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NEUTRON DOSIMETRY WITH DETECTORS OF FINITE SIZE

II. Experiments and calculations
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Abstract

In a previous article a theory for detector response in fields of
fast neutrons was presented. In the present paper this theory is
subjected to experimental tests. For detectors of sizes compara-
ble to the ranges of the neutron produced charged particles the
theory predicts the variation of the detector response with detec-
tor size and elemental composition of the detector. A tissue-
equivalent ionization chamber exposed to a field of 252Cf neu-
trons was used in the experimental tests of the theory. The size
dependence of the response was investigated by varying the
chamber gas pressure and the effects of different elemental com-
positions (mainly hydrogen content) was investigated by using
different gases in the chamber (H,, CH,, TE-gas N,, Air, CO,,
and Ar). The theory was evaluated both by using chord length
distributions to characterize the chamber cavity and with a sim-
plified version using a single mean chord lenght. The agreement
between theory and experiment is generally good.

Key words: Neutron dosimetry, finite size detectors, experi-
mental.

In a previous report (12) a theory for detectors in neu-
tron fields was presented. Throughout that article the
detector refers to the sensitive volume of the instrument
only. The theory was developed for the case of convex
detectors exposed to a uniform isotropic field of neutrons.
In the present paper the theory is subjected to experimen-
tal examination using a tissue equivalent ionization cham-
ber exposed to fission neutrons from a 2>2Cf source.

Theory predicts that for both very large and very small
detectors the specific ionization is constant. It is in the
region between these two extremes that the theory pre-
dicts the specific ionization varies with detector size and
this is the region where the most rigorous test of theory
may be applied. The dependence of the response of the
ionization chamber on cavity size has been studied by
varying the gas pressure. The size of the chamber was

deliberately chosen to cover this intermediate region.
Thus most of the charged particles produced in the cham-
ber wall are stopped in the gas at atmospheric pressure,
but at the lowest pressures most recoil protons from the
wall would cross the chamber. Theory also predicts differ-
ences in the ionization chamber response with different
atomic composition of the wall and of the gas. A second
test of theory has been applied by varying the gas in the
chamber. Energy deposition and hence ionization is domi-
nated by the hydrogen content. Therefore gases with dif-
ferent hydrogen components and gases with no hydrogen
were employed to test the theory.

The experimental results are compared with theoretical
calculations for different cavity shapes and with simplifi-
cations of the theory.

Experiment

The experiments were carried out with an ionization
chamber with tissue-equivalent (A-150) walls, Landis and
Gyr type EQN1, placed in air with its centre at a distance
of 50 cm from the 2°2Cf source. The shape of the cham-
ber, which is shown in Fig. 1, can be described as two half
spheres joined by a cylindrical part. The thickness of the
chamber wall was 7 mm, which exceeds the range of the
most penetrating charged particles produced by the neu-
trons used in these experiments.

The pressure of the gas in the chamber could be varied
from about 3 kPa up to atmospheric pressure. The pres-
sure was reduced by a rotary oil pump, stabilised by a gas
reservoir in series with the ionization chamber. The pres-
sure was measured by an open mercury manometer in the
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Fig. 1. Tissue-equivalent ionization chamber (Landis and Gyr,
type EQN1) which can be operated with different gases at pres-
sures up to atmospheric pressure.

A-150

pressure range from 45 to 100 kPa and by a closed mer-
cury manometer below 45 kPa. The gases used were
hydrogen, nitrogen, argon, methane, carbon dioxide, air
and methane based tissue-equivalent (TE) gas (16).

The ionization was measured with a Vibron 33C elec-
trometer. The measured ionization was corrected for
pressure and temperature variations. The collecting volt-
age was kept at such a level that the recombination was
less than 2 per cent.

The #2Cf (Amersham) source gave 2.3 10° neutrons
per second. The neutron beam was contaminated with y-
rays, which means that the contribution to the mass ion-
ization from y-rays had to be subtracted to yield the mass
ionization due to neutrons only. The ratio of neutron to
photon fluence emitted from the source was 0.177 accord-
ing to the Amersham data sheet. The photon corrections
will be described more in detail in the next section.

Photon corrections

The ratio of mass ionization of photons to neutrons
J T, is given by

J, Dy, DJDy), W,

y_Tmly TdTTmly 0
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where D,, is the equilibrium dose in the chamber wall,
Dy/D,, is the detector to medium dose ratio defined in
part I (12) and W is the average energy expended in the
gas to form an ion pair. The subscripts y and n refer to
photons and neutrons, respectively.

(Dp), is calculated by integrating the product of the
differential énergy fluence of photons and the mass energy
absorption coefficient over all photon energies. The ener-
gy spectrum of the y-rays emitted from the 252Cf source is
given by ICRU (8). As the mean y-ray energy is 0.8 MeV
most of the electrons emitted from the chamber wall will
cross the chamber even at atmospheric pressure and
therefore the fraction of the specific ionization due to
photons was treated as constant (i. e. independent of
detector size). (Dd/Dm),, or the stopping power ratio was
evaluated by using the continuous slowing down approxi-
mation (eq. 12 in part I) to calculate the energy distribu-
tion of the electrons emitted from the wall (slowing down
spectrum). The Compton effect is the dominating photon
interaction process for the 2*Cf y-rays and was therefore
the only process considered in these calculations. The
mass stopping power data of BERGER & SELTZER (1) were
used to calculate the slowing down spectrum in the wall
material as well as the stopping power ratios. W,,-values
for the gases were taken from ICRU (9). The ratio J,/J,
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was calculated at atmospheric pressure because it was
believed to contain the smallest experimental error. Final-
ly, the specific ionization for neutrons was obtained by
subtracting the photon fraction for each gas.

Calculations

Detector shape and irradiation geometry. The geomet-
ric shape of the ionization chamber is relatively complex
and has therefore been approximated by a geometric
form, which is simpler to describe mathematically, name-
ly a sphere, a prolate spheroid and a cylinder both of
elongation 1.8. The dimensions of these geometric bodies
have been chosen such that their mean chord length, X,, is
identical to the mean chord length of the ionization cham-
ber, whichis 8.0 cm. The chord length distributions for the
sphere, the spheroid and the cylinder are shown in Fig. 2
of part I.

It should be pointed out that the experimental situation
does not fulfil the basic assumptions in the theory. The
chamber is exposed to a divergent neutron field, while the
chord length distributions in the theory have been calcu-
lated for a homogeneous, isotropic field of neutrons.

Neutron energy distribution. The energy distribution of
the 22Cf neutrons hitting the ionization chamber was not
measured. Instead, the formula similar to that given by
WarTT (18) was used in the calculations, viz.

93 = C-exp(~0.88E,) sinh \/2.0E, 2)

where E, is the neutron energy and C is a normalisation
constant.

Basic physical data for calculation of energy deposi-
tion. As was mentioned in part I the form in which the
theory is written makes it possible to introduce simplified
calculations. In this part the stopping power ratios and the
ratios D-d,i/Deq and Dy /Dy which were defined in part I
have been evaluated for the charged particles produced by
elastic scattering only, while the kerma factor ratio
K, /K., was evaluated using the kerma factors calculated
by CasweLL et coll. (3). These kerma factors include all
interaction processes of importance and give more correct
results for large detector sizes than kerma factors based
on elastic scattering only would give.

The initial spectra in A-150 and the different gases were
calculated using the elastic scattering cross section data
from the Evaluated Nuclear Data Files ENDF-B as pro-
vided by the OECD data bank (5).

The stopping power and range data of OLDENBURG &
Booz (14) were used for the calculation of charged particle
spectra and energy deposition by charged particles. Their
data cover the energy range of charged particles produced
by neutrons of energies below 6.5 MeV. The upper neu-
tron energy limit in the present dose calculation was 10
MeV and therefore the tables were extended using the
formulas given by OLDENBURG & Booz. The stopping
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power and range tables for A-150 were recalculated using
the elemental composition given by ICRU (8) which is
slightly different from the composition given by OLDEN-
BURG & Booz. For protons in Ar stopping power and
range data from JaNNI (10) were used.

W-values. A general review of data for W-values has
been published in ICRU (9). It is still difficult to find
measured W-values for all types of charged particles in the
gases used in this work. Especially for hydrogen the data
are very sparse. The value given in ICRU (9) for a-
particles was therefore used for all types of charged parti-
cles.

The W(E) data for H, C, N and O recoils given by
BicuseL & RuBacH (2) for TE-gas, CO; and air were used
in the present calculations. For F and Ca-recoils from the
chamber wall the values for O recoils were used. The
following method presented by BicHSEL & RUBACH (2) to
obtain analytic functions for W(E) was used for the gases
N>, Ar and CH,. The experimental values of W(E) were
plotted against In(E), E and 1/E. Segments in the different
plots were approximated by least square fitted straight
lines. Thus W(E) could be represented over the whole
measured energy range by simple functions of E.

For energies below the measured data logarithmic ex-
trapolations were used (cf. 6). For energies above the
measured range a constant value equal to the value ob-
tained at the highest measured energy was used. Table 1
gives the W-functions for H,, N,, Ar and CH, as well as
the references on which they are based.

The homogeneous case

According to Fano’s theorem when medium and detec-
tor are of identical elemental composition, a theory for
detector response should give a detector to medium dose
ratio, which is independent of detector size. This homoge-
neous case was simulated by calculating the detector to
medium dose ratio, Dg/Dnm, (eq. 24 in part I) for a spheri-
cal detector filled with a gas of the same atomic composi-
tion as A-150 plastic and situated in a A-150 medium
exposed to 22Cf neutrons. The results are shown in Fig.
2 where the detector to medium dose ratio is plotted
versus detector size, which here is expressed in terms of
mean chord length, Xﬂ, of the detector.

In Fig. 2 are also indicated the dose contributions from
internal and external particles as well as the contributions
from each type of charged particle recoil. The contribu-
tions from external and internal particles compensate so
that the dose in the detector is constant independent of
detector size. It can also be seen that this is the case for
each type of charged particle. The effects of charged
particle range is clearly demonstrated here. The cross
over point, where the contributions from external and
internal particles are identical occurs for protons at a
detector size, which is about 100 times larger than for
calcium recoils.
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Table 1

Average energy expended per ion pair formed in different gases

Gas Ion W(E) Energy range Reference
€eV) (MeV)
Methane H* W(E)=30.0 All energies 13
c* W(E)=—12.37 In E+13.9 <0.07
W(E)=0.805 1/E+35.5 0.07—0.23 13
W(E)=39.0 >0.23
N* as C* _
o+ W(E)=14.24 In E+13.7 <0.075
W(E)=0.924 1/E+38.9 0.075-0.4 13
W(E)=41 >0.4
F* as O% _
Ca™ as Ot _
Nitrogen H* W(E)=9.7 E+34.4 <0.23 13
W(E)=36.5 =0.23 9
(O as N* -
N7 W(E)=—28.7 In E-27.8 <0.05 i1, 13
W(E)=0.927 1/E+40.3 =20.05 11, 13
o~ W(E)=-30.0 In E-26.7 <0.05 11, 13
W(E)=1.14 1/E+41.6 =0.05
F* as OF -
Ca* as O* _
Ar H* W(E)=27.1 All energies 4,15
c* W(E)=—42.0 In E-99.7 <0.025 15
W(E)=0.543 1/E+33.5 0.025-0.05 15
W(E)=1.192 1/E+21.6 0.05-0.17 15
W(E)=—6.94 E+29.7 0.17-0.6
W(E)=25 >0.6
N~ W(E)=—42.0 In E-96.1 <0.02 15
W(E)=0.748 1/E+32.3 0.02-0.05 il
W(E)=1.34 1/E+20.6 0.05-0.17
W(E)=-6.94 E+29.7 0.17-0.6
W(E)=25 >0.6
o~ W(E)=—42.0 In E-84.9 <0.025 15
W(E)=1.01 /E+30.3 0.025-0.045 11
W(E)=1.28 1/E+23.8 0.045-0.17
W(E)=—11.32 E+33.0 0.17-0.5
W(E)=27.0 >0.5
F* as O+ . _
Ar* W(E)=-29.36 In E—17.5 0.035 4,15
W(E)=—17.2 In E+23.6 0.035-0.33
W(E)=42 >0.33
Ca™ as Ar* -
Hydrogen H* W(E)=36.4 All energies 9
all
other as H* - -

For the TE-gas used in the chamber (and for all other
gases) the match between the atomic composition of the
gas and the wall was not perfect. Therefore the particle
types do not compensate and there is some size depen-
dence of the response.

Results and Discussion

The experimental results from the ionization chamber
measurements with the different gases are shown in Fig. 3

together with the curves calculated for a spherical cham-
ber. The experimental points for all gases have been
normalized to the calculated value for TE-gas at atmo-
spheric pressure. TE-gas was chosen as reference gas
because it is a gas used in standard dosimetry and the
stopping power and W-data are probably less uncertain
for this gas than for most other gases. It is also an advan-
tage that the chamber response with this gas varies very
little with pressure.
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Fig. 2. Dose conversion factor and fractional contributions from
external and internal charged particles as a function of detector
size for a homogeneous spherical A-150 detector. The detector

A detailed error analysis will not be presented here, but
the total error in the experimental points (+10-12 %) has
been estimated and is indicated in the figures. The main
sources of error are lack of saturation in the ion collec-
tion, errors in chamber gas pressure readings, especially
at low pressures and also errors in the separation of mass
ionization from photons and neutrons. The latter error is
estimated to contribute by approximately 50 per cent to
the total error. Uncertainties of the same order also arise
in the theoretic calculations from the basic physical data
selected and possibly also from neglecting any neutrons
scattered in the room.

The agreement between theory and experiment is gen-
erally fair. The dependence of the specific ionization on
cavity size (gas pressure) has been clearly demonstrated.
This conflicts with the independence predicted by the
earliest cavity theory for neutrons (7) but concurs with the
dependence predicted by the present theory and other
more recent theoretical treatments (e.g. 17). Furthermore,
the direction of that dependence for different cavity gases
has been correctly predicted.

Both hydrogen and methane have a larger hydrogen
content than the wall material, A-150. As the gas pressure
increases the internal proton recoils from elastic scatter-
ing in hydrogen will become more and more important and
consequently the chamber response will increase. This
can be seen in both theory and experiment, but the in-
crease in the experimental points is larger than in the

size is expressed in terms of mean chord length, X, for the
detector.

theoretical curves, especially for methane. Even for TE-
gas the experiment shows a small increase with pressure,
which is not reflected in the calculated curve.

The agreement between theory and experiment is better
for the hydrogen free gases, especially for argon and
carbon dioxide. Both theory and experiment show a de-
crease in ionization with gas pressure, which is caused by
the fact that the protons from the chamber wall are
stopped in the gas but not compensated by protons pro-
duced in the cavity. The ionization is therefore predomi-
nantly produced by protons generated in the wall. The
slope in the theoretical curves for nitrogen and air, which
is 76 per cent nitrogen, is steeper than the experiment.
This may in part be caused by the omission of the (n, p)-
reaction in nitrogen in the calculation.

For hydrogen and carbon dioxide the theoretical curves
for the cylinder of elongation 1.8 are also shown. For
cavity sizes comparable to the ranges of the charged
particles the ionization in the cylinder is larger than the
ionization in a sphere with the same mean chord length.
This is caused by the fact that the cylinder has a number
of chord lengths, which are much longer than the maxi-
mum chord length of the sphere, and a relatively large
amount of energy is deposited along these long chords.
The results for the prolate spheroid were almost identical
to those of a sphere and they are therefore not included in
the figures. The differences caused by geometric shape
are comparatively small. However, in a parallel beam of
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neutrons the differences can be larger and the directional
dependence may therefore not be negligible.

The results of calculations with the simplified model
using a single mean chord length for the external particles
are also shown in Fig. 3 for hydrogen and carbon dioxide.
The difference between the curves calculated with this
simplified model and the curves obtained with distribu-
tions for sphere and cylinder is small, indicating that this
simplification is a useful approximation.

In Table 2 the dependence of the specific ionization of
the gas in the cavity is compared for theory and experi-
ment. Both the theoretical and the experimental values
have been normalized on the values for tissue equivalent
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Fig. 3. Experimental and calculated relative ionization per unit
mass (in units of (D¢/D,./)W,) as a function of gas pressure in the
ionization chamber.

Table 2

Comparison of experimental measurements and theoretical cal-
culations of the specific ionization in different gases

Pressure 6.7 kPa 101.3 kPa
Theory Experiment Theory Experiment

TE 1.00 1.00 1.00 1.00
Air 0.657 0.676 0.385 0.357
Ar 0.529 0.502 0.251 0.222
N, 0.632 0.663 0.399 0.373
CO, 0.646 0.608 0.283 0.248
H, 2.82 2.43 3.54 4.18
CH, 1.46 1.36 1.65 2.03

gas at 6.7 kPa and at 101.3 kPa. There are two main
sources of uncertainty in this comparison, namely the
value of the average energy expended in the gas per ion
pair formed (particularly for hydrogen) and also the mag-
nitude of the photon component to be subtracted from the
ionization. The agreement between theory and experi-
ment is good for the hydrogen-free gases but differences
of about 20 per cent occur for the hydrogen-rich gases.

Conclusion

The present approach to describe energy deposition in
detectors of any size agrees for the most part with experi-
ment within the error limits, though the errors both in
experiment and theory are larger than for photon fields.
The general tendencies of the curves of ionization versus
detector size for the different chamber gases are well
explained by the theory.
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As discussed in part I (12) the mathematical form in
which the theory is expressed, enables simplifications to
be made, which may be of interest in many practical
situations.

The agreement between theory and experiment encour-
ages the application of the theory to other problems, such
as the response of other neutron detectors or to the dosi-
metry of bone in neutron fields.
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