for
bad physical selectivity.

Negative results for brain tumors were reported from most of the centers. Such
conclusions are again in agreement with the radiobiological data and especially with
the observed high RBE value for CNS. However, a possible benefit for neutron boost
should be investigated further (Battermann and Mijnheer, 1986).

Obviously, neutrons should not be used for tumors showing an exquisite radiosen-
sitivity to X rays (e.g., seminomas; lymphomas; or in general poorly differentiated
rapidly growing tumors). Neutron irradiation would then reduce a differential effect
which selectively protects the normal tissues.

As far as the proportion of patients suitable for neutron therapy is concerned,
figures ranging from 10 to 20% have been suggested. These percentages are probably
at the lower limit since they were often based on results obtained with low energy
cyclotrons and poor physical selectivity. It is likely that with high-energy, hospital-
based modern cyclotrons, neutron therapy will be found useful for a larger proportion
of patients. In addition, neutrons could extend the field of the indications of radi-
ation therapy by allowing therapists to envisage the treatment of groups of tumors
"traditionally" considered to be radioresistant (e.g., some types of adenocarcinomas).

Patient selection remains one of the main problems in clinical neutron therapy,
since inappropriate application of neutrons will worsen clinical results. In that respect,
the development of individual predictive tests is essential. If the subgroup suitable for
neutron therapy in a group of patients has not been identified and if the entire group
has been treated by neutrons, then the benefit obtained for the neutron subgroup will
be diluted by the poorer results obtained in the remaining patients for which photons
would have done better. This could explain in part some of the discrepancies that
seem to exist between the published data (Wambersie, 1990).

Further and improved collaboration between the neutron therapy centers is es-
sential in order to pool the available clinical information and to provide the centers
with sufficient data as quickly as possible in order to allow them to select the patients
for neutron therapy and to apply the best treatment modality (i.e., clinical RBE,
fraction size, or overall time). This is the goal which is aimed at in the United States
by the Neutron Therapy Section of the RTOG and in Europe by the Heavy-Particle
Therapy Group of the EORTC.

The cost per neutron session can be estimated at three times the cost of a photon
session (provided that the cyclotron has been designed for therapy applications and
is used in optimal conditions). However, the total cost per treatment with neutrons
is less than three times the cost per photon treatment since the number of fractions
can be reduced with high LET-radiations.

The importance of the technical factors has been stressed. Although important
progress recently has been achieved, especially with the introduction of new high-
energy cyclotrons fully dedicated to therapy applications, some further improvements
are needed before fast neutrons reach the same level of physical selectivity, reliability,
and accuracy of dose delivery that modern electron linear accelerators (Figure 7)
currently achieve. The available radiobiological and clinical data indicate that the
dose response curves for tumor control and normal tissue complications are as steep for
neutrons (or high-LET radiations) as for photons (or low-LET radiations) (Mijnheer
et a/., 1987). The same accuracy in dose delivery and physical selectivity should then
be accomplished.
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Table VII: Indications of neutron (and/or photon) radiotherapy for low grade soft
tissue sarcoma (Potter et al., 1990).

Type of Surgery

Intracapsular

Marginal

Wide

Radical

Plane of Dissection

Within lesion

Within reactive zone
-extracapsular

Beyond reactive zone
through normal tissue
within compartment

Normal tissue
extracompartmental

Microscopic
Appearance

Tumor at margin

Reactive tissue
microsatellite tumor

Normal tissue

Normal tissue

Local Control
After Surgery

0%

10-20%

50-60%

80-90%

Indication for
Radiotherapy

Neutrons
(photons)

Neutrons
(photons)

Photons

Photons
(rare)

Local Control
After Combined

Modality
30-50%

>50%

90%

>90%

i n



Table VIII: Review of the local control rates for osteosarcomas after neutron and
photon therapy. Patients treated post-operatively for microscopic residual disease or
for limited macroscopic residual disease are not included. Modified from Richter et
al. (1984), and Laramore et al. (1989).

Institutions
NIRS
Essen
Seattle

! Fermilab
Edinburgh

; Amsterdam
MANTA
M.D. Anderson Hospital
Overall

Authors
De Moor
Beck tt al.
Tudway
Overall

NEUTRONS
Number of patients

41
24
13
9
5
3
1
1

97
PHOTONS
Number of patients

43
21
9
73

Local control (%)
33 (80%)
12 (50%)
3 (23%)*
2
1 **
0 **
1
0

52 (54%)

Local control (%)
9 (33%)
1 (5%)
5 (56%)

15 (21%)

Two year actuarial data.
-Persistent mass and calcification treated as failure.

To reach this goal, several steps can be identified. Firstly, as far as clinical
dosimetry is concerned, the ICRU has published Report 45 in which an agreement
has been reached between the American and European Therapy Centers, allowing
the same protocol to be used worldwide (ICRU, 1989). Secondly, since the RBE
strongly depends on neutron energy (Figure 8), the specification of the beam quality
is essential. The role of microdosimetry has been demonstrated especially in
Europe by Menzel and Pihet (Menzel tt al., 1990; Pihet tt a/., 1990). Systematic
microdosimetric measurements were performed at all the European Neutron Therapy
Centers, and a complete set of microdosimetric spectra are now available as a function
of depth, field size, distance to the beam axis, etc.

Some basic physical data are still missing for the high-energy neutrons presently
used in therapy. These data are needed:

• To evaluate the kerma and the absorbed dose in different human and biological
tissues;
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• To determine the response of different detectors (kerma and absorbed dose in
the detector materials);

• To optimize the method of neutron production, the collimation, and the shield-
ing systems, with the aim of improving the physical selectivity.

These subjects are reviewed in the following chapters.

Table IX: Review of the local control rates for chondrosarcomas after neutron and
photon therapy. Patients treated post-operatively for microscopic residual disease or
for limited macroscopic residual disease are not included. Modified from Richter et
al (1984), and Laramore et al. (1989).

IS
Institutions
Fermilab
MANTA
Seattle
Amsterdam
Edinburgh
M.D. Anderson Hospital
NIRS
Overall

]
Institutions
Princess Margaret Hospital
M.D. Anderson Hospital
Overall

fEUTRONS
Number of patients

16
9
9
6
5
4
2
51

PHOTONS
Number of patients

20
10
30

Local control (%)
9
7
4 *
0 **
0 **
4
1

25 (49%)

Local control (%)
7 (35%)
3 (30%)

10 (33%)

*Two year actuarial data.
••Persistent mass and calcification treated as failure.
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Figure 7: Variable multileaf collimator in neutron therapy, (a) Diagram of a variable
multileaf collimator showing the lower end of the leaves and the collimation surfaces which
are all aligned with the proton target (symbolized by the +). Each leaf has its own motor
drive and position readout (after Brahme, cited in ICRU Report 45). (b) Diagram of one of
the leaves of the variable multileaf collimator recently installed at the cyclotron of Louvain-
la-Neuve. The collimator, which is used on a vertical neutron beam line, consists of 2 sets
of 24 leaves made of steel and borated polyethylene. The leaves are 92 cm thick as needed
for p(65)Be neutrons.
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Figure 8: RBE variation as a function of the neutron energy determined for vicia faba and
the intestinal crypt colony system. The energy of the neutron beams (in abcissa) is expressed
by the parameter HVT (half value thickness measured, in reference conditions, between 5
and 15 cm); it covers the whole range actually used for therapy. The different neutron
beams were produced at the Louvain-la- Neuve cyclotron. In addition, the intestinal crypt
cell system was used for direct comparisons at other neutron therapy facilities (Beauduin
et al., 1990).
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3 Protocols for the Determination of Absorbed
Dose

3.1 Introduction
The response of biological tissues reflects both non-stochastic quantitative energy
deposition, the absorbed dose, as well as the stochastic qualitative individual energy
deposition (microdosimetry). The quantitative aspects concern the values of kerma
and absorbed dose, while qualitative aspects are related to microdosimetric quantities
such as linear energy transfer, LET, and lineal energy, y.

Exposure conditions can modify the biological effects appreciably, which can be
exemplified for the irradiation of cultured cells in monolayer with D-T neutrons (see
Figure 9). For the same kerma in soft tissue determined under charged particle
equilibrium conditions, the energy deposition in the cells varies both quantitatively
and qualitatively when different materials are used to establish equilibrium of sec-
ondary charged particles (Broerse and Zoetelief, 1978). With neutron radiation the
absorbed dose is deposited primarily by protons, alpha particles and recoil nuclei of
carbon, nitrogen and oxygen. For any given neutron energy, the maximum range of
the recoil protons is about 20 times that of alpha particles and 200 times that of
heavy recoils (ICRU, 1977). While replacement of a layer of tissue equivalent plastic
by carbon results in a reduction of absorbed dose, the remaining alpha particles and
heavy recoils have a higher LET and thus a larger relative biological effectiveness
(RBE). The biological consequences of the disturbance of secondary charged particle
equilibrium at interfaces have been investigated with D-T neutrons (Broerse et a/.,
1968) and d(16)Be neutrons (Bewley et al, 1974). It will be of fundamental and
practical interest to extend these studies to higher neutron energies.

The biological effects of neutron radiation depend on neutron energy with a
general tendency of highest RBE values at energies around 1 MeV and a gradual
decrease with increasing neutron energy. In view of the steep dose-effect relations for
tumor response and normal tissue damage, the absorbed dose at relevant points in
the patient should be delivered with high precision. To compare the clinical results
of different neutron radiotherapy centers, the absolute absorbed dose should also be
determined with good accuracy. Recently, an accuracy requirement of ± 3.5% was
proposed (Mijnheer, 1988) for the total uncertainty (la) in the absorbed dose delivery
to the dose specification point in a patient.

In order to determine whether the required value for the total uncertainty is a
realistic value in clinical practice, the sequence of dosimetry procedures to deliver the
absorbed dose to the patient must be analyzed (see Figure 10).

Standardization of clinical dosimetry procedures can be achieved using common
dosimetry protocols. In these protocols guidelines are formulated for clinical dosime-
try procedures while, in addition, recommendations are given for a number of physical
quantities and correction and conversion factors. In the USA and Europe, parallel
efforts by the American Association of Physicists in Medicine (AAPM) and the Eu-
ropean Clinical Neutron Dosimetry Group (ECNEU), respectively, have resulted in
separate protocols for neutron beam dosimetry (AAPM, 1980; Broerse et a/., 1981).
Differences between the two protocols concerned the use of physical parameters and
the choice of the phantom material. The Americans recommended the use of TE
liquid while the Europeans preferred water as phantom material. Both the European
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Figure 9: Survival curves of cultured cells irradiated with D-T neutrons through the
medium (curve 1) or through the polystyrene bottom of the culture flasks (curve 2).

and the American groups recommend the use of TE ionization chambers constructed
of A-150 plastic and flushed with methane-based TE gas. Up to neutron energies of
15 MeV the dosimetric parameters are known with an acceptable degree of accuracy.
The absorbed dose values determined with an IC-17 chamber as derived according
to both protocols differ by 3.4% for D-T neutrons and by 2.5% for d(15)Be neutrons
(Mijnheer, 1987).

With the advent of a new phase of American and European clinical trials with
cyclotron-produced high-energy neutrons beams, it became clear that a consensus
was required with respect to dose specification. The earlier protocols for clinical
neutron dosimetry were updated (Mijnheer et al., 1987; ICRU, 1989) to achieve better
uniformity. The revised recommendations mainly concern numerical values for the
physical constants and the use of the reference phantom material. Other aspects
of the protocols such as the determination of the photon component of the total
absorbed dose, corrections for the readings of the ionization chamber for temperature
and pressure, gas flow rate, leakage current, polarity and humidity have not been
revised. ICRU Report 45 (1989) has been used as the main source of reference for
the following sections.
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Figure 10: Sequence of dosimetry procedures to deliver the absorbed dose to the
biological object.

3.2 Reference Phantom Material
The choice of material for a reference phantom is dictated by the principle that it
should be matched to muscle tissue so as to have the same or very similar neutron
absorption and scattering properties. According to ICRP Report 23 (1975), muscle,
as well as other tissues such as liver and kidney, has densities varying between 1.03 and
1.05 g cm"3. An ideal phantom material therefore, would be a muscle tissue-equivalent
liquid or solid with a density of 1.04 g cm"3. The fat-free, muscle-equivalent liquid
of Frigerio et al. (1972) has been used as a standard TE liquid medium for reference
phantoms. This liquid mixture is exactly equivalent to ICRU muscle tissue, and it
also contains the correct amounts of the trace elements found in muscle tissue. Its
density, however, is 1.07 g cm"3 which compares well with that of adipose-free muscle
but is higher than that of muscle. In the majority of applications, it is not necessary
to reproduce in a phantom the trace elements present in tissue.
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As in the case of photon beams, water can also be used as the reference phantom
material for purposes of clinical tissue-absorbed dose determination. It has been
shown that central axis percentage depth-dose curves in water almost coincide with
those in a muscle-equivalent liquid of density 1.04 g cm"3. Water has been found
to be valid as a suitable medium for the low- as well as the high-energy therapeutic
neutron beams. The lower density of water compared with the average density of
muscle is apparently compensated by the difference in composition, i.e., the higher
hydrogen content of water. The difference in tissue absorbed-dose values measured
in water and in TE liquid of density 1.07 g cm"3 is acceptable for clinical practice
at low-neutron energies, i.e., it is smaller than 1% at depths between 2 and 12 cm
for D-T and d(15)Be neutrons. For higher neutron energies, differences of several
per cent can occur. It should be noted that to obtain absorbed-dose distributions
in irradiated patients, correction factors are needed for all phantom materials to
account for differences in atomic composition and density between the phantom and
the irradiated volume in the patient. Based on these conclusions, it is recommended
that water should be used as the reference phantom material (ICRU, 1989).

3.3 Reference Dosimeter Material

The requirement of tissue equivalence is even more stringent for the dosimeter ma-
terial than for the reference phantom. Homogeneous ionization chambers are used
almost exclusively in clinical neutron dosimetry for two reasons: first, because the re-
quirement for small cavities compared to the ranges of all secondary charged particles
is difficult to achieve for chambers yielding adequate ionization current for reliable
measurement; and second, because cavity-chamber data applicable to neutron dosime-
try with nonhomogeneous chambers are sparse. Chamber homogeneity is achieved
for neutron dosimetry by using wall, gas, and insulator materials that have about
the same energy transfer coefficient for the primary radiation and the same stopping
power for the secondary particles.

The wall material commonly used and recommended for clinical neutron dosime-
try is a tissue-equivalent plastic designated A-150, and the gas is a methane-based TE
(tissue-equivalent) gas mixture. The gas contains 64.4% methane, 32.4% carbon diox-
ide, and 3.2% nitrogen by partial pressures. Hydrogenous insulator materials suitable
for use in ionization chambers are amber, nylon, polyethylene, polymethylmethacry-
late, and polystyrene. If insulators could substantially contribute to the production
of secondary particles in the gas volume, care must be exercised to use an insulator
with a composition similar to A-150 plastic. Further information on A-150 plastic,
the gas, and other tissue-like materials is given in the appendices of ICRU Report 26
(1977) and ICRU Report 44 (1989). The hydrogen content of ICRU muscle tissue
(striated) differs from that in ICRU soft tissue, (see Table X), requiring a 1% different
kerma correction factor in high-energy neutron beams for muscle tissue compared to
soft tissue (see Table XI).

Because a vast amount of clinical information is already based on it, it is rec-
ommended that ICRU muscle tissue (striated) be taken as the reference tissue. The
principal compromise made when using A-150 plastic is the substitution of carbon
for much of the oxygen required to match muscle tissue. The methane-based TE gas
mixture used with this plastic is also deficient in oxygen, but to a lesser extent. This
deficiency, and the concomitant excess of carbon, generally results in an increase of

38



Table X: Elemental composition of several solids, liquids, and gases similar to tissue.

Substance

Standards
standard man

muscle(striated)

muscle( skeletal)

Solids
A-150 plastic
polymide, nylon

Zytel
polymethyl

methacrylate

Liquids
water
muscle equivalent

Gases
air
muscle equivalent

-methane
muscle equivalent

-propane

H

10.0

10.2

10.2

10.1
10.4

8.0

11.2
10.2

-
10.2

10.3

C

18.0

12.3

14.3

77.6
64.8

60.0

-
12.0

-
45.6

56.9

Percent Elemental Mass
N

3.0

3.5

3.4

3.5
10.0

-
3.6

75.5
3.5

3.5

0

65.0

72.0

71.0

5.3
14.8

32.0

88.8
74.2

23.2
40.7

29.3

Other

1.5 Ca, 1.0 P, 0.8 S+
K+Ca
1.1 Na+Mg+P+S+
Na+Mg+K+Ca+Cl
0.1 Na, 0.2 P, 0.3 S,
0.1 Cl, 0.4 K

1.8 C, 1.7 F

1.3 Ar

Reference

ICRP, 1959

ICRU, 1964

ICRU, 1989

Smathers et al., 1975
ICRU, 1977

(C2H8O2)n

Goodman, 1969

ICRU, 1984
Rossi & Failla, 1956

Srdoc, 1970

Table XI: Kerma, Km, in different materials as a percentage of kerma, Kt, in ICRU
muscle (from Awschalom et a/., 1983a).

NEUTROIS
Material
Soft tissue (ICRU)
Whole blood
Fat (adipose)
A-150 plastic
Water

r SOURCE
p(65)Be p(41)Be d(16)Be

99
98

115
108
104

±
±
±
±
±

2
2
5
4
2

99
98

116
107
105

±
±
±
±
±

2
2
5
3
2

99
98

113
102
108

±
±
±
±
±

2
2
5
2
2

D-T
99
98

113
104
106

±
±
±
±
±

2
2
6
5
2
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several per cent in the energy released by neutron interactions in the plastic, rel-
ative to that released in muscle tissue (see Table XI). For neutron energies below
~ 10 MeV additional fluctuations of several per cent at various neutron energies also
result from significant disparate resonances in the interaction cross sections of oxygen
and carbon.

3.4 Principles of Mixed Neutron-Photon Beam Dosimetry

In practical situations neutron radiation is always accompanied by a fluence of pho-
tons. These photons may be generated as part of the neutron production process, or
as a result of interactions in the absorbing medium in which the absorbed dose is to
be determined or interactions in the target, collimator, or other irradiated structures.
In an extended medium the relative contributions to the absorbed dose from neutrons
and photons may vary, as may the neutron and photon spectra. The simplest useful
description of the mixed field is a statement of the separate absorbed doses due to
the two components. These may have to be determined where neither the neutron
nor the photon spectra are known at the points of interest.

In general, a dose measurement then requires the use of two dosimeters, ideally a
photon dosimeter which is insensitive to neutrons and a neutron dosimeter which is
insensitive to photons. However, dosimeters for photons (e.g., ionization chambers,
Geiger-Miiller counters, photographic emulsions, thermoluminescent materials) are
also sensitive to neutrons. There are neutron instruments which are virtually insen-
sitive to photons (e.g., the precision long counter, pulse fission counters, activation
methods), but they determine the neutron fluence, and deducing the absorbed dose
with these devices requires a fairly detailed knowledge of the neutron spectrum.

In most mixed-field situations two dosimeters with different sensitivities to the
two types of radiation are commonly used to evaluate the separate absorbed doses
of neutrons and photons. One instrument (T) is usually constructed to have ap-
proximately the same sensitivity to neutrons as photons, whereas the construction
of the second instrument (U) results in a lower sensitivity to neutrons than photons.
Thus, for the same mixed field, the quotients of the readings of the dosimeters by
their responses (i.e., the readings per unit absorbed dose) to the gamma rays used
for calibration, D'T and D'v, are given by:

D'T = kTDn + hTD1 (1)

D'v = kvDn + huD^ (2)

where Dn and D1 are the absorbed doses in tissue of neutrons and of photons in the
mixed field, kj and ku are the ratios of the responses of each dosimeter to neutrons
to its response to the gamma rays used for calibration, and hj and hy are the ratios
of the responses of each dosimeter to the photons in the mixed field to its response
to the gamma rays used for calibration, respectively.

It is generally assumed that kj ranges from 0.95 to 1.00 for TE ionization cham-
bers and that hr and hu are equal to 1. The accuracy with which the neutron
absorbed dose can be determined is, in general, greatest when, as the second instru-
ment, a photon dosimeter with the smallest possible ku is used (ICRU, 1977).

Among the nonhydrogenous ionization chambers to be used as a neutron-insensitive
device, the Mg-Ar and Al-Ar chambers are preferable in comparison with C-CO2
chambers. A dosimeter which has a particularly low ku value is a small Geiger-Muller
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counter used with a photon-energy compensating filter (see ICRU, 1977 and 1989b
for details). For higher-energy neutron beams, and a commercially-available counter
(ZP-1100), kvjhj values, of 3.7 ± 1.0 % for p(45)Be, 4.1 ± 0.4 % for d(50)Be, and
6.1 ± 0.9 % for p(66)Be neutron beams have been determined by Pihet et al. (1982).
GM counters with their energy-compensating filters for photons have a high thermal
neutron response and should be shielded by a thermal neutron absorber, e.g., 6Li
metal or 6LiF powder, which does not emit prompt gamma radiation in the neutron
capture process.

3.5 Dosimetry With TE Ionization Chambers
In practice, clinical neutron dosimetry is based on measurements made with nearly
homogeneous TE ionization chambers, because these instruments are more accurate
and convenient than other methods. These TE dosimeters are used either free-in-air
to characterize the neutron beam, or inserted into phantoms made of tissue-simulating
materials to determine absorbed dose in patients.

The status of ionization chambers and their use for neutron dosimetry has been
reviewed by Broerse (1980), who have recommended that a common type of TE
ionization chamber be used as a reference instrument.

The measurement of absorbed dose by means of an ionization chamber is based
on the Bragg-Gray relation:

D = Z.K.S^ (3)
m e

where D is the absorbed dose in the wall surrounding a cavity, Q is the charge of one
sign produced within the cavity, m is the mass of the cavity gas, W is the average
energy expended per ion pair formed in the gas, e is the electronic charge, and Sm,g is
the mass stopping-power ratio for the wall material, m, and the gas, g of the chamber
for the charged particles liberated in the wall. It is assumed that the dimensions of
the cavity are small compared with the range of the charged particles that impart
the absorbed dose and that the cavity does not disturb either the neutron or photon
fluence, or the secondary particle fluence.

The application of the Bragg-Gray relation to neutron dosimetry with tissue-
equivalent ionization chambers is subject to a number of corrections as well as spectral
averaging of physical quantities. In the practical situation, equation (3) can, therefore,
be given in the form:

where Wn is a mean W value to be applied for a specific neutron beam and is an
average value for a mixture of secondaries. Wn has to be evaluated taking into account
all secondary charged particles, having different mass and energy, originating from
neutron interactions with the wall or the cavity gas, and producing charge in the
cavity.

(rm,g)n is the gas-to-wall absorbed-dose conversion factor. If the atomic com-
position of wall and gas are the same, and assuming that the density correction to
stopping power can be neglected, (rmjfl)n equals Sm,g and will be unity for all charged
particles. Because the atomic composition of wall and gas are generally not the same,
Sm,g must be averaged over all secondary charged particles produced by neutron in-
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teractions in the wall. In most neutron beams, not only secondary particles generated
in the wall produce ionization, but the gas cavity also contributes to the secondary
particle spectrum. Sm,g, which applies when the gas cavity of the ionization chamber
is a Bragg-Gray cavity, is therefore replaced by (rm<g)n in neutron dosimetry.

dy is the displacement correction factor. This factor accounts for the difference
in absorption and scattering when the ionization chamber replaces phantom material.
Due to the ionization chamber, the neutron energy fluence is perturbed and the charge
collected must be multiplied by dj, to yield the undisturbed total absorbed dose of
the geometric center of the chamber.

8 corrects for the difference in response of the TE chamber for neutrons and
photons in the neutron beam.

The total absorbed dose, Dn + D^, the sum of the neutron and photon absorbed
doses to ICRU muscle tissue, can now be given by:

)n (5)

where (K</KTO)n is the ratio of the kerma in the reference tissue (ICRU muscle tissue)
to that in the dosimeter wall material (A-150 plastic). It should be realized, however,
that this relation is only valid when D7 -C Dn.

The total absorbed dose may then be evaluated for the charge produced in the
TE chamber in a neutron beam:

O W 1
Dn + D1 = ^ • - ^ • (rraiB)B • (Kt/Km)n • dT • —— (6)

me l + o
Several methods are available to calibrate TE ionization chambers, i.e., to determine
the mass of the gas in the chamber and the absolute value of the energy expended
within the cavity. Until now it has been recommended that the chamber be calibrated
in a photon field relative to a secondary standard exposure chamber which has a
calibration factor traceable to a national standards laboratory. However, one might
calibrate a TE ionization chamber in a neutron beam if the kerma or absorbed dose,
under the calibration conditions, is well-known. Standards laboratories are presently
developing methods for providing calibrations in terms of such quantities. If the TE
ionization chamber is calibrated in a reference neutron field with well-known absorbed-
dose components, then the overall uncertainty in a total absorbed-dose measurement
in an unknown neutron field will be smaller than when a photon calibration is applied
(Mijnheer and Williams, 1984). Details concerning the photon calibration of TE
ionization chambers can be found elsewhere (ICRU, 1989b).

3.6 Physical Parameters for Dosimetry With TE Ionization
Chambers

The overall uncertainty in the assessment of absorbed dose from TE ionization cham-
ber measurements in a neutron beam is much larger than that from measurements in
photon and electron beams, which is less than 1% (see Table XII). Because of contin-
uing efforts to improve the data base of neutron dosimetry, recommended values for
the physical parameters applied in equation (6), may differ from those given in ICRU
Report 26 (1977) and from those given in the protocols cited previously. They may
also be subject to future changes. It is anticipated that the adoption of a common
set of basic physical parameters will achieve greater consistency in clinical neutron
dosimetry. The parameters discussed below will be (rm f f)n , Wn, (Kt/Km)n and dj.
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Table XII: Estimated uncertainties (one standard deviation) in the determination of
the total absorbed dose in a phantom irradiated by a p(65)Be neutron beam using a
TE ionization chamber having an air-kerma calibration factor (ICRU, 1989b).

SOURCE

Electrometer reading
Reading correcting factor
Air-kerma calibration factor
Absorption and scattering correction factor
Ratio of photon mass energy absorption coefficients
Displacement correction factor
Ratio of average energies required to create an ion pair
for A-150/TE-gas chamber
Ratio of gas-to-wall absorbed dose conversion factor and
ratio of mean restricted collision mass stopping powers
Ratio of neutron kerma
Overall uncertainty

RELATIVE
UNCERTAINTY (%)

0.1
0.2
1.0
0.2
0.5
0.3

2.0

2.0
3.5

4.6*
*A lower value of 3.4% is valid for a d(16)Be beam where the uncertainty in the ratio
of neution kerma, is about 1.5%.

3.6.1 Gas-to-Wall Absorbed Dose Conversion Factor

Only limited information is available for the gas-to-wall absorbed dose conversion
factor for neutrons, (rmg)n, which was formerly called the effective stopping-power
ratio. ICRU Report 26 (1977) assumed (rmiS)n = 1 to be a valid approximation for
most neutron energy spectra. Its calculation is complicated due to the differences
in type and spectra of secondary particles. Various groups have calculated ( r m g ) n

at specific neutron energies and for some cavity sizes (ICRU, 1989b) resulting in
values between 0.98 and 1.06. The deviation from unity is caused by the difference
in both stopping power and atomic composition between A-150 plastic and TE gas.
Because the accuracy of calculated values of ( r m j ) n and Sm,g is limited by the lack
of adequate stopping-power data for the gas and solid phases and due to the neutron
energy dependence of (rm<g)n, a value of (rmig)n/5m,p = 1.00 ± 0.02 is recommended
for the TE ionization chambers and neutron energies employed for neutron therapy
(ICRU, 1989b).

3.6.2 Energy Required to Produce an Ion Pair

Values of Wn and of Wn/Wc, where Wc is for ^Co gamma rays, in the methane-
based TE gas have been published by Goodman and Coyne (1980) for neutrons with
energies up to 20 MeV. This reference states that Wn is almost constant at 31.1 eV
for neutron spectra with mean energies greater than 5 MeV and that this is probably
true for neutron energies somewhat higher than 20 MeV. In principle, the Wn values
calculated by these authors are only valid for chambers having diameters that are very
large compared with the range of the recoil particles because TE gas kerma, instead
of absorbed dose to TE gas, was used in their calculations. For the methane-based
TE gas and the neutron spectra typically employed for therepy applications, a value
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Wn/Wc = 1.06 ± 0.02, for which the value Wc = 29.3 eV was used, was recommended
by Goodman and Coyne (1980). The American protocol (AAPM, 1980) cites current
practice in the United States, but makes no recommendation as to the value to be
adopted. The European protocol (Broerse et a/., 1981) recommends that Wn/Wc —
1.06 be used for most neutron radiotherapy beams. A value of Wn/Wc = 1.05 was
recommended in ICRU Report 26 (1977) with an uncertainty of ±5% for neutron
energies above 1 MeV and an increased systematic uncertainty at lower energies.
The kerma weighted energy fluence spectrum Wn/Wc should be calculated from the
consistent set of data of Goodman and Coyne (1980) for neutron beams with energies
up to about 15 MeV, if the neutron energy spectrum at the reference point is available
(see Figure 11). For relative kerma spectra from a collimated D-T neutron beam,
Wn/Wc values varying between 1.063 at the surface and 1.068 at 10 cm depth outside
the penumbra have been calculated. This indicates that position-independent Wn/Wc

values can be applied for the determination of isodose curves. For neutron energies
higher than about 15 MeV, or, if no spectra data are available, a value of Wn/Wc =
1.06 ± 0.02 should be adopted (ICRU, 1989b).

3.7 Neutron Kerma Ratio

The ratio of the kerma in the tissue of interest to the kerma in the dosimeter wall
material (A-150 plastic), {Kt/Km)n, is needed to convert the neutron absorbed dose
measured by the dosimeter to that which would be produced in tissue. Since the
tissue type in the clinical situation is often not well-defined, it has become customary
to assume that the composition of ICRU muscle tissue (Table X) is sufficiently rep-
resentative of the actual tissue(s) to be irradiated with fast neutrons. The neutron
kerma ratios for ICRU muscle tissue relative to A-150 plastic which have been used
in the past by the United States neutron therapy groups range from 0.95 to 0.96
(AAPM, 1980).

Appendix A of ICRU Report 26 (1977) gives the kerma factors for these materials
for neutron energies up to 30 MeV. This tabulation has been updated by Caswell et
al. (1980, 1982). Further evaluations of kerma factors have recently been performed
by Howerton (1991), Brenner (1991), and White et al. (1992) . The most recent
information on kerma ratios is summarized in Figures 12 and 13.

For neutron beams with a broad energy spectrum, spectrum-weighted mean
kerma factors must be used. Hence, an attempt should be made to obtain infor-
mation on the radiation spectrum at the point of interest. The neutron kerma factor
ratio can be calculated for the neutron energy spectrum at the reference point on the
basis of the updated set of kerma values. Uncertainties in kerma factors for tissue
and tissue-like materials increase with energy from about 1% at low neutron energies,
to > 20% in nonhydrogenous materials at the higher energies employed for neutron
therapy. Because the kerma factor for tissue and tissue substitutes is dominated by
high energy kerma factor which is known to at least 1% accuracy, the kerma ratio
is less dependent on neutron energy. Until more reliable data on spectra and kerma
factors for neutron energies greater than about 15 MeV become available, it was rec-
ommended (ICRU, 1989b) that the ratio of kerma in ICRU muscle to A-150 plastic
be taken as 0.95 for the high energy beams. More information on kerma factor ratios
is given in Chapter 4.
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Figure 11: Values for Wn calculated for methane-based tissue equivalent gas by Good-
man and Coyne (1980). The triangular points shown on the graph are Wn values eval-
uated at discrete energies of prominent resonances, rather than the values averaged
over energy bins shown by the solid lines.
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Figure 12: Ratio of kerma in ICRU muscle tissue to kerma in A-150 as a function of
neutron energy on a logarithmic scale. The solid line represents the calculations of
Howerton (1991), the dashed line is based on the calculations of Caswell et al. (1980)
up to 15 MeV, and on calculations of Brenner (1991) for the energy range 15-70 MeV.

3.7.1 Displacement Correction

The displacement correction accounts for the reduced absorption and scattering of
the radiation sensed by an ionization chamber due to the displacement of phantom
material by the gas cavity of the chamber. This correction can take the form of a mul-
tiplicative factor, dj, which adjusts the measured ionization to the value that would
be obtained if the cavity were filled with phantom material, or it can be expressed
by stating the position of the effective measuring point as a certain fraction of the
radius of the gas cavity upstream of the chamber's geometrical center. The American
protocol (AAPM, 1980) uses the multiplicative-factor method and recommends for all
clinical neutron beams a factor of 0.970 for the 1 cm3 spherical chamber and 0.989 for
the 0.1 cm3 thimble type chamber, based on the measurements of Shapiro et al. (1976).
These factors can be applied only to the descending portion of the depth-dose curve,
i.e., where the measurements show that the factors are not dependent on neutron
beam field size. The European protocol (Broerse et al., 1981) also recommends use
of multiplicative displacement correction factors. Their recommendations are based
on the measurements of Zoetelief et al. (1980a, b) for spherical TE ionization cham-
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Figure 13: Ratio of kerma in ICRU muscle tissue to kerma in A-150 plastic as a
function of neutron energy on a linear scale (Brenner, 1991).

bers in a water phantom (see Table XIII). These measurements showed no change
in the factors with depth in the phantom. For a 1 cm3 spherical ionization chamber,
the data of Zoetelief et al. (1980a,b) would result in a factor dT = 0.984 ± 0.004 for
d(50)Be neutrons. For a chamber of the same dimension Awschalom et al. (1983b)
derived a value of 0.970 ± 0.005 for p(66)Be neutrons, which agreed very well with
the value obtained in a d(35)Be neutron beam by Shapiro et al. (1976), but is lower
than the value given by Zoetelief et al. (1980a,b). For a 0.5 cm3 thimble type of
ionization chamber the results of Awschalom et al. (1983b) are equal to, or within
the experimental uncertainties of, data obtained by other methods.

Because all of these groups used different techniques to determine d j , each with
different uncertainty, the ICRU (1989b) recommended values for the displacement
factors for neutron therapy beams as the unweighted average of all results yielding
0.978 ± 0.004 for a 1.0 cm3 spherical chamber; 0.986 ± 0.003 for a 0.5 cm3 thimble
chamber; and 0.993±0.002 for a 0.1 cm3 thimble chamber. The systematic uncertainty
in dj due to the somewhat different data can, therefore, be minimized by using small
ionization chambers.

3.8 Results of Neutron Dosimetry Intercomparisons
Dosimetry intercomparisons can be divided into two groups: (1) studies primarily
intended to compare dosimetry methods using similar or different techniques and (2)
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Table XIII: Displacement correction factors, dr, of spherical ionization chambers
(with radius r in mm) for measurements in phantoms with different types of radiation
(Zoetelief et al., 1981).

TYPE OF RADIATION
150, 200 and 300 kV X rays
137Cs 7 rays
60Co 7 rays
Fission neutrons (En = 1 MeV)
d(2.3)D neutrons (En = 5.3 MeV)
d(0.25)T neutrons (En = 14.2 MeV)
d(0.5)T neutrons (En = 14.8 MeV)
d(50)Be neutrons (E = 21 MeV)

000±0.05.10-2-r
-(0.22±0.05).10-2-

- 2 . .

io-2-
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intercomparisons of dosimetry systems on which clinical dosimetry has been based.
The first type of intercomparison can be performed in neutron beams used in either
laboratories or clinics. During the International Neutron Dosimetry Intercomparison
Project, ENDIP-1 (Broerse et al., 1978), all participants took their dosimetry systems
to a specific experimental site. Both intercomparisons were, therefore, an intercom-
parison of instrumentation and methods under laboratory conditions with neutron
energies and absorbed-dose rates which differed from those of therapy units. In clini-
cally applied neutron beams, absorbed-dose values, determined with a TE ionization
chamber in combination with a neutron insensitive device and derived according to
a procedure given in a protocol, have also been compared with values obtained from
other methods, e.g., calorimetry or fluence measurements. In the second group of
intercomparisons, institutions involved in cooperative clinical trials intercompared
their reference dosimetry systems in various therapy beams. A link between both
groups of intercomparisons was made in the NPL neutron dosimetry intercomparison
(Lewis, 1985), where standards laboratories, the ENDIP team, and several radiother-
apy institutes participated.

The results of both intercomparisons were similar. The uncertainty (one stan-
dard deviation) of the measured total absorbed dose to ICRU muscle tissue, was 7
to 8%. The values reported for the relatively low gamma-ray contribution to the ab-
sorbed dose varied by more than 50%. These variations would not be acceptable for
radiotherapy since it is generally necessary to know the absorbed dose at an arbitrary
point in the target volume in a patient with an overall uncertainty of 5% and at the
dose specification point with even higher accuracy. Analysis of the results showed
that the differences could be attributed to the use of different dosimetry systems,
physical parameters, and measurement procedures. Measurements performed with
Mg chambers of the same type have also shown appreciable variations (Zoetelief et
a/., 1986).

McDonald et al. (1981a,b) have compared the value of the absorbed dose to
A-150 plastic, determined with TE ionization chambers, to that measured with an
A-150 plastic calorimeter in an A-150 plastic phantom in various neutron therapy
beams. The results agreed within 2%. A difference of about 2% is obtained if either
the American or European protocol for neutron dosimetry for external beam therapy
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for a D-T beam is applied. Caumes et al. (1984) observed in a p(34)Be beam a
difference of 1.4% between the absorbed dose to A-150 plastic measured with an A-150
plastic calorimeter versus an A-150 plastic ionization chamber applying the European
protocol. A further intercomparison in a d(13.4)Be beam showed a difference of about
2% (Brede et al., 1988).

These comparisons lend confidence to the absorbed-dose calculation procedures
and data employed as outlined in the protocols. It should be noted, however, that
the absorbed dose in tissue will have a larger uncertainty due to the application of
the kerma ratio. The results of other intercomparisons, including those performed
with fluence measuring devices and proportional counters are summarized in ICRU
Report 45 (1989).

In the second group of intercomparisons carried out among a limited number of
institutions, using TE ionization chambers, the observed differences were generally
smaller than during the previous intercomparisons. The variations among data from
participants in the dosimetry intercomparisons in the United States were smaller
than in the results obtained among the European groups (Broerse et al., 1979) and in
the intercomparisons carried out between American and Japanese groups (Ito, 1978).
These larger differences were due partly to the use of various types of TE ionization
chambers in Europe and Japan, whereas all American groups adopted a common
type of chamber. Differences in the photon calibration procedure may result in an
additional deviation of about 5% in the measurement of total absorbed dose in a
neutron beam (Williams et al., 1981).

It was concluded from these intercomparisons that a protocol was needed in which
recommendations are given for the measurement procedure including dosimeter cal-
ibration. Such a protocol should, in addition, recommend a consistent set of values
for the physical parameters used to convert the dosimeter reading into an absorbed
dose value. The introduction of both the American and the European protocol for
neutron dosimetry for external beam therapy has considerably reduced variations in
absorbed-dose determination between different groups. This has been demonstrated,
for instance, in the more recent ENDIP-2 intercomparison (Zoetelief and Schraube,
1985), where a measuring team visited a number of institutions and compared their
absorbed-dose measurements, using the two-dosimeter method, with the values stated
by the institution. A maximum deviation of about 2% was observed between local and
ENDIP-2 photon calibration factors, which is considerably smaller than the spread
observed during the ENDIP-1 intercomparison. The measurements in the neutron
beam showed a deviation of less than 3% between the total absorbed-dose values
measured by the visiting team and the values stated by the institution, again much
smaller than observed earlier. A similar result was obtained during the NPL intercom-
parison (Lewis, 1985). The adoption of a secondary standard or reference dosimeter
and the installation of neutron calibration facilities for such an instrument by national
standards laboratories would be the next step in the reduction of systematic errors
in clinical neutron dosimetry.

Small-scale intercomparisons between centers participating in collaborative trials
will remain important even after the introduction of a common protocol, a reference
type dosimeter, and calibration in a neutron beam. These intercomparisons will be
useful not only for groups entering the field but also for groups currently engaged in
neutron therapy. They will serve as an independent check on the dosimetry chain from
the standardizing laboratory to absorbed dose delivered within a hospital. Preferably,
these intercomparisons should not be restricted to the absorbed-dose measurement
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at the reference point in the phantom under reference conditions. Intercomparison of
the whole procedure of treatment of a specific tumor may also reveal other system-
atic uncertainties, e.g., in dose planning by computer, output determination under
treatment conditions, and dose specification for reporting.

3.9 Recommendations for Future Work in Dosimetry

Although we have to be more modest about the applicability of fast neutrons for
radiotherapy than we originally anticipated, there is a future for high energy neu-
tron beams. In addition, the increasing interest in proton beams should be stated
because of the great potential of these particles for beam definition. Possible clinical
advantages of protons are based only on their physical properties. When cyclotrons
are constructed for proton therapy, an additional beamline and a beryllium target
could be installed as well, to provide a high energy neutron beam with the specific
biological advantages of high-LET radiation.

The dosimetry requirements for these high-energy neutron beams were covered by
Caswell et al. (1988). New data on total cross sections for carbon have become avail-
able. Accurate kerma factors, however, are needed for the neutron energy range up to
20-60 MeV. The instruments to be used for quantitative and qualitative determina-
tion of the energy deposition should include the following: tissue-equivalent ionization
chambers, non-hydrogenous chambers, preferably Mg-Ar and Al-Ar, Geiger-Miiller
counters, TE proportional counters, and calorimeters. As described by McDonald
and Cummings (1988), the last instrument can now be confined to relatively small
dimensions.

Concerning the need for nuclear and atomic data for neutron radiotherapy, the
following recommendations (Mijnheer, 1988) have been formulated:

1. More accurate neutron cross section data for the elements in tissue and ioni-
zation chamber wall materials are needed to reduce the uncertainty in the kerma
factor ratio.

2. Additional information is required on Wn/Wc and (rmi9)n if a photon calibration
of an ionization chamber is applied.

3. More data are required to assess the perturbation of the absorbed dose distri-
bution behind bone, fatty tissue and brain, particularly for the higher neutron
energy beams.

4. Better knowledge of dose distributions at interfaces between tissues or organs
of different density or composition is required.

5. More data are needed to quantify the effect of air cavities on dose distributions.

Furthermore, a strong plea should be made for the continuation of small scale in-
tercomparisons, including the determination of absorbed dose and radiation quality.
For this purpose, neutron dosimeters, proportional counters and biological dosimeters
could be used. Such intercomparisons will be essential when new institutions apply
neutron beams for radiotherapy.

Within Europe the physicists involved in high-LET therapy have formalized their
cooperation in the European Clinical Heavy Particle Dosimetry Group: ECHED,
which is the successor of ECNEU. European scientists active on dosimetry for radi-
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ation protection are cooperating within the European Radiation Dosimetry Group:
EURADOS (Broerse and Dennis, 1990). The activities of the latter group cover the
following subjects: skin dosimetry and surface contamination monitoring, numerical
dosimetry, basic physical data and characteristics of radiation protection instrumenta-
tion, assessment of internal dose, radiation spectrometry in working environments, de-
velopment of individual dosimeters and criticality accident dosimetry. The activities
performed within the different EURADOS working groups are financially supported
by the Commission of the European Communities (CEC). The collection and evalu-
ation of basic data for neutron dosimetry and the implementation of new dosimetry
techniques are included in the objectives of ECHED and EURADOS.
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4 9Be(p,n) Neutron Source Reaction for Radio-
therapy

4.1 Introduction

The data needs for neutron source reactions have been discussed by Chaudri (1987)
and the neutron energy spectra have been treated by Bewley (1987). The general
characteristics which make a source and its resulting neutron beam properties suitable
for cancer therapy are outlined in a review paper by Cross (1978).

Of the seventeen centers throughout the world that are routinely applying fast
neutron therapy, the majority of new facilities use the 9Be(p, n) reaction as the source
of high energy neutrons. There are several reasons for this choice with the most im-
portant being that high-energy protons give a much harder spectrum of neutrons than
for deuterons of the same energy and the low-energy neutron tail of the 9Be{p,n) reac-
tion can be significantly suppressed with filters. Therefore, this section concentrates
exclusively on the high-energy (Ep > 20 MeV) 9Be(p,n) reaction, with emphasis on
the microscopic (thin-target) nature of the reaction cross section and its connection
to the nuclear structure of the reaction residual 9B. Note: The reaction 9Be(p,n) for
an incident proton energy of 60 MeV is commonly represented as p(60)Be in medical
physics literature.

In the following sections, a description of the high-energy shape of the 9Be(p,n)
neutron emission spectrum will be given from a nuclear structure standpoint. The
microscopic data which have been measured will be discussed along with the difficul-
ties encountered in attempting to carry out an evaluation of 9Be(p,n) with currently
available thin-target data. A description of the minimum microscopic measurements
needed for an acceptable evaluation of this reaction is then given along with the pro-
cedure for calculating thick-target yields. A characterization of thick-target yields is
presented as well as a discussion of how microscopic differential cross sections could
improve our knowledge of these yields.

4.2 Physics of the B Be(p,n) Reaction

The (p,n) reaction has been known for many years to exhibit a complex spectrum
in the emerging neutrons at essentially all proton energies. However, for certain
reactions, e.g., 9Be, at or near 0° and at proton energies greater than 20 MeV,
certain features emerge at the highest neutron emission energies. These features have
simple explanations as well as important ramifications for the production of high
energy neutrons. To understand why the high-energy neutron spectrum for 9Be{p,n)
reaction behaves the way it does, it is useful to begin with an analogous reaction.
Consider the reaction 13C(p,n)137V, i.e., the (p,n) reaction leading from the ground
state of 13C to the ground state of 13N. This reaction joins two nuclear states that
are mirrors of each other. This is something like having a collection of spinning tops,
some of them up and some of them down. Reversing the spins gives back the same
system, except for a mirror reflection. Hence the term mirror nuclei, although the
spins in this case are called isospin and this reversal represents charge-exchange.

The l3C(p,n)13N reaction is a very close analog of the inverse decay process 13iV
—• 13C + e+ + i/, i.e., the so-called superallowed beta decay of 13JV. There are two
parts to this interaction, namely the Fermi part and the Gamow-Teller part. The
operator producing the mirror transition described above, i.e., the charge exchange,
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Figure 12: Ratio of kerma in ICRU muscle tissue to kerma in A-150 as a function of
neutron energy on a logarithmic scale. The solid line represents the calculations of
Howerton (1991), the dashed line is based on the calculations of Caswell et al. (1980)
up to 15 MeV, and on calculations of Brenner (1991) for the energy range 15-70 MeV.

is the Fermi part of the interaction and, whenever such a transition is possible, the
probability for the reaction is particularly strong, either in beta-decay or in a nuclear
reaction like (p,n). Similar to the Fermi part of the interaction, the Gamow-Teller
part can also lead to a strong transition. In this case, flipping the isospin (charge),
and, in addition, the intrinsic spin, gives back the same nucleus, except mirrored in
both charge and spin space. 13C and i3N can be related in precisely this way and thus
both the decay of l3N and the inverse reaction l3C(p,n,y3N will be very strong due
to the double possibility of going either via pure charge exchange or charge exchange
plus spin flip.

In the 9Be(p, n)9B reaction, the same considerations obviously apply in going
to the ground state. Just as in the 13C reaction, excited states in 9B can be ac-
cessed via the Gamow-Teller interaction but, in the 9Be case, the inverse beta decay
is unobservable because 9B is particle unstable. We are confident that if it could be
observed, it would be just as strong as the decay of 13N. Like 13C(p,n) and 9Be(p, n)
reactions, 7Li(p,n) is another reaction in which the Fermi and Gamow-Teller transi-
tions predominately affect the high-energy 0° neutron emission spectrum. 9Be is the
preferred target because of the difficulty involved in preparing a 7Li target and the
expense involved in making a 13C target.
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Figure 13: Ratio of kerma in ICRU muscle tissue to kerma in A-150 plastic as a
function of neutron energy on a linear scale (Brenner, 1991).

In Figure 14, the very strong (p,n) reaction can be clearly seen in the neu-
tron emission spectra at and near 0° to the ground state and the first few excited
states of 9B resulting from the 9Be(p, nfB reaction at an incident proton energy of
135 MeV (Pugh, 1985). The data in this figure show that both the Fermi and Gamow-
Teller interactions play crucial roles in the high-energy neutron production from the
9Be(p,n)9B reaction through both the dramatic forward-peaking of the high-energy
part of the spectrum and how greatly it decreases with angle. From kinematics, the
peaks at 9° and 12° should be shifted down in energy by 0.4 and 0.75 MeV, respec-
tively, but their energy scales have been adjusted to correspond to the 0° peak for
clarity. Figure 15 shows the same information as Figure 14, but only for the first
and higher excited states and on a scale which shows what happens to the relatively
flat continuum behind the clearly-resolved excited states as a function of angle from
0° to 12°.

The energy levels (excited states) for 9B are shown in Figure 16 and are taken
from the latest compilation of Ajzenberg-Selove (1984). The parentheses in
Figure 16 indicate uncertainty in the assigned energy or spin and parity. The corre-
spondence of states in 9B with states in the mirror nucleus 9Be is very good. Based
on the 9Be energy levels, the spins and parities of the 9J5 levels at 1.6, 2.788, and 4.8
MeV are probably 1/2+, 5/2+, and (3/2)+, respectively. Around 2.75 MeV, there is
evidence for an additional broad state of width greater than 1 MeV. This is based on
the broad l/2~ state seen in 9Be and the recent work of Pugh (1985) who observed
a very broad state (width of 3.1 MeV) at 2.75 MeV in the analysis of 9Be(p,nfB
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Figure 14: Measurement of the 9Be(p, n)9B neutron emission spectra for 135 MeV incident
protons at angles of 0, 9, and 12 degrees from Pugh (1985). The data in this figure show that
both the Fermi and Gamow-Teller interactions play crucial roles in the high-energy neutron
production from the 9Be(p, n)9B reaction through both the dramatic forward-peaking of
the high-energy part of the spectrum and how greatly it decreases with angle. The energy
scales of the 9° and 12° spectra have been adjusted to correspond to the 0° peak for clarity.

data at Ep = 135 MeV. His analysis is shown in Figure 17 and illustrates why the
structure of the reaction residual, 9B, is important in the production of high energy
neutrons at 0°. The relatively flat continuum of neutrons seen in Figure 14 extends
downward to a few MeV and represents reactions to the higher (continuum) levels of
9B. For energetic protons incident on 9Be, there are other reactions which can lead
to the production of neutrons. However, these reactions involve 3-body (or more)
final states. As a result, the neutrons from these reactions will only contribute to the
low-energy tail of the emission spectrum.

4.3 Cross Section Data for the °Be(p,n) Reaction

Allab (1984) completed an extensive survey of measurements of neutron energy spec-
tra and angular distributions from the 9Be(p,n) reaction for fast neutron radiother-
apy. It follows the earlier work of Cross (1978). A scan of the literature since that time
has uncovered only one new double-differential, high-energy cross section measure-
ment (Pugh, 1985). Microscopic (or thin-target) angular distribution measurements
(Bentley, 1972; Clough, 1970; Goodman, 1980; Pugh, 1985) of the 9Be(p,n)9B reac-
tion to the ground state of 9B are shown in Figure 18 in the center-of-mass frame.
The experimental data have been smoothed and plotted as lines on the same scale
for comparison purposes. As a general trend, the angular distributions become
more forward-peaked for higher incident proton energies. The differences in the 0°
cross sections at 120 and 135 MeV are large and may be indicative of difficulties in
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ison purposes. As a general trend, the angular distributions become more forward-peaked
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one or both measurements at these energies. There are significant differences (not
shown in this paper) in systematics of all of these measurements between the ratios
of cross sections to the ground state and first excited state (2.36 MeV) with increas-
ing incident proton energy. The high-energy end of the emission spectra from the
9Be(p,n)9B reaction at 0° in the laboratory frame are compared in Figure 19 for
proton energies of 30, 50, and 135 MeV. In this figure the energy scales have been
adjusted so that the high energy peaks all coincide. The laboratory energy of a point
on a specific emission spectrum is obtained by [Ep + Q + the value on the x-axis]
(Q = -1.85 MeV for 9Be(p,n)9B). The cross section to the ground state is obtained
by integrating the area under the ground-state peak. The values given in Figure 19
are taken from the respective references and indicate the expected trend in the cross
section. Because the data of Pugh (1985) were presented graphically as counts vs.
excitation energy (in 9B), we used their 0° center-of-mass cross section value (9.52
mb/sr) and a digitizing program to convert their data to mb'sr^-M The difference
in resolution between these measurements is obvious. This figure demonstrates
the importance of carefully determining and specifying the resolution function in this
kind of measurement if a data evaluator is to provide interpolated results at energies
other than those given here. Also critical to this process is the necessity of the exper-
imenter to understand the efficiency, as a function of neutron energy, of the neutron
detector used to measure neutrons at these high energies. Not shown in Figure 19 is
a neutron energy spectrum measured at 0° for Ep = 39.3 MeV by Jungerman (1971).
His work also included measurements for Ep = 29.4 and 50.6 MeV. The ground state
cross sections from his work at 0° were revised by Romero (1976) as follows: Ep = 29.4
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Figure 19: Comparison of the neutron emission spectra from the 9Be(p,n)9B reaction at
0° in the laboratory frame for proton energies of 30, 50, and 135 MeV. In this figure the
energy scales have been adjusted so that the high energy peaks coincide. The cross sections
to the ground states are obtained by integrating the area under the ground-state peaks.
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MeV, tra... = 30.0±3.0 mb/sr (-9.6%); Ep = 39.2 MeV, ag., = 28.8±3.0 mb/sr (-8.6%);
and Ep = 50.6 MeV, ag.,. = 24.5±2.6 mb/sr (-2.8%). The numbers in parentheses
indicate the percent change in the values from Jungerman (1971). The data shown in
Figures 14, 18, and 19 and contained in Pugh (1985), Bentley (1972), Clough (1970),
Goodman (1980), Batty (1969), Jungerman (1971), and Romero (1976) comprise all
the microscopic (thin-target) data known to us and are not adequate to perform an
acceptable evaluation of the 9Be(p,n) reaction.

4.4 Data Needed for Evaluation of the 8Be(p,n) Reaction

For both technical and economic reasons, an experimental database needs to be es-
tablished for the 9Be(p,n) reaction which is sufficient to carry out an evaluation
that will allow the accurate calculation of thick-target yields for any target thick-
ness both on- and off-axis. Unfortunately, medical accelerator facilities are frequently
not suitable for these kinds of measurements because the optimal path length from
source to patient (~1.25 meters) is too short to provide the needed energy resolution
for time-of-flight techniques. One facility possessing the capability for these kinds
of measurements is the Indiana University Cyclotron Facility (IUCF). The work of
Pugh (1985) shown in Figures 14, 15, 17, 18, and 19 represents exactly the kind of
double-differential measurements required for the present problem. A recent work by
Trabandt (1989) also performed at IUCF measured double-differential cross sections
for the 7Li(p,n) and 13C(p,n) reactions, as well as the (p,n) reactions on many other
targets, at incident proton energies of 80.5 and 160.3 MeV at up to 11 emission angles
from 0° to 144°. Because of the experimental capabilities at IUCF, including flight
paths to 60 meters, energy resolutions of ~1 MeV at forward angles and a few MeV
in the backward angles were obtained. It is unfortunate for the present purposes that
9Be was not included in these measurements.

At least four facilities around the world are presently using p(60, 62, or 66)Be
for neuton therapy purposes. To carry out an adequate evaluation of the 9Z?e(p,n)
reaction so that thick-target yields can be reliably calculated, double-differential cross
section measurements are needed at incident proton energies of 25, 50, 75, and 100
MeV, and at a minimum of six angles from 0 to 50° and one back angle for each
of these energies. While the thick-target yield is a two-dimensional problem, the
most important computations needed is in the forward direction. The measurements
are needed at the energies specified so that the systematics of the reaction with en-
ergy can be reasonably established. The 6 angles are required so that systematics of
the angular dependence of the spectrum can be established. The determination of
the entire neutron emission spectrum at a particular forward angle requires a large
dynamic range for the neutron detector. However, for a given incident energy and
angle, it is critical to obtain the correct shape and magnitude of the spectrum to
as low a neutron emission energy as possible. New techniques now allow neutron
detectors to span most of the dynamic range necessary for these measurements. If
such measurements are to be carried out, it is essential that during the experiment
at least one thick-target measurement be made at 0° for each incident proton energy
using the same detector arrangement as in the thin-target measurements. This mea-
surement would circumvent many resolution difficulties, etc., and would provide an
excellent benchmark for testing the calculation of thick-target yields from microscopic
differential cross sections as described in the following section.
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4.5 Procedure for Calculating Thick-Target Yields

In this section, a discussion of the procedure for making thick-target yield calculations
is presented. Because the source-to-patient distance is ~1 meter and the area of the
patient to be irradiated may exceed 10 x 10 cm2, a two-dimensional calculation is
needed. For simplicity, we will consider the procedure for a one-dimensional calcula-
tion, which can then be extended to two dimensions in a straightforward manner.

The thick-target yield of neutrons produced when a beam of protons is incident
upon a slab of Be can be simulated using one-dimensional Monte Carlo particle-
tracking techniques. The Be is assumed to be thick to protons and (relatively) thin
to neutrons and is initially divided into equally spaced zones which are picked thin
enough to allow accurate dE/dx determination. Tracking is initiated by selecting
a proton with a specific incident energy. Three distances are then calculated: a)
the maximum distance that the proton can travel before dE/dx losses take the pro-
ton below some minimum energy (using stopping powers and media density), b) the
distance to the next zone (as specified in problem input), and c) the distance to a
nuclear collision (determined by a random number between 0 and 1 and the total
proton nuclear cross section). If the shortest distance is a, the tracking of this proton
is stopped and a new proton at the specified incident energy is tracked through the
Be. If b or c is the shortest distance, the proton's new energy is calculated taking
into account the dE/dx loss over the distance. For this new energy, the cross section
for producing a neutron, i.e., (p,n), is divided by the total proton cross section. This
ratio is compared to a random number between 0 and 1 to determine whether a neu-
tron is produced. If it is not, the tracking of the proton continues. Otherwise, using
a random number between 0 and 1 and the angular dependence of the (p,n) reaction,
the angle at which the neutron is produced is determined. Since a one-dimensional
problem has been assumed, if the angle is not within some predetermined small for-
ward angle, the neutron is considered to be taken out of the forward beam. If the
angle is within the small-angle limit, the energy of the neutron is calculated for the
given angle but then the neutron is assumed to travel in the forward direction. The
neutron is then tracked until there is a reaction which removes the neutron or the
neutron escapes from the Be and is tallied.

In the foregoing discussion, several issues become clear. First, the total nuclear
proton cross section is needed, but at these energies a reasonable approximation can
be obtained from a proton optical model. Also, it is assumed that all other reactions
from p-f-9Be are not important in producing high-energy neutrons, but they most cer-
tainly will be important in producing neutrons in the low-energy tail. Having good
high-energy (p,n) data will allow the accurate calculation of the higher-energy portion
of the thick-target yields. In therapy applications, it is assumed that the low-energy
tail will be largely removed by filters before the collimator. Recent measurements of
the high-energy n+9Be total cross section from 5 to 550 MeV have been carried out
at the Los Alamos National Laboratory (Finlay, 1991). These data are essential for
determining the attenuation of the neutrons produced by the 9Be(p,n) reaction in
the target. It should be noted that experimental data do not exist above 20 MeV
to track secondary neutrons produced by the 9i?e(n,2n) reaction and this is impor-
tant to the extent that' the Be target is not "thin" to neutrons. After thick-target
yields are calculated, they can be compared with a number of published thick-target
measurements (see Allab, 1984, and references contained therein).
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Figure 20: Representative 9Be(p, n) thick-target emission spectra from the work of Johnsen
(1977) at 0° for Ep — 25, 35, 45, and 55 MeV. These data show a large low-energy component
and a higher-energy component peaking at ~20 MeV.
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Figure 21: Representative 9Be(p, n) thick-target emission spectra from Johnsen (1977) for
a fixed proton energy of 55 MeV at angles ranging from 0° to 50°. The large low-energy
component is evident at all angles and the peaking at ~20 MeV seen in Figure 20 and
forward angles becomes less pronounced at larger angles.
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4.6 Thick-Target Yield Characterization

Representative 92?e(p,n) thick-target emission spectra from the work of Johnsen
(1977) at 0° for Ep = 25, 35, 45, and 55 MeV are shown in Figure 20. These data
show a large low-energy component along with a high-energy component peaking at
~20 MeV. Also from Johnsen (1977) and for a fixed proton energy of 55 MeV,
neutron emission spectra are shown in Figure 21 at angles ranging from 0° to 50°. In
this figure, the large, low-energy component is evident at all angles and the peaking
at ~20 MeV seen in Figure 20 at 0° becomes less pronounced at larger angles.
Considering what is known from thin-target yields, and from the fact that the pro-
tons are continually slowing down in the thick targets due to dE/dx loss, one may
qualitatively understand the gross structure of these curves. A measurement of the
microscopic cross sections of 9Be(p,n) as discussed earlier, when coupled with a com-
plete evaluation, and the Monte Carlo method described in the preceeding section,
would allow the calculation of the thick-target yield for any reasonable thickness.
This approach would greatly simplify the target design for hospital-based cyclotrons
and improve the characterization of the resulting neutron beam for use in neutron
radiotherapy.
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5 Collimation and Shielding

5.1 Introduction

The subjects of this section are the uses and needs of nuclear data to optimize the
design of collimators and shields. Neutrons for radiotherapy are produced by nuclear
reactions such as p+Be. The neutrons emitted are broadly distributed in energy
and angle of emission relative to the initial charged-particle beam. To localize these
neutrons to the therapy volume, a collimator is placed between the source and the
patient. Additional shielding is used in order to protect other parts of the patient
and to confine radiation to the therapy room.

For modern neutron therapy facilities (other than those using boron-neutron
therapy), sources producing neutrons in the 20-100 MeV range are employed. These
energies are chosen for better penetration and because (n,a) reactions on carbon,
nitrogen, and oxygen are more probable than at lower energies. The resulting alpha
particles have a high LET, which is advantageous in killing slow-growing, hypoxic cells
of the type found in some tumors. A detailed description of the clinical experience is
given in Chapter 2 on the Status and Success of Neutron Therapy.

Collimators are designed to be adjustable so that the volume to be irradiated
is fully covered and adjacent, healthy tissue is spared as much as possible. A typi-
cally irregular tumor volume and a schematic design of an adjustable collimator are
shown in Figure 7 of Chapter 2. Because of the high penetrating power of neu-
trons, collimators must present a thickness of several mean free paths of material
with a high neutron cross section. This amounts often to nearly 1 meter of material.
Several designs of adjustable collimators are now in use. Included are iron "leaf" de-
signs such as at Lou vain-la-Neuve in Belgium, iron "bookend" type at Chiba Japan
(Kawashima, 1991), and tungsten rods at Harper Grace Hospital in Detroit, Michi-
gan, USA (Maughan et a/., 1989; Maughan, 1991). Some collimators also include
polyethylene or borated polyethylene inserts to close the "windows" (see below) in
the iron total cross section, especially the window near 25 keV. The mechanical com-
plexity and the mass of the assembly lead to costs for these collimators on the order
of US$500,000 or more.

The adjustable collimator is located close to the patient for best definition of
the radiation dose. Between neutron source and collimator, there are fixed pre-
collimators of materials such as iron, lead, tungsten, copper, concrete, polyethylene,
and Benelex (a compressed wood product).

Shielding of irradiation facilities is accomplished by building materials such as
concrete, the composition of which is carefully chosen for shielding characteristics.
For example, concrete that is limestone based (CaCOa) is preferred to silicaceous
concrete (NCRP, 1977). Several reports of the US National Council on Radiation
Protection (NCRP, 1977; NCRP, 1984) summarize the neutron shielding characteris-
tics of common materials. These guidelines are based on integral measurements and
"rules of thumb" from experience with accelerator shielding. Although they predate
more modern data bases and calculational methods described below, they are used
to certify the adequacy of shields to governmental radiation protection agencies, (e.g.
Maughan, 1986).

This chapter outlines the physical processes of neutron interactions with matter,
methods for calculating the transport of neutrons through collimation and shields,
benchmark experiments to validate such calculations, and the problem of induced
radioactivity in collimators, shields, tissue and air.
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NEUTRON INTERACTIONS IN THE MeV
REGION

n >^ n

(a)

n / n

(c)

(e) (f)

* s possibly radioactive residual nucleus

Figure 22: Examples of neutron scattering and reactions in the energy range up to 100 MeV:
(a) Elastic scattering where the total kinetic energy after scattering equals the initial kinetic
energy; (b) Inelastic scattering where the nucleus is excited and subsequently decays by
gamma-ray emission; (c) Reaction resulting in absorption of the neutron and emission of
a proton; (d) Reaction resulting in absorption of the neutron and emission of an alpha
particle; (e) Reaction where a proton, neutron, and gamma-ray are emitted in the final
state; and (f) Capture of the neutron with the emission of a gamma ray. In some reactions
the product nuclei are radioactive.

5.2 Physical Processes in Neutron Interactions

Neutrons travel through materials until they scatter or react with a nucleus of one
of the constituent elements. These interactions are to be contrasted with those of
charged particles (electrons, protons, alpha particles, etc.) which transfer their energy
mostly by long range interactions with the atomic electrons.

In the energy range of interest here, with neutrons up to 100 MeV, many different
processes need to be considered. Several examples are given in Figure 22, but these
represent only a few of the many reaction channels available at neutron energies of
50 to 100 MeV. Fortunately, each individual reaction channel need not be described
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fully for a reliable calculation of collimators or shields, or indeed for the interaction of
neutrons with tissue. Nevertheless, for collimators and shields, the more penetrating
radiations following nuclear interactions (neutrons, gamma-rays, and perhaps the high
energy protons) do need to be known well. This information is complementary to that
needed to study radiation effects in tissue where the less penetrating and higher LET
reaction products (recoil nuclei, alpha particles and lower energy protons) are more
important.

To study the transport of neutrons, an important concept is the "mean free
path", that is the mean distance between interactions of a neutron in the material.
This quantity varies with the material and with the neutron energy. Typical values
are given in Table XIV. In general, the mean free path increases with neutron energy
so that the design of collimators and shields for this energy range (up to 70 MeV) is
more difficult than for fission-spectrum neutrons (up to 10 MeV).

Table XIV: Neutron mean-free paths versus neutron energy. Mean-free-path, A, values
were derived from data from Plechaty et al. (1976), and Finlay et al. (1991).

Material

CH2
H2O
Al
Fe
Cu
W
Pb

Density
[g cm"3]

0.96
1.00
2.70
7.87
8.96

19.30
11.36

1

2.3
2.4
4.8
4.4
3.3
2.4
6.1

5

5.5
6.4
7.6
3.3
3.2
2.7
4.2

En[MeV]
10

8.1
9.5
9.5
3.7
3.4
3.1
6.0

20
A

cm]
9.7

11.3
9.3
5.1
4.7
2.9
5.2

50

19.4
19.7
9.9
4.8
4.4
3.9
7.1

100

38.2
37.6
16.8
6.4
5.9
3.7
6.7

Secondary particles emitted in the reactions are generally easier to shield against.
Heavy charged particles (alpha particles and recoiling nuclei for example) have ranges
of at most 100 mg/cm2. Protons can have ranges up to about 1 g/cm2. Gamma rays
are generally in the range 0.1 to 10 MeV and can contribute to the dose to the patient
or to the therapy staff. Scattered or emitted secondary neutrons generally have lower
energy than the incident neutron and are therefore somewhat easier to shield against.

There are two important exceptions to the above statement that scattered or
emitted neutrons are easier to shield against. In the case of elastic scattering, the
scattered neutrons have very nearly the same energy as the initial neutron. Shielding
these scattered neutrons is therefore no easier than for the incident neutrons. Further-
more elastically scattered neutrons are peaked in the forward direction, especially as
the incident neutron energy increases. Hence the mean-free-paths given in Table XIV
should not be used to calculate neutron attenuation. Rather a "transport-corrected-
mean-free-path" should be used. For neutron energies less than 20 MeV, values for
the corrected mean-free-path are given for example by Plechaty et al. (1976).
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The second exception is that for some materials, the mean free path varies
strongly with energy below 5 MeV and there exist "windows" where the mean-free-
path is longer than usual. The window in iron near 25 keV is one example. (See
Figure 23). To counteract such possibilities for neutron transport, combinations of
different materials can be chosen, one closing the window of the other.
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Figure 23: Mean-free-path for neutrons in iron in the region of the 25-keV window.

5.3 Transport Codes and Evaluated Data

Nuclear data and radiation transport codes are needed to calculate the performance
of collimators and shields. The status of data and of calculational approaches has
been reviewed recently (IAEA, 1991).

For neutron data, the region between 20 and 100 MeV is an intermediate region
that is difficult to describe with simple theories or with complete data bases. Nuclear
reaction mechanisms such as compound nucleus formation with statistical decay, di-
rect processes, and intermediate or "pre-compound" processes all are important in
this energy range. Nuclear reaction models must therefore take into account all of
these processes and, where appropriate, the competition between them.

If, despite the modelling complexity, there were numerical data bases that de-
scribed the processes, neutron transport could be calculated and effects tallied at
interaction sites. Nearly all existing data bases, however, were intended for use in the
development of nuclear fission and fusion energy sources and have 20 MeV as their
upper limit. This limit is generally not a result of the fundamental structure of the
files but rather the conventional upper limit defined for applications to fission and
fusion energy. The following files have complete evaluations up to 20 MeV but, with
a few exceptions do not extend to higher energies:
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1. ENDF/B-VI, USA, Canada
(although there is a special intermediate energy data base for selected materials)

2. ENDL, USA (Lawrence Livermore National Laboratory)
(this data base is being extended to 250 MeV for certain tissue-resident and
structural materials)

3. JEF, Europe

4. BROND, USSR

5. JENDL-3, Japan

6. CENDL, China

7. FENDL, IAEA
(this data base is derived from several of the above data bases)

In the last few years, researchers have begun to address calculating neutron trans-
port in the 20-100 MeV region through two approaches. One approach has been to
extend nuclear model codes into this energy region, usually from approaches that work
well at much higher energies. That is, intranuclear cascade codes are enhanced by
adding additional physics to account for pre-equilibrium and direct processes. Many
of these codes already treat not only the microscopic interaction of neutrons with nu-
clei but also the transport of radiation, in particular neutrons and charged particles.
The following codes incorporate nuclear reaction models as well as transport:

1. LAHET (R. Prael, Los Alamos, USA) is a system of codes (Prael and Licht-
enstein, 1989). MCNP is used for transport below 20 MeV with ENDF/B cross
sections; intranuclear cascade and pre-compound codes are used above 20 MeV.
At the higher energies, this code originated from the HETC code described
below. Additional physics has been added more recently. This code has been
tested against (p,n) data at 115 and 230 MeV and shows good agreement (Prael
1989, 1990).

2. HETC (Oak Ridge National Laboratory, USA) uses the code O5R up to
15 MeV and intranuclear cascade code above 15 MeV (Alsmiller et a/., 1988;
Armstrong et a/., 1972; Chandler and Armstrong, 1972).

3. HERMES (KFA, Julich, Germany) is also based on HETC. It couples neutron
and photon transport.

The other approach has been to extend evaluated cross section data bases well
beyond 20 MeV. Again, many of the required data are not available by experiments
and must be calculated using reaction models. With the development of these more
extensive data bases, however, the nuclear cross section calculation can be separated
from the transport calculation. In addition, for the few cases where experimental cross
section measurements do exist, they can be used to ensure that the evaluated data
bases provide the most accurate possible representation of the cross sections. These
evaluated data bases can also be benchmarked in an integral way be ensuring that
they account for measured kerma factors. Another advantage is that the transport
calculation is faster when the required cross section data do not need to be calculated
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but rather can simply be looked up. An example of such an approach is the program
currently being carried out at Lawrence Livermore National Laboratory to simulate
dose deposition in radiation therapy using Monte Carlo transport techniques which
access high-energy evaluated data libraries (White, 1994) . Transport codes that can
be adapted for the energy range up to 100 MeV are:

1. MCNP (Los Alamos, USA)

2. MCNP-4, tested by J. Arkuszewski at PSI in Switzerland. This uses ENDF/B-
VI as well as experimental data for H, N, O, Al, Ca, and Fe up to 100 MeV.

3. COG (T. Wilcox, Lawrence Livermore National Laboratory)

These codes use data bases, most of which are based mainly on model calculations.
Codes used to calculate cross sections and emission spectra at energies up to 100 MeV
(and often beyond) include (IAEA 1991):

1. GNASH, LANL

2. FKK-GNASH, LLNL and LANL

3. LAHET, LANL

4. Bertini HETC, USA

5. ALICE, LLNL

6. NAUSICA, ENEA-Italy

7. HERMES, Julich, Germany

8. ISABEL, Weizmann Institute, Israel

9. KAPSIES, ECN Petten

Recently, modern data bases for neutron data above 20 MeV have been created
for many materials used in collimators and shields. The calculational approaches
include intranuclear cascade models, e.g., Alsmiller and Barish (1981); Wilson and
Costner (1975); and Alsmiller et al. (1988) and detailed models of precompound and
Hauser-Feshbach mechanisms, e.g., Young et al. (1990), Chadwick et al. (1994); and
Pearstein (1989). In the case of neutrons on 'H, phase-shift analyses have served for
many years as a source of evaluated data. Below we describe the available neutron
cross section data bases for individual elements:

1. ! H : Phase shift analyses are good up to the inelastic threshold (about 280 MeV).
These data are not given in a format for transport calculations but they could be
used easily to create such a data base. Recent references are Arndt et al. (1983);
Arndt et al. (1987); Arndt (1988); and Young et al. (1990). The status of n-p
cross section data above 20 MeV is reviewed in an NEANDC Specialists' Meet-
ing on Neutron Cross Section Standards for the Energy Region above 20 MeV
(NEANDC, 1991).

2. 9 Be: An evaluation for neutrons and protons up to 100 MeV is available from
Young et al. (1990).
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3. C: Brenner and Prael (1989) have tabulated production cross sections for neu-
tron energies up to 60 MeV obtained from model calculations. An evaluation of
cross section data up to 32 MeV has been made by E. J. Axton in cooperation
with the National Institute of Standards and Technology but the results have
not been published yet (Axton, 1990). An evaluation for neutrons and protons
up to 100 MeV for 12C has been completed by Young et al. (1990). A recent
evaluation by Chad wick et al. (1994) extends the Livermore data base up to
100 MeV.

4. N : Young et al. (1994) have recently extended the ENDF evaluation on nitrogen
up to 40 MeV. A recent evaluation by Chadwick et al. (1994) extends the
Livermore data base up to 100 MeV.

5. O: Brenner and Prael (1989) have tabulated production cross sections for neu-
tron energies up to 60 MeV obtained from model calculations. An evaluation
for neutrons and protons up to 100 MeV on 16O is available from Young et
al. (1990). A recent evaluation by Chadwick et al. (1994) extends the Liver-
more data base up to 100 MeV.

6. Al: An evaluation for neutrons and protons up to 100 MeV is available from
Young et al. (1990).

7. 28Si: An evaluation for neutrons and protons up to 100 MeV is available from
Young et al. (1990).

8. 40Ca: The ENDF evaluation has been extended to 40 MeV by Hetrick et
al. (1982).

9. Fe: Young et al. (1990), have completed an evaluation to 100 MeV for both
protons and neutrons.

10. 5 4 5 6Fe: 3.6 to 40 MeV: Isotopic evaluations are available from 3.6 to 40 MeV
by Arthur and others (Arthur and Young, 1980a; Young et al., 1979; Arthur
and Young, 1980b; Arthur and Young, 1980c).

11. 56Fe: Pearlstein gives calculational results and experimental comparisons from
1 to 1000 MeV (Pearlstein, 1989).

12. 56Fe: Calculational results are given by Hida and Iijima (1990) from 20 to
300 MeV.

13. Cu: From 1 to 50 MeV, see Arthur et al. (1987).

14. W : A new evaluation extends to 100 MeV by Young et al. (1990).

15. P b : An evaluation to 100 MeV has been presented by Fukahori and Pearl-
stein (1991).

16. 238U: Young et al. (1990), have evaluated this material to 100 MeV.

Some of these evaluations are available from the National Nuclear Data Center
at Brookhaven National Laboratory, USA, in the ENDF intermediate energy file.

Several new measurements in the range 20-100 MeV should also be noted:
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Total cross sections: Finlay et al. (1991) measured total neutron cross sections on
18 target nuclides from 5 to 550 MeV with high accuracy. Together with other
references cited in that work, this study provides an extremely accurate data
base for applications.

Scattering: Elastic and inelastic scattering studies in the range 16 to 22 MeV have
been carried out by Olsson and co-workers (Olsson et al., 1987, 1989, 1990a,
1990b). Elements studied included Be, C, N, O, Mg, Al, Si, S, Ca, Cr, Fe, Co,
Co, Ni, Y, Ce, Pb, and Bi. At 65 MeV, elastic scattering on C, Si, Ca, Fe, Sn,
and Pb and inelastic scattering on Fe, Sn, and Pb have been studied (Hjort,
1990). A program at Ohio University has studied neutron elastic scattering on
carbon (Meigooni, 1984) , nitrogen, oxygen, and calcium (Islam, 1988) in the
19 - 26 MeV range. There also exist elastic scattering data for 30 and 40 MeV
neutrons on biologically-important elements from Michigan State University
(DeVito, 79) .

Reactions: Using a white neutron source, Sorenson et al., studied the (n,p) reaction
on carbon isotopes from 50 to 250 MeV and for protons emitted in the forward
direction (Sorenson, 1993). Similar studies on 64Ni have been carried out by
Ling and coworkers (Ling et al., 1991). For neutron energies up to 30 MeV pre-
liminary measurements on 12C(n,a) and 27Al(n,a) have been reported (Pedroni
et al., 1989; Grimes and Haight, 1989; Sterbenz et al., 1991). Light charged
particle production cross sections for 27,40, and 60 MeV neutrons on carbon, ni-
trogen and oxygen have been measured at UC-Davis (Subramanian et al., 1983,
1986) . Recently the Louvain-La-Neuve group have presented charged particle
production cross sections for 43, 63, and 73 MeV neutrons on carbon (Slypen,
1994) , and plan to measure similar cross sections on oxygen in the near future.

5.4 Benchmarks

To gain confidence in calculational approaches, it is necessary to have benchmark
experiments with which to compare the calculations. For neutron energies below
20 MeV there are many integral tests of neutron and photon emission from macro-
scopic samples and of attenuation through shields. Above 20 MeV the number of
integral tests is much smaller.

Examples of shielding benchmark tests for therapy applications have been pub-
lished (Meulders et al., 1975; Attix et al., 1976; Smathers et al, 1978a). The d+Be
neutron source was used at several deuteron energies and materials tested included
steel, lead, tungsten, polyethylene, concrete, borated paraffin, and several commercial
products. Both broad beam and narrow beam geometries were explored. Detectors
were tissue-equivalent ion chambers and liquid scintillators with neutron-gamma dis-
crimination. The narrow beam results were consistent with exponential attenuation
calculated from total cross section data. To certify shielding for facilities, the broad
beam results are more relevant, but these were made only with tissue equivalent
ion chambers. The relative contributions of neutrons and photons are therefore not
available from these data. Thus the available benchmark tests are not sufficient for
stringent tests of calculational models.

Neutron and photon spectra can be determined by unfolding of pulse height spec-
tra obtained by measurements with organic scintillators (Brooks et al., 1990). Brooks
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et al. measured spectra in phantoms and therefore provide valuable information on
the radiation quality and the absorbed dose given to a patient. They do not give
much information on the performance of the collimator, however, even though the
collimator opening was one variable in the study.

Obviously, more benchmark experiments need to be done to check the accuracy
of transport calculations through the collimators. A well-defined geometry for these
experiments is essential. One could imagine pulsed-sphere experiments of the type
done at 14 MeV but with the higher energy neutron sources used in therapy facilities
(Wong et al., 1972; Goldberg et al., 1990). Both neutron and gamma-ray emission
should be studied. This type of experiment was carried out by Conde et al. (1987),
who were interested in the moderation of neutrons up to 70 MeV in a water sphere.
The source was a 72-MeV proton beam on a stopping copper target and neutrons
emitted below 1 MeV were measured. An extension of this approach to materials
of collimators and shields and to the full spectrum of emitted neutrons and photons
would be most useful.

An opportunity to test calculations is offered by the experience with existing
facilities. If neutron and photon spectra were measured at various locations relative
to the collimator as well as outside the shield, the results could be compared with
calculations that included the complex geometry of the as-built facility. The authors
of this report are not aware of any work to date to take advantage of this opportunity.

A closely-related approach has been to measure the dose distributions in phan-
toms (ICRU, 1989). Although the results are important for calculating neutron trans-
port, but the effects of the collimators are masked by transport in the phantom.

Of the relatively few benchmark experiments to test the calculated cross sections,
several have been done at LAMPF (Prael, 1989b; Prael, 1990). These often have been
at somewhat higher energies than 100 MeV. When necessary, the transport codes have
been modified, sometimes to include new reaction processes, in order to reproduce
results of the benchmarks.

Efficiencies of neutron detectors also can be considered as integral tests of the
data and transport. Several studies (Sailor et al., 1989; Dickens, 1991; Buffler, 1990;
Antolkovic et al., 1991) of organic scintillators (containing just carbon and hydrogen)
conclude that much more data are needed for neutron interactions with carbon to
obtain efficiencies with good confidence.

Facility shielding is guided often by rules of thumb since there already is a con-
siderable body of experience in shielding such facilities. In a hospital setting, the
shielding design is often constrained by pre-existing boundaries such as the size of
the room in which the facility is to be installed. Optimization of the shielding is
rarely done by detailed calculation, although significant cost savings could result by
reducing the volume of the shield. Different shield constructions could also be inves-
tigated, such as the concrete and steel-ball shield used recently in a neutron source
facility (Lisowski et a/., 1990).

Clearly there is a need for many more calculational studies and for benchmark
experiments against which the calculations can be compared. The present integral
experiments are useful beginnings, but often they stop short of offering stringent
tests of nuclear data and transport calculations. To optimize collimators and shields
in neutron therapy facilities, the present state of the data and codes allows one to
begin calculational studies, which until very recently were impossible. The need for
further benchmark tests is therefore great.
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5.5 Activation of Collimators, Shields, and Other Materials

Neutrons in the energy range of interest interact with materials to produce radioactive
isotopes (see Figure 22). Depending on the materials selected for collimators and
shields, the isotopes can have long or short half-lives and can emit energetic or low-
energy radiations. Although the added dose to the patient from this induced activity
is very small compared with the therapeutic dose, the medical staff and accelerator
technicians will receive a dose above background.

Doses from radioactive products at one therapy facility have been reported by
Smathers et al. (1978b), who conclude that the major sources of exposure are the
activated target assembly and the activated target end of the collimator inserts. They
suggest operational methods to reduce the exposure. The annualized radiation doses
are in the region of several hundred mRem.

The relative activation of tungsten, iron, and mild steel have been compared by
Bonnett, 1986. He shows the buildup of radioactivity over a number of irradiations.
There is a tradeoff therefore of one material over another depending on the number
of irradiations that are planned per day. Another factor is the neutron spectral shape
and, in particular, the contribution of thermal neutrons. Activation in tungsten is
reduced, for example, if the thermal neutron flux can be reduced.

Activation of air and tissue is yet another concern. Ten Haken et al. (1983)
have studied these processes with a p(66)Be(49) neutron source. The added dose
to the patient from residual radioactivity in tissue is very small. Only in special
circumstances would the activity in the air necessitate a waiting period before the
treatment room is entered by the medical staff. It appears that this problem, at least,
is well understood and not of major importance.

Acknowledgment: We thank Dr. Richard L. Maughan of the Radiation Oncology
Center at Harper Grace Hospital for supplying much detailed information on the
design of collimation and shielding for the cyclotron-based neutron therapy center
there.
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6 Kerma Factors

6.1 Introduction

Effects on matter produced by the interactions of fast neutrons occurs by means of the
charged particles produced. In fact this is a two-step process: [1] the initial production
of charged particle energy by neutron interactions and [2] the subsequent interaction
of these charged particles with matter depositing energy by ionization and excitation.
The former is called KERMA, an acronym for Kinetic Energy Released in MAtter,
and represents the sum of all the initial energy transferred to charged particles by
indirectly ionizing radiation neutrons, while the latter corresponds to absorbed dose,
that is the energy deposited per unit mass (ICRU, 1980). The kerma factor is the
kerma produced per unit neutron fiuence. Quantification of neutron absorbed dose
is accomplished most accurately when measurements are carried out in the media of
interest. For biological purposes this is wet tissue. Such a medium is not amenable to
the construction of detector apparatus and tissue substitute materials more suitable
for measurement purposes are required. If these materials replicate the exact atomic
composition of tissue, the measurement yields the absorbed dose in tissue. As this
is never the case for neutrons, the tissue absorbed dose determination depends upon
knowledge of the relative rate of charged particle energy production per unit mass for
the tissue substitute material and tissue, i.e. the kerma or kerma factor ratio. As this
kerma ratio is a function of the neutron energy, information about the neutron energy
spectrum is also needed. Hence, neutron dose determinations with tissue substitute
materials require accurate kerma factor values for all constituent materials for the
entire neutron energy range of interest.

Table X in Section 3 summarizes the values of elemental mass fractions for wet
tissue and some common solid, liquid, and gaseous tissue substitutes. Notice that
hydrogen, which contributes most to the kerma and absorbed dose at neutron ener-
gies above 1 MeV, is well matched for each mixture. For solid materials, carbon is
exchanged for oxygen. To a lesser extent this is also true for gas mixtures. Thus,
information about the ratio of oxygen-to-carbon kerma is most important for fast
neutron absorbed dose measurements.

Kerma factors can be calculated directly from microscopic reaction cross section
information. Complete cross-section information is needed for all energetic charged
particles as a function of emission angle and neutron bombarding energy - achievable
only in principle. In lieu of these data, suitable nuclear models can be employed to
provide the missing cross-section information allowing the calculation of kerma fac-
tors. Finally, kerma factors can be inferred from direct absorbed dose measurements
in appropriate materials.

Below 10 MeV neutron energy, kerma is dominated by elastic and inelastic re-
actions. Extensive cross-section information is available in this energy region for
most low-Z elements as well as many common heavier nuclei. Kerma factors are well
established for these fast neutron energies. At higher neutron energies, only limited
cross-section information is available. Charged particle emission becomes increasingly
important, yet few reaction channels have been measured completely even for such
important elements as carbon and oxygen. Tabulated kerma factors based on these
cross sections are limited to 20 or 30 MeV neutron energy. Kerma factor values de-
duced from nuclear model calculations are reported for several elements up to 100-200
MeV neutron energy. Of course such models are themselves based upon information
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about the nuclei deduced from limited measurements. Nonetheless, such calculations
are useful for indicating the energy dependence of kerma factors. Measured kerma fac-
tor values are even more sparse, confined to carbon, oxygen, aluminum, magnesium,
silicon, and iron at a few neutron energies below 30 MeV.

6.2 Microscopic Data

The quantity measured in nuclear physics experiments is often the microscopic cross
section for the reaction type studied. If a charged particle spectrometer is employed
to measure the energy and/or angle of the emitted ejectile(s), differential or double
differential cross section information is obtained. Other experiments quantify observ-
ables related to nuclear structure (e.^., spin), which are required for input to nuclear
models used to calculate cross section:

In energy domains where experimental data are lacking, nuclear models can be
used to calculate the cross sections and emission spectra. The results of such calcu-
lations become more and more uncertain the further they extrapolate from measured
data. At low energies, where elastic and inelastic scattering dominate the total cross
section, the optical model in combination with a statistical Hauser-Feshbach calcu-
lation can be used to describe the data (i.e. within a few tenths of a percent). At
higher energies, the optical model can be used to estimate the elastic scattering cross
section, but the precision is lower (about 50%) since there are fewer data that can be
used to fix the many parameters of that model. A more important problem at higher
energies (15 < En < 100 MeV) is the rapidly increasing number of more complicated
reaction channels, which necessitate calculations involving both the statistical com-
pound mechanism and direct processes, as well as all the possibilities in between,
i.e. the pre-compound or pre-equilibrium processes. The calculated results for these
reactions are credible to within a factor of about two in the absence of measurements.

The available experimental data in conjunction with model calculations and less
formalized systematics are used by experienced physicists to produce evaluated data
files. At the present time most of these files extend to 20 or 30 MeV neutron energy.
The different existing evaluations together with commonly used nuclear model codes
were presented in the previous section.

Some of the best known nuclear data in neutron physics pertains to the elastic
scattering of neutrons by hydrogen. This reaction is often used as a primary cross
section standard in measurements of other cross sections, and while its uncertainty
is thereby introduced into these data, the uncertainty is small enough to be a minor
effect when compared with other uncertainties. Moreover, the n-p scattering is in
itself an important contribution to the kerma in tissue. The total cross section for this
reaction is at present known to better than 0.5% up to 20 MeV and less accurately at
higher energies. The angular distribution, which deviates from isotropy in the center
of mass system above about 10 MeV, is considered to be accurate to within 2-3% up
to 20 MeV. In the energy range 20-100 MeV, where there are very few experimental
data points, the uncertainty can be considerable. The reaction has been modelled in
terms of phase shift analyses of experimental data (Hopkins and Breit, 1971; Arndt et
a/., 1983; Arndt et a/., 1987; Arndt, 1988). These calculations can be used to extract
cross section information in energy regions where no data exist.
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The kerma factor, kf, is related to the microscopic nuclear cross sections by the
following expression

ks{En) = £ J V L E ^ C ^ - K . ^ - ) . (?)
L J

where the index L identifies the nuclide or element, and the index J identifies the
type of nuclear reaction (elastic or inelastic scattering, (n,a), etc.). NL is the number
of nuclei of the L-th species per unit mass, €tj(En) is the average energy transferred
to charged particle kinetic energy in an interaction whose cross section is a-^j(En)
(ICRU, 1980). It is important that all secondary charged particles are included, i.e.
residual nuclei recoils, p, d, t, 3He, etc. For reaction channels in which both inter-
mediate and final states are defined, e.g., elastic scattering and inelastic scattering
to discrete final states, the average transferred energy e is easily accessible from the
reaction kinematics. For other reaction channels explicit distributions of secondary
particles must be used.

It is important to emphasize that the kerma factor is only a measure of how
much energy per unit fluence is given to light charged particles and residual nuclei in
a certain volume, regardless of the energy spectrum of the secondary particles. Since
biological response varies dramatically with ionization capability, i.e. the particle type
and energy, the secondary charged particle spectra are of importance in the context
of radiation quality. These problems will be discussed in more detail in Chapter VII.

6.3 Experimental Determinations
As noted above, a direct measurement of kerma involves determination of the initial
energies of all charged particles produced per unit mass by neutron bombardment.
With the exception of elastic and inelastic scattering, such measurements pose a
formidable problem above 10 MeV neutron energy even for few nudeon systems. An
important example is fast neutron bombardment of carbon, where recoil 12C and 9Be
nuclei, one or more a particles and other charged particles can be produced. Hence,
experiments have concentrated upon measurements of limited reaction channels, e.g.,
(n,p), (n,d), (n,a), total a-particle production, etc. As such, these experiments con-
stitute a partial kerma factor determination. Partial kerma factors are combined with
total cross-section information to estimate the kerma factor.

6.4 Integral Kerma Factor Measurements
Integral measurement of the total kerma offers an alternative procedure for kerma
factor determinations. Usually the charged particle energy deposited per unit mass,
the absorbed dose, is measured rather than the total charged particle energy produced,
the kerma. For conditions of charged particle equilibrium, kerma and absorbed dose
are equal. By measuring the absorbed dose per unit neutron fluence, corrected for any
contributions due to 7-rays or off-energy neutrons, the kerma factor is determined.
This procedure then involves two determinations: absorbed dose and neutron fluence.

Absorbed dose can be measured by calorimetric or cavity-ionization techniques.
McDonald made a direct measurement of absorbed dose by a calorimetric procedure
(McDonald, 1987). A calorimetric measurement is largely independent of the details
of radiation metrology such as the interaction of the secondary charged particles with
the detection medium. Rather, the calibration can be based upon the specific heat of
the calorimeter material and resistively deposited energy. For precise determinations,
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1-10 ^p- of ionizing power are required - corresponding to a large neutron flux.
Additionally, no discrimination amongst the energy and type of bombarding ionizing
radiation is possible.

Biihler, DeLuca, Goldberg and Wuu employed cavity-ionization chambers (Biihler
et al., 1985; DeLuca et al., 1984; Goldberg et al., 1978; Wuu and Milavickas, 1960).
In each case the absorbed dose is measured in the material of interest, e.g carbon,
magnesium, aluminum, A-150 plastic, etc. For the case of oxygen, a matched pair
of instruments constructed of ZrC>2 and Zr yield the oxygen kerma by subtraction.
Ionization chambers operated as low pressure proportional counters have proved to be
particularly advantageous for these measurements. The small gas cavity minimally
perturbs the equilibrium charged particle spectrum emanating from the wall. Using
filling gases with small neutron kerma factors relative to the counter wall material
results in minimal contribution to dose by neutron interactions with the gas. In
this way, their response is due almost exclusively to charged particles produced in
the wall, ensuring that energy absorbed in the gas is due to the particles of interest.
Even though energy depositions in the counter gas result from an integral spectrum of
charged particles produced in the wall, considerable information can be deduced about
the initiating spectrum of indirectly ionizing particles bombarding the counter, i.e.
7-rays and neutrons. For example, energy depositions due to 7-ray induced electron
recoils are distinguished from a-partide and heavier ion recoils and to a certain extent
from energetic protons on the basis of their very different rates of energy loss to the
gas stopping power.

6.5 Partial Kerma Factor Determinations

A few of the reaction channels that have been experimentally studied in order to
obtain partial kerma factors will be discussed in more detail in this section.

Measurements of the neutron elastic scattering cross section provide a reliable
determination of the reaction cross section since this quantity is just the difference
between the total and the elastic cross sections, and the total cross section is normally
well known. Measurements of inelastic scattering are also important since any fraction
of the non-elastic cross section arising from inelastic scattering from particle-stable
states is not available for charged-particle production. Thus, one can estimate an
upper limit for these reactions which can be used as a constraint in model calculations.
Moreover, differential elastic and inelastic scattering cross sections provide direct
information on the high LET (> 103 keV//xm) heavy-ion recoil contribution to the
kerma.

Scattering cross sections are experimentally measured by utilizing the neutron
time-of-flight techniques. Traditionally, most measurements have been performed
below 10 MeV, but also at about 15 MeV, where D-T neutron generators have been
employed. Recently, scattering cross sections and partial kerma factors for carbon
in the neutron energy range of 10-40 MeV and for oxygen at 10-26 MeV have been
published (Borker et al., 1988; Olsson et al., 1989a, 1989b; Olsson et al., 1990a;
Meigooni et al., 1984; Finlay et al., 1985; Meigooni et al., 1985; Islam et al., 1987;
Islam et al., 1988; Glasgow et al., 1976; DeVito, 1979). Above the neutron energies
given, no experimental data exist at present.

To illustrate the quality of this kind of partial data and the model calculations
that can be obtained by fitting to the experimental data, an example of partial kerma
factors for elastic and inelastic (4.44 MeV) scattering for carbon up to 40 MeV is
shown in Figures 24 and 25, respectively.
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Figure 24: Measured partial carbon kerma factors for elastic neutron scattering from 5 to
40 MeV (Borker et al., 1988; Hansen, 1986; Olsson et al., 1989a, 1989b; Meigooni et al.,
1984; DeVito, 1979). The curves are model calculations (see text).
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Figure 25: Measured partial carbon kerma factors for inelastic (4.44 MeV) neutron scat-
tering from 5 to 40 MeV (Borker et al., 1988; Hansen, 1986; Olsson et al., 1989a, 1989b;
Meigooni et al., 1984). The curves are model calculations (see text).
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As can be seen, the different data sets are in good agreement. The dashed lines
were calculated with the coupled channels (CC) formalism, using a deformed optical
model potential (Olsson, 1989a, 1989b). For elastic scattering the model calculation
gives a good description of the data from 8 to about 40 MeV. A good description
is also obtained for inelastic scattering above 15 MeV, whereas the kerma factors
are increasingly underpredicted at lower energies. Compound nucleus contributions
were determined in a Hauser-Feshbach (HF) calculation. The sum of the CC and
HF calculations are shown as dotted lines in the figures. It is obvious that the HF
contribution to elastic scattering is small above 8 MeV, while it is considerable for
inelastic scattering up to more than 15 MeV. Similar calculations in the energy range
20-65 MeV have been published by Meigooni et al. (1984).

Measurements of charged particle production are difficult to perform, especially
when there are more than one particle in the exit channel. This is the case for the
most important reactions contributing to the kerma above 10-15 MeV in carbon
and oxygen, i.e. the 12C(n,n')3a and 160(n,n'a)12C reactions. The former reaction
has recently been studied up to 35 MeV by Antolkovi'c et al. (1975, 1983, 1990),
when using the nuclear emulsion technique. The problem is not only to measure the
cross section, but also to determine the energies of the three a-particles. For the
n'O(n,n'ay2C reaction the data base is still meager.

In the higher energy range, double differential cross sections of (n,p), (n, d), (n,t),
(n,1 He) and (n,a) reactions on carbon, nitrogen and oxygen at 27, 40 and 61 MeV
have been reported by the group at the University of California-Davis (Brady, 1979;
Romero et al., 1986). These are the only available experimental data in this energy
region. Preliminary reports of ongoing experiments with a white neutron source have
been given by Pedroni et al. (1988).

6.6 Neutron Fluence

Besides measurement of the neutron kerma or partial kerma, the experimental de-
termination of kerma factors requires accurate measurement of the neutron fluence.
This poses two difficulties: [1] the absolute fluence measurement and [2] the energy
fluence spectrum of the neutron source. Below 20-MeV energy, intense essentially
monochromatic, sources of neutrons can be produced by the 3H(d,n), 2H(d,n), and
J / / (p ,n) reactions (Brolley, 1960). While these same reactions can be employed to
produce more energetic neutrons, disintegration of 2H and 3H into multiple particles
creates a large flux of lower energy contaminating neutrons (Poppe et al., 1963). Bom-
bardment of other low-Z elements by 20-100-MeV protons or deuterons, e.g., Li(p,n)
or Be(p,n), generates intense fluxes of neutrons. However, even for thin targets,
copious quantities of low energy neutrons are produced. In either case, these "off-
energy" neutrons pose a significant complication to kerma determinations by integral
techniques.

Neutron fluence measurements contribute on an equal basis with kerma measure-
ments to the kerma factor uncertainty. Ultimately, the neutron fluence is deduced
by comparison to an established measured cross-section value. For neutrons below
20 MeV, 27Al{n,a)4Na, 197Au(n,2n)196Au, and 1 9F(n,2n)1 8F can serve to measure
the neutron fluence to < 5% through activation techniques. Proton recoil counters
and fission ionization chambers can give somewhat better accuracy through H(n,p)
scattering and 235'238[/(n, / ) reactions, respectively. At higher energies, cross-section
information is much less certain, perhaps 10-20%.
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6.7 Results

Kerma factor measurements by any of the aforementioned techniques are sparse. With
the exception of Brady and Romero's values at higher energies (Brady and Romero,
1979; Romero, 1986), measurements have concentrated on a few elements for neutron
bombarding energies below 30 MeV. Kerma factor values deduced from microscopic
cross-section information are available below 30-MeV neutron energy for many ele-
ments (Caswell et al, 1980). Several calculations, based upon nuclear models, are
available below 100 MeV for some elements (Alsmiller and Barish, 1977; Behrooz and
Watt, 1981; Brenner, 1983; Dimbylow, 1982; Wells, 1979). In subsequent sections,
kerma factor values are compared by element and type of determination. For the re-
sults of Brady and Romero, in each case the values reported employ a correction for
the detection thresholds as discussed by Dimbylow, 1982. These constitute corrections
of 28, 16, and 8% at neutron energies of 27.4, 39.7, and 60.7 MeV, respectively.

6.7.1 Carbon

Carbon kerma factor measurements are more extensive than for any other element.
Integral determinations were done using calorimetric (McDonald, 1987) and ionization
techniques (Binns and Hough, 1990; Buhler et al., 1985; DeLuca et al., 1984; DeLuca
et al., 1986; Goldberg et al, 1978; Hartmann et al., 1992; Pihet et al., 1993; Schell et
al, 1990; Schrewe et al 1992; Schuhmacher et al. 1992, Wuu and Milavickas, 1987).
Haight et al. (1984) made a partial kerma determination by measuring a-particle
production at several emission angles for 14.1 MeV neutron bombardment. At higher
neutron energies, Brady and Romero deduced kerma factor values from their charged
particle measurements at 27, 40, and 61 MeV (Brady and Romero, 1979). Antolkovic
et al. (1983) measured a-particle production and energy from 11- to 35-MeV neutron
energy using photographic emulsions. Using these data, an exact kinematic model,
and the partial kerma factor results of Brady and Romero, 1979, a kerma factor
value for 27.4 MeV was deduced (Antolkovic et al, 1984). Below 30-MeV neutron
energy, measured kerma factor values from all techniques are in agreement, albeit
with experimental uncertainties of 5-10%. Tables XV and XVI summarize these
kerma factor values, while Figure 26 plots these values as well as values calculated
from microscopic cross-section information (Caswell et al, 1980; Howerton et al.,
1986; Gerstenberg et al., 1988) and from theoretical estimates (Alsmiller et al, 1977;
Behrooz et al, 1981; Brenner, 1985; Dimbylow, 1982; Wells, 1979).

In the 15- to 30-MeV energy region, measured values are systematically lower
than values based on evaluated microscopic cross-section information from ENDF/B-
IV,V (Caswell et al, 1980). Gerstenberg et al. (1988) noted that this is largely due
to the 12C(n,n')3a and 12C(n,a) reaction cross sections, which comprise about 24%
of the total cross section but contribute more than 70% of the kerma. Gerstenberg's
kerma factor values use a recent evaluation of these cross sections combined with
ENDF/B-V values for other reaction components and include the measured kerma
factor values shown in Tables XV and XVI. Hence, the agreement in values from
microscopic cross sections and integral determinations is expected.

Kerma factor estimates based on nuclear models show considerable variance. Val-
ues from several estimates are plotted in Figure 26. Differences of 20-40% are apparent
above 20-MeV neutron energy. The values of Dimbylow (1982) and Wells (1979) are
in fair agreement with measured values in the 20- to 25-MeV region.
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Table XV: Measured Kerma Factors at Several Measurements and Neutron Energy
Below 20 MeV

Energy
[MeV)
13.9
14.1
14.1
14.6
14.7
14.7
14.8
14.9
15.0
15.0
15.0
17.0
17.0
17.5
17.8
17.9
18.0
18.1
18.4
19.0
19.1
19.8
20.0

C
1.93±0.14[60]
1.78±0.11[22]
1.84±0.16[38]
1.80±0.16[48]
2.19±0.18[69]
2.38±0.19[60]
2.11 ±0.42(63]
2.10±0.16[23]
2.25±0.49[36]
2.26±0.17[60]
2.35±0.24[19]
2.46±0.24[19]
2.79±0.19(60]
2.70±0.20[60]
2.92±0.22[24]
2.97±0.30(23]
2.95±0.42[40]
3.13±0.23[60]
2.93±0.20(60]
2.99±0.20(60]

3.55±0.28[24]
3.24±0.25[60j

N 0

1.22±0.18(25]

1.63±0.25[25]

2.14±0.37[40]
1.71 ±0.26(25]

2.22±0.37[25]

Material/K/[fGy m^
Mg

1.22±0.03[69]

1.52±0.50[36]

1.39±0.13[19]

Al

1.25±0.11[19]

1.35±0.20[24]
1.24±0.12[19]

1.58±0.23(24]

1.57±0.23[24]

1.52±0.25[24]

Si

1.23±0.18[25]

1.59±0.23[25]

1.35±0.20[25]

1.60±0.26[25]

Fe

0.48±0.22[69]

0.59±0.23[36]

A-150
6.86±4%[52]

6.60±0.27[69]

6.06± 1.03(63]

7.19±4%[52]

7.61±4%[52]

5.7± 10%(ll]
7.27±4%[52]

00
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Table XVI: Measured Kerma Factors at Several Measurements and Neutron Energy
Above 20 MeV

Energy
[MeV]
23.0
25.0
26.3
27.4
27.4
37.8
39.7
58.0
60.7
66.0

Material/K/[fGy mz]
C

3.46±0.81[?]
3.85±1.15[?]
3.47±0.29[?]
4.68±0.94[?]
4.00±0.10[?]
4.10±0.37[?]
4.10±0.10[?]
4.80±0.90[?]
5.60±0.20[?]
5.00±0.90[?]

N

3.00±0.20[?]

4.20±0.10[?]

6.10±0.60[?]

O
2.01±0.54[?]
2.58±0.86[?]

2.30±0.10[?]

3.00±0.20[?]

5.10±0.50[?]

Mg

2.20±0.40[?]

Al Si Fe

1.75±0.35[?]

A-150
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Partial kerma factor values or cross sections for elastic and inelastic scattering
from discrete states in the energy range 10-40 MeV have recently been published by
Borker et al. (1988) 6-14 MeV; Glasgow et al. (1976) 9-15 MeV; Olsson et al. (1989a,
1989b) 16-22 MeV; and Meigooni et al. (1984, 1985) 21-26 MeV and also at 40 MeV
with data from DeVito (1979). For elastic scattering the data agree quite well with
existing evaluations (ENDF/B-VI, 1990) up to about 20 MeV, while for inelastic scat-
tering, especially from the higher excited states, the discrepancies are considerable.

Based on the available experimental measurements and the results of model cal-
culations, we have evaluated the total kerma factor for carbon, for energies between 10
and 70 MeV. Based upon the thresholds of reactions on carbon, their probable cross
sections, and numerous modeling calculations, we consider it likely that the kerma
factor measured by Brady at the highest energy point (60.7 MeV) is too high. Our
evaluation, shown in Figure 27, agrees well with the measurements by Schrewe (1992).
We have assigned ±8% as the minimum uncertainty in the recommended kerma factor
up to neutron energies of 50 MeV. By minimum uncertainty, we mean that given the
current database, no realistic uncertainty less than ±8% can be assigned to the rec-
ommended value. Above 50 MeV we have assigned a minimum uncertainty of ±16%
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 model calculations. Table XVII gives the recommended
values of the carbon kerma factor as a function of neutron energy from 10 to 70 MeV.
Further details can be found in the paper by White et. al. (1992) .
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Figure 27: Recommended carbon kerma factor values as a function of incident neutron
energy from 10 to 70 MeV. See Fig. 26 for key to experimental measurements.
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Table XVII: Recommended neutron kerma factor for carbon. The table is designed
for linear-linear interpolation. The minimum uncertainty (see text) is ±8% below 50
MeV and ± 16% above 50 MeV.

En (MeV) Ky (i
10.0
12.1
19.5
23.1
30.1
70.0

Gy.mMO-15)
1.20
1.75
3.12
3.51
3.86
5.14

6.7.2 Nitrogen

Nitrogen is a small fraction of tissue composition, see Table X, and contributes min-
imally to the kerma in tissue. The only measured kerma factors are the partial
kerma factor determinations of Brady and Romero (1979) which are summarized
in Table XVI, and compared to values deduced from microscopic cross sections in
Figure 28.

In addition, partial kerma factors for elastic and inelastic scattering have recently
been published by Islam et al. (1988) 20 and 25 MeV and by Olsson et al. (1990a,
1990b) 21.6 MeV.
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Figure 28: Measured nitrogen kerma factor values plotted versus neutron energy. Kerma
factor values based on evaluated microscopic cross sections (Caswell et al., 1980), are also
shown.
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6.7.3 Oxygen and the Carbon-to-Oxygen Kerma Ratio

Next to hydrogen, oxygen is the most important element contributing to tissue kerma.
As mentioned above, knowledge of the oxygen-to-carbon kerma factor ratio is es-
sential for conversion of measured dose in tissue-mimicking materials to absorbed
dose in tissue. Integral kerma factor determinations were made using matched ZrC>2
and Zr proportional counters (DeLuca et a/., 1988; Hartmann, 1990). Brady and
Romero (1979) deduced kerma factors from partial charged particle production cross
section measurements above 25 MeV. Table XVI summarizes these kerma factor val-

ues.
Figure 29 plots measured kerma factors as well as values based upon microscopic

cross sections (Caswell et a!., 1980; Howerton, (1986)) and nuclear model calculations
(Behrooz and Watt, 1981; Alsmiller and Barish, 1977; Dimbylow, 1980; Wells, 1979).
As was the case for carbon, measured values for oxygen are for the most part less
than values calculated from microscopic cross sections. The model predictions show
differences of 10-30%.
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Figure 29: Measured oxygen kerma factor values plotted versus neutron energy. Also plot-
ted are values based on evaluated microscopic cross sections and nuclear model calculations.
See text for references to these results.
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Recently measured partial kerma factors for elastic and inelastic scattering up to
26 MeV have been published by Borker et al. (1988), 6-15 MeV; Islam et al. (1987,
1988), 18-26 MeV; and Olsson et al. (1990a, 1990b), 21.6 MeV.

Based on the available experimental measurements and the results of model cal-
culations shown in Figure 29 we have evaluated the total kerma factor for oxygen, for
energies between 10 and 70 MeV. Since the experimental database for oxygen is so
limited, the uncertainties in the total kerma factor are much larger than for carbon.
Figure 30 shows our recommended values for the 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 measurement of Brady is high. We based this belief
upon knowledge of thresholds of reactions, the systematics of cross sections for these
reactions, several model calculations, and the fact that the same energy point for
Brady's carbon value is higher than the Schrewe measurements. However, it is the only
experimental point available at this high energy and, until further measurements are
carried out, must fall within the minimum uncertainty estimates on our recommended
values. Values of the recommended kerma factors for oxygen are given in Table XVIII.
Further details can be found in the paper by White et. al. (1992) .

In Figure 31 we plot the recommended carbon-to-oxygen kerma ratio for neutrons
from 10 to 70 MeV. The corresponding numerical values are given in Table XIX.
These values can be interpolated linearly to obtain the kerma factor ratio at ener-
gies other than those listed. Because the recommended carbon and oxygen kerma
values each had two (non-overlapping) regions where the minimum assigned uncer-
tainty changed, the recommended ratio has three regions of differing uncertainties, as
indicated in Figure 31. Because Brady (1979) and Hartmann (1992) each measured
carbon and oxygen at the same energies, Figure 31 includes their ratios with their
corresponding uncertainties. Also plotted is the ratio of DeLuca's (1985) carbon mea-
surement at 14.9 MeV to his (1988) measurement of oxygen at 15 MeV. DeLuca's
(1988) measurements of oxygen at 17.5 and 18.1 MeV were interpolated linearly and
used with his carbon measurement (1986) at 17.8 MeV to obtain the ratio point at
17.8 MeV. DeLuca's (1986) measurement of carbon at 19.8 MeV was used with his
(1988) oxygen measurement at 19.1 MeV and plotted as 19.45 MeV. These ratio data
are plotted in Figure 31 for informational purposes only and were not used to deter-
mine the recommended carbon-to-oxygen kerma ratios, the recommended ratio was
determined from the separate evaluations of carbon and oxygen.

The purpose of this carbon-to-oxygen ratio evaluation is two-fold: (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 uncertainty 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 where further
measurements are needed.
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Figure 30: Recommended oxygen kerma factor values as a function of incident neutron
energy from 10 to 70 MeV. See Fig. 31 for key to experimental measurements.

2.5

• Brady (13)
A DeLuca (23,24,25)
X Hartmann(40)

Recommended ratio

±17% is the minimum
uncertainty for the
recommended ratio
from 10 to 30 MeV

o.o
10

±22% is the minimum
uncertainty from
30 to SO UeV

±26% is the minimum
uncertainty from
50 to 70 MeV

20 30 40 50
Neutron energy (MeV)

60 70

Figure 31: Recommended carbon-to-oxygen kerma factor ratio from 10 to 70 MeV with
the ratios of specific data included. See text for details.
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Table XVIII: Recommended neutron kerma factor for oxygen. The table is designed
for linear-linear interpolation. The minimum uncertainty (see text) is ±15% below
30 MeV and ± 20% above 30 MeV.

En (MeV)
10.0
13.2
15.8
18.9
22.5
30.5
40.7
70.0

K, (Gy.mMO-15)
0.70
1.28
1.67
1.99
2.19
2.42
3.03
4.91

Table XIX: 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 50 MeV.

En (MeV)
10.0
14.6
17.3
26.1
30.9
46.0
61.5
70.0

Ratio
1.72
1.47
1.49
1.62
1.60
1.30
1.12
1.05

6.7.4 Magnesium

Integral kerma factor determinations are available below 30-MeV neutron energy using
proportional counters and ionization chambers. The measured values near 15 MeV
are in good agreement and consistent with values based on microscopic cross sections,
see Table XV and Figure 32. The single measured value at 25 MeV is somewhat larger
than the predictions of Dimbylow, (1982), and significantly greater than that based
on microscopic cross sections (C as well et a/., 1980).

6.7.5 Aluminum

As was the case for magnesium, integral aluminum kerma factor determinations were
made below 30-MeV neutron energy using low pressure proportional counters and
values are reported in Table XVI. Kerma factor values deduced from microscopic
cross-section information (Caswell et a/., 1980) indicate a trend opposite to the only
model calculation of Dimbylow (1982). Measurements near 15 MeV are in good agree-
ment, while those at higher energies are more consistent with the model predictions
of Dimbylow. Figure 33 plots measured and calculated values versus neutron energy.

6.7.6 Silicon

Several integral kerma factor determinations have been made using proportional coun-
ters in the 15 to 25 MeV neutron energy range (DeLuca et a/., 1988; Hartmann, 1990).
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Figure 32: Measured magnesium kerma factor values plotted versus neutron energy. Also
shown are values based on evaluated microscopic cross sections (Caswell et al., 1980) and
the model calculation of Dimbyiow (1982).
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Figure 33: Measured aluminum kerma factor values plotted versus neutron energy. Also
shown are values based on evaluated microscopic cross sections (Caswell et al., 1980) and
the model calculation of Dimbylow (1982).
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Tables XV and XVI indicate these values, which are also plotted in Figure 34 along
with tabulated values based upon microscopic cross-section information (Caswell et
al, 1980).

6.7.7 Calcium

Elastic and inelastic scattering partial kerma factors for four energies in the range
20-26 MeV have been determined by Islam et al. (1988) and at 21.6 MeV by Olsson
et al. (1987, 1990a). Partial kerma factors for elastic scattering at 30 and 40 MeV
have been deduced by Islam et al. (1988) from data measured by DeVito, (1979).

6.7.8 Iron

Very little experimental information is available for iron. Wuu and Milavickas (1960)
and Goldberg et al. (1978) made integral determinations near 15 MeV using low
pressure proportional counters and ionization chambers, respectively. These values
are indicated in Table XV and plotted in Figure 35. Also plotted are values based on
microscopic cross-section information (Caswell et al., 1980). For iron the experimental
and calculated values are in agreement.

6.7.9 A-150 Tissue Equivalent Plastic

A-150 tissue equivalent plastic is commonly employed in ionization chamber con-
struction for devices used in neutron dosimetry. Neutron tissue dose is deduced by
converting the response in the A-150 instrument to tissue, usually by the ratio of
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Figure 34: Measured silicon kerma factor values plotted versus neutron energy. Also shown
are values based on evaluated microscopic cross sections (Caswell et al., 1980).
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collision kerma factors for tissue-to-A-150. In a manner similar to other integral ion-
ization measurements, A-150 kerma factors have been determined. Table XV lists
the available measured values. Menzel et al. (1984); Wuu and Milavikas (1960);
and Binns and Hough (1990) employed spherical A-150 plastic proportional coun-
ters, while Schell et al. (1990) used a hemispherical A-150-walled counter telescope
to deduce A-150 kerma. A-150 kerma factor values, along with those calculated from
microscopic cross-section information are plotted in Figure 36. With the exception
of the value reported by Binns and Hough (1990), measured values are in agreement.
As the A-150 kerma is dominated by hydrogen, 10.2% by mass fraction and « 70% by
kerma factor, uncertainties due to the carbon kerma factor contribution are obscured.
Hence, the agreement between measured and microscopic-based kerma factors is not
unexpected.
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Figure 35: Measured iron kerma factor values plotted versus neutron energy. Also shown
are values based on evaluated microscopic cross sections (Caswell et al., 1980).
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7 Absorbed Dose and Radiation Quality

7.1 Introduction

In radiation therapy of malignant tumors, the prescription of doses to the tumor itself
("gross tumor volume"), the doses delivered to the normal tissue and the related
treatment planning are based on the quantity absorbed dose. This quantity has
proven to be suitable in photon and electron radiation therapy because the biological
effects observed in radiobiological experiments and in clinical experience are uniquely
related to absorbed dose (for a given time pattern or "fractionation"). Reporting and
recording of radiation treatments, and therefore the transfer of clinical experience,
are based entirely on absorbed dose and its distribution within malignant and normal
tissue.

The dose prescription is based on such clinical experience and for curative treat-
ment, i.e. the intended eradication of all clonogenic tumor cells, the absorbed dose
must exceed a certain limit over the entire clinical target volume. The maximum dose
which can be delivered to a given tumor depends on the dose received by so called
organs at risk or, more generally, on the tolerance of the irradiated normal tissue. The
probability of local tumor control depends on this maximum dose and the uniformity
of the absorbed dose within the clinical target volume. Treatment planning is used
in order to optimize the beam arrangement with regard to these two aspects.

The requirement of high accuracy in the delivery of absorbed dose to the clin-
ical target volume is determined by the steepness of the dose-response curves for
tumor control and complications in normal tissues (see Figure 37). With respect
to the quality control of therapeutic irradiations, it also includes the requirement of
reproducibility.

All these considerations based on experience in photon radiation therapy are also
applicable in principle to neutron radiation therapy. However, there are additional as-
pects to be taken into account. The particular problems of clinical neutron dosimetry
with regard to the requirement of basic nuclear data have been addressed in preceding
sections, and the more practical problems of clinical neutron dosimetry are discussed
in length in ICRU Report 45 (1989).

In this section, the role of radiation quality for neutron radiation therapy is sum-
marized. In contrast to photons (above several 100 keV), neutrons do not produce
the same biological effect for a given absorbed dose. The effectiveness of the radia-
tion depends on the energy (spectrum) of the neutrons, and on the fraction of dose
due to gamma rays in a given beam. This phenomenon is usually described by the
beam radiation quality. It is generally accepted that radiation quality is related to
the microscopic pattern of the discontinuously distributed points of interactions and
interaction products along the path of charged particles on a molecular and cellu-
lar level. The investigation of these patterns and their relevance for the subsequent
chemical and biological processes is the subject of the field of microdosimetry (ICRU,
1983).

7.1.1 The Microdosimetric Approach

In phenomenological terms, biological effectiveness, example expressed as RBE, in-
creases with the LET of a charged particle or its ionization density within its track
up to a maximum above which the RBE decreases again. This decrease is generally
attributed to saturation effects. In spite of considerable progress in microdosime-
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Figure 37: Dose-effect relationships for tumor control (solid line) and normal tissue compli-
cations (dashed line) after photon (triangle) and neutron (circle) irradiations. The steepness
of the curves is similar for both radiation qualities implying that the same level of accuracy
is required for dose delivery. Modified from Batterman et al. (1981).

try and radiation biology, it has not been possible to derive principal or generally
accepted quantities and concepts to account quantitatively for radiation quality. In
practical situations, therefore, pragmatic solutions using empirical procedures have to
be established. In radiation protection, the introduction of a quality factor, defined in
dependence of LET, and the quantity dose equivalent, defined as product of absorbed
dose and quality factor, is a practicable approach. This approach, however, cannot be
transferred to high-LET radiation therapy because of the very much higher accuracy
requirements.

The neutron beams used by various therapy centres are of widely differing ener-
gies and, correspondingly, variations of up to 50 percent in the RBE between different
beams have been found in radiobiological experiments (Hall and Kellerer, 1979; Zywi-
etz et al., 1982; Beauduin et al., 1989). In addition, at some facilities RBE variations
have been observed inside irradiated phantoms, in particular with increasing depth
(Zeitz et al., 1975; Gueulette et al., 1984; Bewley et al., 1989). In spite of this ra-
diobiological evidence, there is no quantitative and widely accepted specification of
radiation quality used in neutron therapy practice. The obvious discrepancy between
the accuracy requirement for absorbed dose delivery and the lack of an adequate
method for accounting for radiation quality differences and variations calls for an
urgent practical solution to this problem.
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The radiation quality problem in fast neutron therapy is composed of three dis-
tinct aspects: 1) the RBE of neutrons compared with that of photons, 2) the dif-
ference of RBE between neutron beams of different energy used at different therapy
centres and 3) the variation of radiation quality with respect to different irradiation
conditions. Historically, the first aspect has been considered as the most important
one because neutron therapy beams have relatively high RBE values (of the order of
3) compared with gamma rays because of the large reaction of absorbed dose delivered
by high-LET secondaries. The problem was investigated by means of radiobiological
experiments using various biological end-points relevant for therapy (early and late
effects in normal tissues). The second aspect is an urgent present problem of neu-
tron therapy owing to the increasing number of neutron therapy centres and to the
widely differing energies used (Wambersie et a/., 1990). The necessity arises to com-
pare clinical results and therapeutic protocols between different centres and therefore
to take into account the differences in radiation quality for the specification of the
absorbed dose delivered. The third problem was recognized very early on (Wilson
and Field, 1970). Initially, these investigations were focused on radiation quality
variations within the irradiated patient or phantoms. With the first generation of
neutron therapy facilities (mean neutron energies < 10 MeV) the observed variations
of radiation quality and RBE were rather small, at least compared with the RBE
difference between neutrons and photons, so that ignoring the variation of radiation
quality in tissue (except taking account of variations of the gamma-dose fraction) was
considered acceptable. However, considering the accuracy requirement for dose deliv-
ery, variations in radiation quality of the order of 5 percent may not be neglected any
more and are relevant for treatment planning calculations. Furthermore, with the
new generation of high-energy neutron therapy facilities (neutron beams produced
using high-energy neutron on Be-targets), significant (5-10 percent) RBE variations
can no longer be excluded (Pihet et al, 1988; Pihet, 1989).

Although the RBE difference between photons and neutrons was initially the
main motivation for radiation quality investigations, at present priority is given to
the determination of the RBE ratio between neutron beams at different facilities.

RBE differences between 10 and 50 percent need to be taken into account for.
specifying the dose delivered, otherwise the transfer of clinical information is not
meaningful. The conversion factor used to account for RBE differences between neu-
tron therapy beams of different energies has been given the name clinical neutron
intercomparison factor (CNIF) (Wambersie and Battermann, 1985). This factor com-
pares the biological effectiveness of each neutron beam for identical conditions (same
field size, same depth, on the beam axis) with that of another neutron beam chosen
as a reference. Considering the accuracy requirement accepted in neutron therapy,
the CNIF needs to be specified with an uncertainty of not more than about 3 percent.

Figure 1 in Section 2 illustrates the relevant physical aspects for the differences
in radiation quality in terms of microdosimetric spectra between ^Co gamma rays
and neutrons and between lower energy neutrons d(14)Be, as used in the initial phase
of neutron therapy trials, and a modern high energy therapy facility p(65)Be. The
experimental method employed to determine the spectra is the use of (spherical)
low pressure proportional counters with walls made of tissue-like material and of the
same construction as those used in kerma measurements (see Section 6). The spectra
represent the distributions of energy deposited by single (secondary) charged particles
when traversing the counter gas cavity. The gas pressure is chosen to "simulate" a
sphere diameter of 2 /zm of tissue, i.e. the energy loss of charged particles traversing
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the cavity along its diameter corresponds to that over a distance of 2 /xm in tissue. The
microdosimetric quantity lineal energy, y, (ICRU, 1983) is used to express the energy
imparted to the mass of the gas. It is defined as the quotient of the energy imparted
by single charged particles and 2/3 of the diameter of the spherical counter (= mean
chord length). The energy imparted is correlated to the LET of the particles and
the actual chord length and is influenced by energy loss straggling and other factors.
For the range of energies of interest in neutron therapy, lineal energy spectra can be
taken as an approximation for LET distributions.

The shape of microdosimetric spectra for neutrons is related to the types and en-
ergy spectra of the charged particles released in neutron interactions with the tissue-
like detector material. The distributions extend over a large range of y reflecting the
complexity of the secondary charged particle spectra and the related LET distribu-
tions. A brief physical explanation for the spectra is given in the figure caption of
Figure 1 in Section 2.

Comparing spectra such as those in Figure 1 there is an obvious qualitative
correlation between the shape of the spectra and their respective radiation quality.
However, the quantitative specification of radiation quality for applications in neutron

radiation therapy is a very difficult task due to the accuracy requirements. This
problem has been investigated since the initial phase of neutron therapy.

Several microdosimetric studies have been carried out by different groups since
the early 1970s in close connection with the development of neutron therapy (Wilson
and Field, 1970; Oliver et ai, 1975; Bridier and Fache, 1975; Menzel et al., 1976;
Amols et a/., 1977; Heintz et al., 1977; Weaver et ai, 1977; Menzel and Schuhmacher,
1981; Booz and Fidorra, 1981; Zywietz et ai, 1982; Beach and Milavickas, 1982;
Menzel, 1984; Waker and Maughan, 1986; Stinchcomb et ai, 1986; Stafford et ai,
1987; Binns and Hough, 1988; Schmidt and Hess, 1988; Pihet et ai, 1988; Pihet,
1989; Kliauga et ai, 1990; Pihet et ai, 1990). These studies were aimed at the
investigation of changes in radiation quality between different neutron therapy beams
and for a given beam between different irradiation conditions. Figures 38 through 42
show typical examples of the results obtained from these investigations.

• Comparison of the dose distributions in lineal energy measured in similar con-
ditions for neutron beams of different energies at various therapy facilities (Fig-
ures 38, 39).

• Comparison of microdosimetric spectra obtained in a neutron beam with a given
energy, at different depths in a phantom, on the axis of a standard 10 cm x 10 cm
field (Figure 40).

• Comparison of microdosimetric spectra obtained in a neutron beam with a given
energy, at the same depth in the phantom, on the beam axis and for different
field sizes (Figure 41).

• Comparison of microdosimetric spectra obtained in a neutron beam with a given
energy, outside the geometrical beam, and by using collimators made of different
materials (Figure 42).
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Figure 38: Comparison of microdosimetric distributions measured in the same conditions
at three different neutron facilities for four different neutron therapy beams (Menzel and
Schuhmacher, 1981).
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Figure 39: Microdosimetric intercomparison of neutron therapy beams at European fa-
cilities sponsored by the EORTC. Comparison of the lineal energy spectra obtained for a
low-energy neutron beam and for two beams of the new generation (high-energy proton on
Be-targets) neutron beams is shown. Modified from Pihet et al. (1988).
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Figure 40: EORTC microdosimetric intercomparison showing comparison of microdosimet-
ric spectra measured at different depths in a phantom on the axis of the p(65)Be neutron
therapy beam used at Louvain-la-Neuve (Pihet, 1989).
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Figure 41: EORTC microdosimetric intercomparison showing comparison of microdosi-
metric spectra measured for the 14 MeV D-T neutron beam in Heidelberg for different field
sizes (Pihet, 1989).
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These examples illustrate the potential of the microdosimetric approach to ac-
count implicitly for any factor related to the current clinical practice that may influ-
ence radiation quality.

7.1.2 One Parameter Specification of Radiation Quality

In order to solve the problem of specifying radiation quality in neutron therapy it
would be useful to identify a parameter with a relative variation similar to that of
RBE. It would then be necessary to prove that such a parameter can be determined
with sufficiently low uncertainty. Using microdosimetric data, such a method is well
known and consists of deriving mean values from weighted dose distributions in lin-
eal energy. This solution was recognized in earlier studies when the microdosimetric
parameter y was used, y is calculated according to Kellerer and Rossi (1972) by
weighting the dose distribution in lineal energy with a function (Figure 43) represent-
ing the variation of RBE with lineal energy, i.e. taking the variation of RBE with
LET into account (ICRU, 1983; Menzel, 1984):

y" = y,at{y) x d{y) x dy (8)

Phenomenologically, the calculation of y" illustrates the general solution of the
problem, i.e. a reasonably good correlation is found between y" and RBE as a func-
tion of neutron energy for some biological endpoints (Pihet et ai, 1988). However,
the accuracy achievable in specifying radiation quality using y" (with a fixed weight-
ing function ysat) for neutron therapy is rather low, i.e. the ratio of y" values for
two different neutron beams may deviate distinctly from their RBE ratio. It is well
known that the RBE versus LET curve critically depends on the level of effect and
on the biological system (Barendsen, 1964; Cox et ai, 1977). In order to increase the
accuracy on the weighted mean parameter, an adjustment of the biological weighting
function used is therefore needed. This approach became possible recently by using
the results of the microdosimetric intercomparison of European therapy facilities cur-
rently carried out by the Heavy Particle Therapy Group of the EORTC (European
Organization on Research and Treatment of Cancer).

The problem of specifying the radiation quality for a neutron beam with a given
energy compared with that of another neutron beam chosen as a reference may be
solved by optimizing a weighting function r(y) so that the integral R:

R = r(y) x d(y) x dy, (9)

reproduces the RBE ratio between the two neutron beams (Pihet et al., 1990). This
approach only assumes a correlation between the RBE of a given neutron beam and
the shape of its microdosimetric dose distribution. It does not require further assump-
tion regarding the biophysical meaning of the energy actually deposited in the side.
However, the secondary particles are identified here by their lineal energy instead of
their type and energy, which is expected to be more relevant for radiation quality
specification.

The specification of radiation quality for neutron therapy beams requires that the
parameter R is determined with an uncertainty of about 3 percent. The crucial prob-
lem therefore remains how accurately can the weighting function r(y) be optimized
in order to fulfill this requirement. During the 1980s, biological intercomparisons of
neutron therapy facilities were limited most often to two neutron beams of different
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Figure 43: (Bottom) RBE values for mammalian cell survival as a function of LET
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microdosimetric parameter y' is similar to the RBE versus LET curve (see text). It is
compared with the dose distribution in lineal energy for p(65)+Be neutrons at Louvain-la-
Neuve.
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energy, e.g., Zywietz et al. (1982), Gueulette et al. (1984), Joiner and Field (1988).
More recently, systematic biological intercomparisons of neutron therapy beams in the
energy range between d(14)Be and p(65)Be became available (Beauduin et al., 1989).
At the same time, a microdosimetric intercomparison carried out by the EORTC en-
abled the measurement of the microdosimetric characteristics for 14 different neutron
beams including those used in the biological experiments (Pihet et al., 1988). By
using the microdosimetric spectra and the RBE ratios determined for the same neu-
tron beams as input data, the weighting function r(y) could be optimized numerically
by an iterative procedure. This unfolding method has been applied several times in
microdosimetry to evaluate empirically biological weighting functions (Varma and
Bond, 1982; Zaider and Brenner, 1985). Assuming an initial guess function, the pa-
rameters of the function r(y) are optimized by successive iterations (see Equation 9)
in order to match the calculated parameter type R and the experimental RBE ratio
for each neutron beam. The main limitations of this approach are the energy range,
the biological end-point and the dose level for the RBE values used as input data.

This calculation could be performed using the data for nine neutron beams of
different energies ranging from d(4)Be to p(65)Be (Pihet et al., 1990). The optimized
weighting functions found by using two different series of RBE ratios are shown in
Figure 44. Their shapes are similar to that of the RBE versus LET curves. The
effect of the weighting function on the dose distribution in lineal energy is shown in
Figure 44 for p(65)Be neutrons. The integral of the weighted dose distribution, R,
gives an estimate of the RBE of the beam. In the case of p(65)Be neutrons, this
At the same time, a microdosimetric intercomparison carried out by the EORTC en-
abled the measurement of the microdosimetric characteristics for 14 different neutron
beams including those used in the biological experiments (Pihet et al., 1988). By
using the microdosimetric spectra and the RBE ratios determined for the same neu-
tron beams as input data, the weighting function r(y) could be optimized numerically
by an iterative procedure. This unfolding method has been applied several times in
microdosimetry to evaluate empirically biological weighting functions (Varma and
Bond, 1982; Zaider and Brenner, 1985). Assuming an initial guess function, the pa-
rameters of the function r(y) are optimized by successive iterations (see Equation 9)
in order to match the calculated parameter type R and the experimental RBE ratio
for each neutron beam. The main limitations of this approach are the energy range,
the biological end-point and the dose level for the RBE values used as input data.

This calculation could be performed using the data for nine neutron beams of
different energies ranging from d(4)Be to p(65)Be (Pihet et al., 1990). The optimized
weighting functions found by using two different series of RBE ratios are shown in
Figure 44. Their shapes are similar to that of the RBE versus LET curves. The
effect of the weighting function on the dose distribution in lineal energy is shown in
Figure 44 for p(65)Be neutrons. The integral of the weighted dose distribution, R,
gives an estimate of the RBE of the beam. In the case of p(65)Be neutrons, this
integral is equal to 1 as this neutron beam was taken as reference radiation according
to the biological experiments (RBE ratio=l).

A statistical analysis of the uncertainty of the parameter R as compared to the
experimental RBE values showed that an overall uncertainty of 3% (1 standard de-
viation) can be obtained (Menzel et al., 1990). This proves that the combined mi-
crodosimetric and radiobiological approach can fulfill the accuracy requirements of
radiation therapy in principle. However, there is a profound lack of systematic ra-
diobiological results for malignant tissues and early and late effects in normal tissues
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with an adequate characterization of the radiation field, which could be used for this
procedure.

In practice, very pragmatic and unsatisfactory solutions to the problem of radia-
tion quality are in use at present. They rely strongly on the clinical judgment of the
involved radio-oncologists. As a kind of minimum requirement for radiation quality
specification, it has been suggested to use the beam penetration expressed as half
value thickness, HVT, measured in well-defined reference conditions. The justifica-
tion for this approach can be derived from Figure 44 where RBE ratios are plotted
against HVT. This approach is an improvement on current practice. However, it
does not meet the accuracy requirements and does not account for variations of RBE
within the patient or due to variation in radiation geometry.

7.1.3 Variance of Absorbed Dose at Cellular Level

The difference in radiation quality between neutrons and photons has also conse-
quences with regard to the uniformity of absorbed dose in volumes of the size of
biological cells or cell nuclei. The average 1-2 orders of magnitude larger energy
deposition for neutrons per traversal of a charged particle means that at a given
(macroscopic) absorbed dose the frequency of energy deposition events in microscopic
volumes is 1-2 orders of magnitude lower for neutrons than for photons. As a con-
sequence, the variance of absorbed dose in such small volumes is considerably larger
for neutrons than for photons. It can be calculated on the basis of microdosmetric
data (Lindborg and Brahme, 1990) that the relative standard deviation of energy
depositions is in volumes with a diameter of 1 /im; 86% for 14-MeV neutrons and 8%
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Figure 44: Biological weighting functions obtained numerically by unfolding calculation
using RBE ratios and microdosimetric distributions obtained for the same neutron beams
as experimental input data. The functions depend on the biological system and the dose
level corresponding to the input RBE values. The curves are compared with the function
y«at(y) used for the calculation of y" (Pihet et al., 1990).
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for 60Co gamma rays. For a diameter of 4 fim the respective standard deviations are
20% and 1.5%. For this calculation a total dose of 22-Gy neutrons and 60-Gy gamma
rays was assumed. Lindborg and Brahme (1990) addressed this to-date ignored prob-
lem of high-LET radiation therapy in the light of the general requirement of dose
uniformity and dose-effect curves for cell killing. They concluded that a combination
of photons and neutron therapy may be advantageous in order to achieve a better
dose uniformity and improved tumor control.
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