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ABSTRACT

The evaluation of a gas mixture having an atomic
composition similar to that of A-150 TE-plastic has been
extended to a high energy neutron therapy beam. "A-150" gas,
air and methane-based TE gas were each flowed through A-150
plastic-walled ion chambers of different sizes and irradiated
with p(66)Be(49) neutrons. A tentative value for W(A-150) of
27.3 +0.5 J c™l was derived for this beam. The W value of
the A-150 gas mixture is compared to those of methane-based
TE gas and of air for the p(66)Be(49) neutron beam as well as
to corresponding wvalues found in similar experiments using

14.8 MeV monoenergetic neutrons.

KEY WORDS: gas mixture, 1ion chamber, TE gas, W, neutrons,

dosimetry.



Introduction

The use of an ionization chamber filled with a gas
having the same atomic composition as its walls would
simplify the application of Bragg-Gray cavity theory and
eliminate the cavity-size dependence of W, the mean energy
needed to form an electron-ion pair.l Various gas mixtures
that closely approximate the atomic composition of A-150

2 have been proposed by Awschalom and Attix3. Initial

plastic
measurements of the properties of one of these mixtures have
been made in ©0Co and 14.8 MeV neutron radiation fields.%
This paper presents measurements made in the p(66)Be(49)
neutron therapy beam at the Fermilab Neutron Therapy
Facility.5 Detailed discussions of the rationale and
theoretical considerations for these measurements have been

given elsewhere.?

Briefly, several different size chambers
with A-150 plastic walls were irradiated in the neutron beam
while filled with one of three different gas mixtures: air,
methane-based TE gas6 or the selected A-150 gas.3 Then, if
Bragg-Gray cavity conditions are satisfied (see appendix to
Ref. 4), the ratio of the normalized charges created by
ionization of any two gases in each chamber can be related to
the ratio of the W values for those two gases. Using the

accepted values of W for air and tissue equivalent gas, the

value of W for A-150 gas may then be obtained.



Experimental Arrangements

Many of the experimental details of this investigation

were very similar to those described in a preceding paper.4

1l. Gases and Gas Handling.
The same mixtures used in the previous investigation4 were
also used here. Some of their properties are summarized in

Table 1. The same gas handling was also used.

2. Ionization chambers.
The five ionization chambers used in the present measurements

4

were the same ones used in the previous experiment. Snugly

fitting spherical shells brought the total wall thickness of
all spherical chambers to 1.12 g cm'z, almost sufficient to
reach the depth of maximum dose.’ All chambers and buildup

caps are made out of A-150 TE-plastic. They are:

a)
Parallel plate chamber. Designed and constructed
by J. J. Spokas of Tllinois Benedictine College in
consultation with Fermilab. It has a circular
collector of 1 cm radius, plate separation of 1 mm,
total wvolume of 0.3 cm3, and a 0.5 mm entrance

window. It is embedded in a large A-150 disk.

Additional A-150 disks provided a total build-up
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thickness of 1.49 g cm™ “ in front of the chamber

and 13 g cm™2 behind it.

b)
1 cm3 spherical ionization chamber, Model IC-17,
Serial No. 356 RTG (Far West Technology, Goleta,
CA. 93017).

c)
1 cm3 spherical ionization chamber, Model IC-17,
Serial No. 193 TG (EG&G Inc., Goleta, CA. 93017).

a)
8 cm’ spherical ionization chamber. Designed and
constructed at the University of Wisconsin.

e)

80 cm3 spherical ionization chamber, EG&G Model

IC-80, Serial No. 396-8TG.

3. 1Irradiation Conditions.

The p(66)Be(49) neutron therapy beam at the Fermilab Neutron
Therapy Facility was collimated® to obtain a 36 cm diameter
field size at the positions of the chambers. Figure 1 shows
the experimental layout. Two different source-to-detector
distances were used on separate occasions. The parallel
plate chamber, one 1 cm3 chamber (#356 RTG) and the 8 cm3

chamber were irradiated 190 cm from the target. The 80 cm3



chamber and the other 1 cm3 chamber (#193 TG) were irradiated

at about 350 cm from the target.

4, Measurement Sequences.

Two different sets of measuring electronics were used, a
Keithley 602 electrometer? or a microcomputer based system
described elsewhere.l0s11 Using either system, measurements

were reproducible with a precision between +0.5% and +1.0%.

Each chamber was c¢ycled through the three available
gases, always starting and ending with air. For each set of
gas measurements, the chamber high voltage was cycled through
a standard sequence, spanning +300 V to +1000 V, starting and

ending at +600 V.

Results and Discussion

In each instance the collected charge was normalized to
the corresponding readings of the dual monitoring
transmission ionization chambers. Measurements differed only
slightly with change in polarizing voltage sign and they were

averaged before analysis.

1. Efficiency of Charge Collection.



The linear accelerator at Fermilab operates in a pulsed mode,
delivering 66 MeV protons onto a Be-target in 45 usec wide
pulses at a rate of 15 Hz. Each pulse produces a neutron
dose of approximately 0.3 mGy (1/30 rad) at 190 cm from the
target. Thus, the instantaneous dose rate 1is high, and
volume recombination of ions in the gas could be significant.
Although the ion mobility and recombination coefficients for
the gases wunder study are not well known, except for air,12
it was assumed that the drift times of the ions were such
that the formalism for pulsed beam saturation could apply.12
Using this formalism in the near-saturation approximation, a
linear relationship may be derived between 1/gq and 1/V, where

g is the collected charge for an applied potential V.

Because of the presence of high LET particles, such as
alphas and carbon and oxygen recoils, initial recombination
losses must also be considered.l3 The precise formalism
involves the Jaffé function f(x), where X is a dimensionless
parameter proportional to v2, For sufficiently large values
of x, f£(xX) becomes proportional to 1/v, and a linear
relationship between 1/q and 1/V is again predicted.12 Using
the constants derived for ionization of CO, and air by

polonium a—particles,12

and assuming tracks are formed at
random angles to the electric field, it is estimated that the
relationship is valid even for the 80 cm3 chamber at 300 V

bias.



Based on the above considerations, the inverse
normalized collected charge, 1/q, was plotted versus the
inverse polarizing voltage, 1/V, for all chambers. The
saturation charge per monitor unit was obtained from the
intercept derived by a least squares fit to the data. These
curves are shown in Fig. 2 for each chamber size and for all
three gases. 1In this figure, all charges were normalized to
the saturation values. It can be seen from Fig. 2 that the
A-150 gas has the worst saturation properties and air the
best, 1in agreement with previous results found wusing a
monochromatic 14.8 MeV neutron beam.? The different slopes
observed for the two 1 cm3 chambers may reflect the 3 to 1
difference in the dose rates at 190 cm and 350 cm from the
target. If this 1is the case, the charge collection losses
are due in part to volume recombination, since initial

recombination is independent of dose rate.1?

2. Influence of chamber size.

The ratio of the saturation-corrected charges per monitor
unit for an ionization chamber irradiated under identical
conditions with two different gases in its cavity is related
to the ratio of the Ws of the two gases. However, for
chambers not satisfying the Bragg-Gray conditions this
relation is a complicated, and usually unknown, function of
the ratios of both the mass stopping powers and the kermas of

the two gases, as shown in the appendix to Ref. 4. For very



small chambers, which satisfy Bragg-Gray conditions, the
relation is of the form:

9 _ (8/0) Wy Py (1)

Q2 (8705 Wy 0y
where Q is the normalized saturation charge, (S/p) 1is the
mass collision stopping power, p is the gas density, W is the
average energy required to produce an electron-ion pair, and
1, 2 refer to the two gases in question. For very large
chambers, however, the stopping power ratios should be
replaced by the average kerma ratios for the two gases.l As
can be seen from Table 1, there exists a much 1larger
variation in kermas than in stopping powers among the three
gases. Thus, one would expect a monotonic change in the

ionization ratios with chamber dimensions.

By extrapolating ionization ratios to infinitesimal
chamber size, Bragg-Gray conditions are satisfied and
Equation 1 can then be utilized. The observed ratios of
ionization charge for A-150 gas to air, A-150 gas to TE gas
and, as a consistency check, for TE gas to air were,
therefore, plotted in Fig. 3 as a function of mean chord
length & for each chamber. For the parallel plate chamber,
the plate separation of 1 mm was taken as this length. For
the spherical chambers, % was taken as 2/3 of the cavity

diameter, assuming spherical volumes, i.e., 8.3 mm, 16.5 mm
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and 35.6 mm for the 1 cm3, 8 cm3 and 80 cm3 chambers,
respectively. It can be seen from Fig. 3 that trends with
chamber size are indeed visible. These trends are consistent

with the relative values shown in Table 1.

The values of each ionization ratio appropriate for zero
chamber size are shown in Fig. 3. They were obtained by
extrapolation of a linear least squares fit to the data. The
uncertainties in these extrapolated values, arising from the
uncertainties in the individual measurements and in the

fitting procedures, are on the order of 1-2%.

3. Calculations of W ratios and W values.

The extrapolated values for the ionization ratios shown
in Fig. 3 were combined with the appropriate data from Table
1, according to Equation 1, to obtain estimates of W ratios.
These ratios are shown in Table 2 together with corresponding
ratios for 14.8 MeV neutrons obtained in a previously
reported experiment.4 The ratios W(TE) /W(air) and
W(A-150) /W(air) are seen to be about 2-3% different for the
two neutron beams. The significance of these differences is
marginal in view of the 1-2% uncertainties in the ionization
ratios and the uncertainty in the values of the stopping

powers.
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From the W ratios above, one can obtain estimates of an
effective W(A-150), if wvalues for W(air) and W(TE gas) are
assumed to be Kknown. There are, however, no W values
available for the p(66)Be(49) neutron energy spectrum, or
even for 25 MeV monoenergetic neutrons. Therefore, the same
reference W values were used here as those previously adopted
for the 14.8 MeV neutrons,4 although their appropriatness for
the higher energy beam is in doubt. These values are given
in the notes to Table 3. The differences in W(A-150) for the
two beams, also shown in Table 3, reflect the differences in
W ratios noted above. The value of W(A-150) for the Fermilab
beam is, however, less reliable in view of the uncertainties

in the W values used to derive it.

Conclusion.

Values of the ratios of W for A-150 gas to the Ws for
air and for methane-based TE gas have been obtained for the
p(66)Be (49) neutron beam and compared to earlier results
obtained using 14.8 MeV neutrons. Absolute values of W for
all gases, however, are uncertain for the high energy neutron
beam and some further work should be undertaken to obtain W

values appropriate for this spectrum.

Recommendation.
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Comparison of ionometric and calorimetric dosimetry

results offers an absolute way of determining the product:

Vl (8/p), _ Dy My (2)
S
e ( /p)g 9
where W/e is given in J c71, D, is the absorbed dose (J kg_l)
in the calorimeter medium (which may be A-150 plastic), M_ is

g
the mass of gas (kg) 1in the ion chamber and Q(C) is the

charge produced in that gas. In the case of A-150 gas,
(S/p)wall/(S/p)gas is unity and W/e 1is thus directly
obtained. Such an experiment is under consideration as the
next logical step in studying the properties of A-150 and TE

gases for use in fast neutron beam dosimetry.
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Table Captions

Table 1. Summary of Various Properties of Gases and A-150
Plastic for p(66)Be(49) Neutrons.

Notes:

(a) For gases, 1in units of mg cm'3, at STP, calculated
assuming ideal gas 1law. For A-150 plastic, in wunits
of g em™3.

(b) Mass collision stopping powers £from Anderson and

14 2 g'l, evaluated at an

Zeigler. In units of MeV cm
approximate mean proton energy (under charged particle
equilibrium) of 5 MeV, corresponding to monoenergetic 25 MeV
neutrons (close to the mean energy of 27 MeV of the Fermilab
beam) .

(c) From recent kerma calculations for p(66)Be spectrum.15 In
units of 10712 g kg_l m2 n~1,

(d) Assumed equal to A-150 plastic value.

(e) Compositions of TE gas: Ref. 6; of A-150 gas: Ref. 3, and

of A-150 plastic: Ref. 2.

Table 2. Summary of W Ratios.

Notes:

(a) This work, based on ionization ratios in Figure 3
extrapolated to zero chamber size.

(b) From Ref.4, averaged over all chamber sizes.
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Table 3. Summary of W Values (in J C'l).

Notes:

1J3cl=1 eV/electron-ion pair

(a) Assumed W (dry air) = 35.1J c~! from 1crU 31,18 for
5 MeV a-particles and 1.8 MeV protons.

(b) Assumed W(TE) = 31.1 J ¢l from Goodman and Coyne17 for
14 MeV neutrons.

(c) These W values are based upon reference values given in
notes (a) and (b), which are more relevant to 14 MeV

neutrons, for lack of more appropriate W data at higher

energies.
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Table 1

Summary of Various Properties of Gases and

A-150 Plastic for p(66)Be(49) Neutrons.

Air (Dry) TE Gas A-150 Gas A-150 Plastic
Density (2) 1.293 1.149 1.442 1.12
Stopping Power (P) 68.2 80.2 81.1 81.2
Kerma Factor () 2.82 6.38 6.51 () 6.51

Atomic

Composition

(% by mass

)(e)

N(75.5), 0(23.2)

Ar (1.3), -

H(10.2), C(45.6)

N( 3.5), 0(40.7)

H(10.2), C(76.8)
N( 3.6), O( 5.9)

F( 1.7), Ar(1.8)

H(10.2), C(76.3)
N( 3.6), O( 5.9)

F( 1.7), Ca(l.8)
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Table 2

Summary of W Ratios

Neutron WTE ?5_150 ﬁé—lSO Notes
Beam air W-air Wop
p(66)Be (49) 0.858 0.765 0.823 (a)

d+T (14.8 MeV) 0.896 0.813 0.907 (b)




Table 3
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Summary of W Values (in J C'l)

Neutron Wog Wa-150 Wa-150 Notes
Beam (from air) (from air) (from TE)

p(66)Be (49) 30.3 26.9 27.8 (c)
d+T (14.8 MeV) 31.4 28.5 28.2

Notes

(a)

(a)

(b)
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Figure Captions

Fig. 1. Experimental layout.

The neutron beam was collimated to fully cover all chambers at
each irradiation position.

The spherical ion chambers were placed just in front of

the parallel plate chamber, without shadowing its collecting

volume.

Fig. 2., Correlation between 1/q and 1/V for all chambers in the
p(66)Be (49) neutron beam.
All charges Q_ were normalized to the monitor chamber

charges Q_ , in such a way that the saturation values are unity.

Fig. 3. Saturation ionization ratios in the p(66)Be(49)
neutron beam as a function of mean chord length % of the
ionization chambers.

Values of these ratios extrapolated to zero chamber size

are also shown.
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