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Abstract

Cavity chamber absorbed dose measurements do not usually strictly adhere to the condi-
tions of the Fano theorem and therefore corrections must be made to account for differences
in the gas and wall mass stopping powers. Values of gas-to-wall absorbed dose conversion
factors 7, , were calculated for neutron energies of 25 to 250 MeV for detectors with walls of
C, O, Mg, Al, Si, Fe. Zr. AIN. Al,05. Si0;. ZrO, and A-150 tissue-equivalent (TE) plastic
and with cavity of acetylene. air. Ar. an Ar-C'O, mixture, CO; gas, isobutane, isobutane-
based TE gas, methane. methane-based TE gas. propane and propane-based TE gas. The
T calculations required initial spectral fluences of 'H, 2H. *H, *He and *He ions released by
neutron reactions in the walls. and these were calculated with the Los Alamos High Energy
Transport code. Mass stopping powers data were taken from Ziegler et al. Additional cal-
culations were made for a few cases in order to test the sensitivity of r, . to ion production
and mass stopping power iput data {rom other sources. The ALICE nuclear reaction code
and the recent ICRU stopping power tabulations were used for these tests.

Above 25 MeV. results show 1, to be a smooth function of neutron energy which ap-
proaches the mass stopping power ratios of minimum ionizing particles. A slight energy
dependence in r,,, was found helow 100 MeV neutron energy. Uncertainties are less than

five percent at neutron energics helow 100 MeV.
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1 Introduction

Accurate neutron dositictric measiurements are needed for cancer therapy. radiation biology
research. radiation damaee studies and radiation protection. Absorbed dose from neutrons is
frequently deduced from measurements made with cavity fonization detectors. If the cavity
and wall are of different imaterials. Fano's theoremn [1] is not applicable and absorbed doses
in the gas and wall arc not equal. Gas-to-wall absorbed dose conversion factors r,, , convert
absorbed dose in a cavitv 1o that in a surrounding wall. The latter is usually the material
of interest. therefore the aconrate ry, , are needed.

Below 25 Me\. a considerable number of investigations have been reported including
those of Makarewicz and Pszona 21 Pszona and Makarewicz [3]. Bichsel and Rubach[4],
Rubach and Bichsel '3 6. 750 Siebert and Covne 9] Bihler et al. [10]. Makarewicz ef
al. [11]. Burger and Makarweics 12]0 Menzel of al. [13]. Pihet and Menzel [14] and Pihet
[15]. Above 25 Me\ . values for a few gas-wall combinations were reported by Menzel et
al. [13]. Hartmann «f a1t 17 . Pihet of al [15] and Binns et al. [15]. The latter are limited
to a few gas-wall combimanions and have large uncertainties.

The aim of this work i~ 1o provide aceurate 1, values above 25 Me\ . Values of 1, , were
caleulated with the Brage Grav 1B-Gi) cavity theory. e for infinitesimal cavities. in the 25
to 250 MeV neutron ctueres ranee. Wall materials investigated include €. O, Mg. Al Si, Fe.
7r. AIN. ALO4. Si0.. 21O~ and A-150 tissue-cquivalent plastic: gases include acetylene. dry
air. Ar. an Ar-CO. nnxture. COLL isobutane. isobutane-based tissue-cquivalent (ITE) gas,
methane. methane-based tissuce-cquivalent (M 1) gas. propane and propane-based tissue-
equivalent (PTE) gas. [ addition. various seusitivity tests were made in order to bound the

uncertainties,

2 Methods

The gas-to-wall absorbed dose conversion factor is defined ax

e

!

S 1
= (1)



where D" and DY denote the absorbed doses in the wall and gas. respectively, and 7 indicates
ton species. In the present work. ditferences in mass stopping powers and atomic compositions
are considered. but perturbation of the primary neatron fluence in the wall is not. Energy
deposition is considered for Coulonmb interactions of secondary charged particles produced
by primary neutron interactions but not for nuclear de-excitation and radiative processes.

In an infinitesimal volume elenment near the gas wall interface the absorbed dose is given
by

[ - /Cb, ". S,";)lf df. (

I

o

where k denotes either the was ¢ or wall ni material. @4 the jon spectral fluence. (S/p)%
the corresponding mass ~toppinie power. and I the jon energy. Integration over ion energy
denotes application of the contimwons slowing-down approximation.

In general. ions generated i the waldl lose some energy before reaching the gas-wall
interface. On the assumption that chareed particle equilibrium (CPY) exists at the gas-wall
interface. the spectral fluence at the interface ¢4 s

T
R / N AL (3)
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where Vi denotes the number of 1ons ol species ¢ of jon energy I released i the wall per

unit mass of wall [19]. or

Np=nd" o (4)

\
where ®" is the neutron thience. @y the differential cross section for producing an ion of
the /'* species with encrgy I and v the number of target nuclei per unit wall mass. b 18
commonly called the ~lowinie down speciral Hiuence,

A variety of particles are produced from neutron interactions. Elastic and inelastic scat-
tering of neutrons produce recorl mcler and nonelastic reactions can produce light ions such
as '"H and *He as well a~ licavier wons. Given the scarcity of charged particle production
cross sections 1 the 25 to 250 Me\ neutron enerey region for the wall materials under con-
sideration. nuclear model caleniations were nsed 1o predict charged particle production in

the walls. The Los Alainos Hieh Fuergy Transport Code (LAHET) code [20] was used to



calculate NL values except for ions of atomic mass uumber A > 4, hereafter referred to as
heavy-recoil (HR) jons. In addition to recoil nuclei. HR ions arise from nuclear reactions.
Above 25 MeV, the lack of a precise knowledge of the reaction mechanisms make it difficult
to accurately calculate HR spectral luences. Romero ef al. [21] estimated the kerma from
elastic and nonelastic reactions for several light nuclei including ¢, N and O at neutron
energies between 27 and 61 MeV. In each case. the fraction of nonelastic recoil kerma was
larger than that from clastic recoil kerma. They reported about 50 percent uncertainty for
their estimates of nonelastic recoil kerma. Since LAHET does not readily provide spectral
fluences of HR ions. we used the following simple approach to estimate them. HR 1ons were
assumed to arise from clastic scattering which is isotropic in the center of mass frame, yield-
ing a constant energy distiibution of recotl nuclei N in the lab frame extending up to the
maximum energy kinematically possible. This approach is perhaps not entirely realistic but
does, in a sytematic wav. vield HR spectra with increasing mean ion energies as the neutron
energy is raised. The consequences of this simplification are discussed latter in this paper.
For compound wall matcriai~. the HRs were taken to have the atomic mass number of
the most abundant isotope i the cotpound. The fraction of absorbed dose in the wall from
HRs d* was estimated troin LAHE I energy deposition simulations of spherical shell walls
0.127 c¢m thick and with an iside diameter of 1.27 e In these simulations. light ions were
transported but HRs deposited all their kinetie energy at the point of production. kq. (1)

may be expressed as
A

LR -
Poig — ,.L . ())
=My 4 =
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where rk denotes the tmean gas to-wall absorbed dose conversion factor for 1ons of 4 < 4
which was calculated with Fqs. 1)1 11 Separate gas-1o-wall conversion factors for the HRs

rif were calculated with Fgs. (11-(3). Fhe overall r,, values were calculated with Eq. (5).

3 Spectral Fluence Calculations

The LAHET code [207 was nsed to caleulate production of 'H. ?H. *H. *He. and THe ions

in the wall materials. Slowine down <pectral fluences in (' were also calculated bhased on



differential charged particle production cross sections from the ALICE code [22] in order to
estimate the sensitivity of r, , to ;. values from different nuclear models.

Nuclear reactions induced by energetic neutrons may lead to the emission of particles
by direct interactions. by the evaporation of particles during or after the formation of a
compound nucleus. or by a combination of both. Direct reactions occur when a projectile
interacts with only one or possiblv a few of the nucleons in a nucleus. and become the
predominant initial interaction above about 100 Me\ neutron energy. In compound nucleus
formation, the excitation euergy is distributed evenlv amongst the nucleons. Above about
15 MeV neutron energy. particles mayv be emitted before equilibration of the nucleus occurs
and is termed precompound enission. For each of these processes LAHET includes models
that are briefly described here.

The intranuclear cascade model of Bertini (23] predicts the nucleon emission from direct
processes. In this model. particle-particle collisions within the nucleus are made. assuming
that the kinematics are not influenced by neighboring nucleons. Spatial variations in nucleon
number density, energy. and potential within the nucleus are taken into account. Experi-
mental free-particle cross sections are nsed to track nucleons within the nucleus. The model
is best suited to high neutron energies  LAHETs default low-energy cutoff for this model
1s 20 MeV neutron energy.

A statistical evaporation model predicts the emission of light ions (A < 1) from compound
nuclei of atomic mass mumber (.4 171, The Fermi breakup model (24, 25. 26] is employed
for the light nuclei (A < 171, 1 which the de-excitation proceeds with simultaneous breakup
of the nuclei into two or more products. Unstable products may also subsequently breakup.
LAHET s implementation allows two or three breakup products in an exit channel.

At intermediate neutron cnereies where neither direct processes nor compound nucleus
formation predominate. a single-stage pre-equilibrim model was used. Elastic scattering
was treated up to a maximum nentron energy of 30 Me\ with the LAHET default elastic
scattering cross sections. which were generated with optical model calculations.

Secondary ions of energics near those of the maximum stopping powers are of interest

since the stopping powers are less well known and are strong functions of ion energy in this



region. To predict low-cnergy part icle emission. LAHE T approximates quantium mechanical
barrier penetration. Ncutrons are assumed 1o be emitted with constant probability from
zero up to a cutoff cnergy cqual to twice the mean binding energy. The Coulomb barrier is
randomly distributed with a finction sunutating the transmission probability function. The
maximuim of the neutron cntoil and the Conlomb barrier ix taken for the proton cutoff.

The ALICE code 22 ecncrated emission spectra with models for compound nucleus
formation and preconmpotiul cninission similar to those in LAHET. The ALICE code does
not model direct reactions. howeve

Only ions produced i mteractions with primary neutrons were included in the present
spectral fluence calculation-. Natnrally occiring sotopic abundances were adopted from

Ref. [27] for the wall cleinent~ The composition of \-150 plastic [28] is given in Table 1.

4 Mass Stopping Powers

Slowing-down spectral fHiences were calenlated with mass stopping powers {rom the TRIM
program of Ziegler and Biorsaon 24, 301 Stopping powers of 'L 4He and HR jons were taken
divectly from TRINM. Values o “H and 1 were obtained by mass scaling of 'H stopping
powers and “He values weresiilary obtained from 'He stopping powers. For ("and PTE gas.
slowing-down spectral thiencesand v values were also calcnlated with the [CRU stopping
power tabulations (31 . Tor tratcrals cont aining 1wo or more constituents. elemental stopping
powers were combincd wilotie Brage additivity rule. except for the ICRU tabulation for
PTE which was asscribled with the Brage additivity rule from propane. ('O, and N mass
stopping powers 31

Several special gases nscd i low pressure proportional counters and lonization cham-
bers for radiation therapy dosnnetry or rescarch include TE mixtures that are based on
methane [32], propane 33; and ~oburane 34 aud are given in Table 1. Our Ar-CO, mix-
ture comprised 95 percent N ba partial pressute corresponding to mass fractions of 94.5
percent Ar. 1.3 percent € cnd B percent O. and is similar to a mixture described in
Ref. [33].

While r depends or tatios ol s Sopping powers which are weighted with slowing-



down spectral fluences. it is also worthwhile to examine unweighted ratios of wall and gas
mass stopping powers s, . [hese ratios are nearly constant at ion velocities that are well
above those of the orbital electrons. and vary more strongly near those energies. In the 10
to 200 keV ion energy range. s = values {rom ICRU and TRIM are in substantially good

m

agreement except in some cases at low energies. For example, comparing the s, values for

1,

C and PTE shown in Figs. 4-5. poor agreement is found below one MeV and is suggestive

of higher uncertainties in ' at low ion cnergies.
I g g

5 Results and Discussion

lon production and slowing-down spectral fluences of '"H and *He ions in C appear in
Figs. 1-2. Absorbed dose fractions ! for several ion species including HRs are shown in
Fig. 3.

Tables 2-12 and Figs. 6-16 give the values of r, . which were calculated with slowing-
down spectral fluences based on LAHET calculations. mass stopping powers from TRIM,
and which include treatment of HRs. Above about 70 MeV neutron energy r, . curves are
nearly constant because slowing down spectral fluences comprise mainly ions of high energy,
where an,g values are almost constant. Below 70 MeV neutron energy, slight variations with
energy are observed for most gas-wall combinations and are attributable to the transition
towards higher mean ion energies in a region where s values vary strongly with energy.
This trend results from the decreasing importance of the elastic scattering and evaporation
processes and the increasing importance of the direct reactions with increasing neutron
energy.

There are relativelv few ., values in the literature at or above 25 MeV neutron energy.
Several investigators have deduced r, , values from measured microdosimetric spectra in
graphite-walled, PTE-filled Rossi counters  [13. 15, 13].  All values but that of Pihet et
al. [15] at 66 MeV agree with the present calculations to within five percent. as shown in
Table 13 and Fig. 17. Values reported by Pihet et al. [15] are systematically several percent
lower than our calculations.

Pihet and Menzel [11] reported r, , values for an A-150 plastic-walled Rossi counter filled



-1

with PTE or MTE for neutron cnergies of 28 to 60 MeV. Pihet et al. reported Tmg Values
for A-150 plastic and PTL gas for the 26 to 66 MeV neutron energy range. These results
deviate from unity by 0.5 percent or less and are in good agreement with the present results.

Hartmann et al. [16. 17 reported r, values in the energy range under consideration
which include an Ar-C'O, mixture siimilar 1o that used in this work and walls of C, 0. Mg,
Si. Zr and ZrO,. They approximated the initial spectral fluences as monoenergetic and of
half the maximum possible energyv determined by reaction kinematics. 'H. 1He, HR and
perhaps other ions were included i their calenlations. Good agreement with the present

work is found for the (" wall. Table [l compares Hartmann’s values with the present work.

6 Uncertainties

Uncertainties in the r,  values arse from the mass stopping powers. ion spectral fluences.
and simplifications adopted tor the treatment of HR«.

To test the sensitivitv of v, 10 stopping power input data. several otherwise identical T
calculations (z.e.. r,, exchading rreatiment of HRs i were made with stopping powers from
either TRIM or ICRU and appear i Fieo 17 Onlv wmall svstematic differences of 1 to 2
percent in r: were found  Based on the comparison ol several ry. . values and the discussion
of phase effects from Ref 31 the total wncertainty i, , due to the mass stopping-power
data is estimated to be less thai four percent.

Sensitivity of 7o to the shape of the fon spectral fluences was tested by comparing oth-
erwise similar 7 calculations for ¢ and PTE with either ALICE or LAHET jon spectral
fluences. Values of +| calculated with spectral fluences from ALICE. which did not in-
clude ions from direct reaction= are 1 agreement within better than two percent with the
corresponding rp, - values that were based ou LAHET and TRIM data. However. since the
ALICE-based r,, ; values were calculated with stopping powers from Ref. [36]., the differences
i the ry values are not due solely 1o differences in the spectral fluences.

In several wall materials + values o evaporation particles are also indicative of the
sensitivity of 7, . to the shape of the spectral Huences, For example. for the C-PTE com-

bination, r,  values for aiplia particles vary by onlv one percent over the entire neutron



20

energy range owing to the similarity in shape of ion production from evaporation reactions.
For protons from direct reactions and for HRs. the shape of the spectral fluences changes
lv h N . N ,,,.\,,]‘ . nf ot f ,,,.] . {
significantly with neutron energyv. resulting in variations of I, Ol up to several percent from
25 to 250 MeV neutron energy.

Perturbation of the primary neutron field in CPE-dimension walls could be significant.
This may be important above about 100 MeV neatron energy, particularly for hvdrogenous
materials such as A-150 plastic. We have not dealt with this topic.

HE

Uncertainties in r,, , from r* are due to the approximation of NVE*. mass stopping powers

m.g

of the HRs. and the estimates of 1. The 1% values are bounded by the 2% values available.
The marinum possible cvvor in ' introduced by N7 is therefore bounded by the largest
possible difference between ' and S Tn the case of C-PTE. this could be about six
percent at the most. Comparine the limitine cases of -, , with rfr'hg (... examining the
difference with and withont the treatment of HRs). bounds for the combined uncertainty in
P from NE® and 1" can be obrained  These two limiting cases differ at 11 percent at the
most and typically differ by one 1o two percent from the true value. which is intermediate
and closer to the caleulated », | values. Finally. a step is observed in several r, , curves at 50
MeN neutron energy. LAHE TS cntoff for elastic scattering. with a maximum size of about

B

one percent for the oxveen-wall values. Uncertaintiesin r, from the rt .

are thus estimated

g

to be one percent.
Based on the sensitivity calcnlations we estimate the uncertainty in the recommended 1,
values to be less than five percent i the 23 to 100-Me\ neutron energy range. [Uncertainties

above 100 MeV are likelyv to he ~omewhat higher. thonel no estimates have been made.
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Tables

Table 1: Elemental mass fractions of tissue-equivalent (TE) materials.

Substance Percent Elemental Mass

H C N 0 Other Reference
A-150 plastic 10.1 776 3.5 53 1.xCa.l.TF Smathers et al [28]
Methane-based T12  10.2 45.6 3.5 40.7 Rossi and Failla [32]
Propane-based TE ~ 10.3 36.9 3.5 29.3 Srdoc [33]
[sobutane-based TE 10.3 59.3 3.5 27.0 Schrewe et al. [34]

Table 2:  Calculated values of r,,, for acetylene cavities and various wall materials.

E,

Fig

MeV

C 0O Mg Al Si Fe Zr AIN ALO, Si0, ZrO, A-150

25
30
35
40
50
60
70
80
90
100
125
150
175
200
225
250

0.853 0.764 0.685 0.640 0.678 0.510 0.450 0.703 0.688 0.716 0.497 1.027
0.856 0.775 0.689 0.647 0.684 0.521 0463 0.710 0.696 0.725 0.507 1.027
0.858 0.783 0.694 0.654 0.692 0.530 0.473 0.715 0.704 0.732 0.518 1.027
0.861 0.791 0.699 0.658 0.698 0538 0479 0.721 0.711 0.738 0.527 1.027
0.866 0.800 0.707 0.665 0.707 0.549 0.489 0.729 0.721 0.748 0.545 1.027
0.874 0.814 0.722 0.679 0.719 0.562 0.499 0.743 0.738 0.763 0.562 1.026
0.877 0.821 0.726 0.684 0.725 0.569 0.503 0.748 0.745 0.761 0.571 1.025
0.880 0.827 0.731 0.688 0.729 0.575 0.507 0.752 0.751 0.738 0.579 1.025
0.882 0.831 0.735 0.692 0.732 0.580 0.511 0.755 0.756 0.780 0.585 1.025
0.884 0.835 0.738 0.695 0.736 0.583 0.514 0.758 0.760 0.784 0.590 1.025
0.887 0.841 0.745 0.702 0.743 0.593 0.522 0.764 0.768 0.791 0.600 1.024
0.890 0.845 0.751 0.708 0.748 0.599 0.528 0.769 0.774 0.797 0.607 1.024
0.892 0.848 0.756 0.713 0.753 0.605 0.53¢ 0.773 0.778 0.800 0.613 1.024
0.893 0.851 0.759 0.717 0.756 0.609 0.538 0.777 0.782 0.804 0.617 1.024
0.894 0.853 0.763 0.720 0.759 0.613 0.541 0.780 0.785 0.807 0.620 1.024
0.895 0.855 0.766 0724 0.761 0.617 0.544 0.782 0.788 0.809 0.623 1.024
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Table 3:  Calculated values of r,,, for air cavities and various wall materials.

E, Fang

C 0 Mg Al Si Fe Zr AN ALO, SiO, Zr0, A-150
MeV
75 1.042 0.948 0.848 0.787 0.831 0.617 0.540 0.864 0.856 0.892 0.612 1.214
30 1.041 0.952 0.846 0.789 0.834 0.626 0.552 0.866 0.858 0.894 0.621 1.211
35 1.040 0.956 0.846 (.792 0.839 0.634 0.561 (.867 0.862 0.897 0.630 1.210
40 1.039 0.959 (.847 0.794 0.842 0.641 0567 0.869 0.865 0.901 0.639 1.209
50 1.037 0.962 0.850 0.796 0.847 0.650 0.576 0.872 0.869 0.906 0.655 1.204
60 1.035 0.968 0.857 0.804 0.852 0.662 0.585 0.878 0.878 0.912 0.669 1.196
70 1.033 0.971 0.859 0807 0.856 0.668 (.589 0.880 0.882 0915 0.677 1.193
80 1.032 0.673 0861 0.80v 0.858 0.674 0.593 0.882 0.885 0.918 0.683 1.190
90 1.031 0.974 0.863 0812 0.860 0.678 0.597 0.883 0.888 0.920 0.689 1.187
100 1.030 0.976 0865 O x4 0.862 0.682 0.600 0.885 0.890 0.922 0.693 1.185
125 1.029 0.978 0 %70 0 X19 0.866 0.691 0.608 0.889 0.894 0.925 0.702 1.180
150 1.027 0.980 0.874 ux2y 0.869 0.697 0.614 0.892 0.898 0.928 0.708 1.176
175 1.026 0.981 O®77 (OR827 0872 0.703 0.619 0.894 0901 0.930 0.713 1.174
200 1.026 0.982 0880 .®3) 0.875 0.707 0.624 0.896 0.903 0.932 0.717 1.172
225 1.025 0.983 0.¥%2 0.83% 0877 0710 0.627 0.898 0.905 0.933 0.720 1.170
250 1.025 0.983 0885 0 X3 0878 0.713 0.629 090 0.907 0.935 0.723 1.168
Table 4:  Calculated values ot 7, tor Ar cavities and various wall materials.

E, P

C 0 Mg Al Si K 7Zr AN ALO; SiO, ZrO, A-150
MeV

25 15390 1408 1243 1137 1203 0874 0742 1.251 1.268 1.326 0.886 1.670
30 1.525 1.401 1222 1122 1194 0.878 0.752 1.234 1253 1.311 0.890 1.657
35 1.513 1.393 1208 1113 1187 0.882 0.758 1.222 1.241 1.300 0.894 1.653
40 1.500 1.381 1197 1105 1181 0.885 0.764 1.212 1.231 1.290 0.897 1.650
S0 1.471 1.363 1183 1uve 1172 0.890 0.771 1.199 1216 1.273 0.903 1.630
60 1.433 1.343 | 72 1.aw0 1160 0.895 0777 1.187 1.203 1.255 0.908 1.599
70 1.412 1.332 1 i67 L0%7 1156 0.898 0781 1.182 1.197 1.256 0.912 1.584
80 1.396 1.321 1163 1.0%% 1.153 0901 078 1.178 1.192 1.283 0.914 1.571
90 1.383 1.313 1.i60 1084 1.151 0.903 0.787 1.175 1.188 1.235 0.917 1.560
100 1.372 1.306 1158 10%4 1.149 0.905 0.790 1.173 1.185 1.231 0.919 1.551
125 1.353 1.295 1.155 1.0%3 1.146 0.910 0.796 1.169 1.180 1.223 0.922 1.530
150 1.339 1.286 1.153 1 ox3 1143 0913 0.800 1166 1.177 1.218 0925 1.515
175 1.327 1.279 1152 1034 1442 0.915 0804 1164 1[.174 1.215 0.927 1.504
200 1.320 1.274 1151 1084 1141 0917 0.80% 1.163 1.173 1.212 0.928 1.495
225 1.313 1.270 1.151 1.085 1.140 0.919 0.810 1.161 1.172 1.209 0.930 1.488
250 1.307 1.267 1.150 1.086 1.140 0.921 0.812 1.160 1.170 1.208 0.931 1.481
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Table 5:  Calculated values of r,, , for Ar-CO, cavities and various wall materials.

E, ¥

m.g

C (0] Mg Al Si Fe Zr AIN  ALO;, SiO, ZrO;, A-150
MeV

25 1.509 1385 1.224 1.120 1.184 0.946 0.731 1.232 1.248 1.304 0.872 1.641
30 1.497 1377 1.204 1105 1.174 0931 0.741 1.216 1.232 1.289 0.875 1.630
35 1.486 1369 1.190 1.096 1.168 0.928 0.747 1.204 1.221 1.278 0.879 1.627
40 1.474 1359 1.180 1.090 1.163 0926 0.752 1.194 1212 1.269 0.882 1.625
S0 1.446 1.343 1.166 1.081 1.154 0924 0.759 1.182 1.198 1.254 0.889 1.606
60 1.409 1.323 1.155 1.075 1.143 00918 0.765 1.169 1.185 1.236 0.894 1.575
70 1.390 1313 1.151 1.072 1.139 0.920 0.769 1.164 1.179 1.237 0.898 1.561
80 1.374 1302 1.147 1.071 1.137 0923 0772 1l.161 1.175 1.263 0.901 1.549
90 1.363 1.295 1.145 1.070 1.135 0.926 0.776 1.159 1.171 1.217 0.903 1.538
100 1.352 1.280 1.143 1.069 1.133 0.929 0.778 1.157 1.169 1.214 0.905 1.529
125 1.334 1.278 1.141 1.069 1.131 0.93¢ 0.784 1.153 1.164 1.207 0.909 1.510
150 1.321 1.269 1.139 1.070 1.129 0.938 0.789 1.151 1.162 1.203 0.912 1.495
175 1.310 1.264 1.139 1.071 1.128 0.942 0.793 1.150 1.160 1.200 0.915 1.486
200 1.304 1.259 1.138 1.072 1.127 0.945 0.797 1.148 1.158 1.197 0916 1.477
225 1.297 1.255 1.138 1.073 1127 0.948 0.799 [1.147 1.157 1.195 0.918 1.470
250 1.291 1.252 1.137 1.073 1126 0950 0.801 1.147 1.157 1.194 0.919 1.463

Table 6:  Calculated values of r,,, for CO, cavities and various wall materials.

E, v

n.g

C 0] Mg Al Si Fe Zr AIN  ALO; SiO, ZrO, A-150
MeV

75 1.064 0.971 0.864 0.799 0.841 0.620 0.539 0.878 0.872 0.908 0.615 1.226
30 1.062 0.974 0.861 0.800 0.844 0.629 0.552 0.879 0.874 0.910 0.624 1.223
35 1.059 0.976 0.861 0.803 0.849 0.637 0.561 0.880 0.876 0.912 0.633 1.223
40 1.057 0.978 0.862 0.805 0.853 0.645 0.568 0.881 0.879 0.914 0.641 1.222
S0 1.052 0.979 0864 0.807 0.857 0.654 0.577 0.883 0.883 0.919 0.657 1.216
60 1.046 0982 0.869 0.814 0.861 0.666 0.586 0.887 0.889 0.923 0.671 1.206
70 1.043 0.983 0.871 0.816 0.865 0.672 0.590 0.889 0.893 0.922 0.680 1.201
80 1.041 0.984 0.873 0.819 0.868 0.678 0.595 0.891 0.896 0.910 0.686 1.198
90 1.039 0.985 0.875 0.822 0.869 0.683 0.599 0.893 0.898 0.930 0.692 1.195
100 1.037 0.985 0.876 0.824 0.872 0.687 0.602 0.895 0.900 0.931 0.697 1.192
125 1.035 0.98 0.880 0.828 0.876 0.696 0.611 0.898 0.904 0.934 0.705 1.187
150 1.033 0.987 0.884 0.833 0.879 0.702 0.616 0.901 0.907 0.936 0.712 1.182
175 1.032 0.988 0.886 0.836 0.881 0.708 0.622 0.903 0.910 0.938 0.717 1.180
200 1.031 0.988 0.888 0.839 0.883 0.712 0.627 0.905 0.912 0.939 0.721 1.177
225 1.030 0.988 0.891 0.841 0.885 0.716 0.630 0.906 0.913 0.940 0.724 1.175
250 1.029 0.989 0.893 0.844 0.886 0.719 0.633 0.907 0.915 0.941 0.727 1.173




Table 7:

Calculated values of r,, , for isobutane cavities and various wall materials.
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E

n

MeV

C

0]

Mg

Al

Si

Fe

AIN

ALO,

Si0,

7r0, A-150

25
30
35
40
50
60
70
80
90

100

125

150

175

200

225

250

0.722
0.726
0.730
0.734
0.743
0.755
0.761
0.766
0.770
0.773
0.778
0.783
0.786
0.788
0.790
0.792

0.642
0.654
0.664
0.672
0.684
0.701
0.709
0.717
0.722
0.727
0.735
0.741
0.745
0.749
0.751
0.754

0.580
0.585
0.591
0.597
0.606
0.623
0.628
0.633
0.637
0.641
0.649
0.656
0.660
0.665
0.668
0.672

0.545
0.553
0.560
0.565
0.572
0.588
0.593
0.597
0.601
0.605
0.612
0.61%
0.623
0.628
0.631
(.636

0.578
0.585
0.593
0.600
0.609
0.622
0.629
0.633
0.637
(.641
0.648
0.654
(0,659
0.663
).666
().6638

0.440
0.451
0.460
0.467
0.477
0.490
0.496
0.502
0.507
0.510
0.519
0.525
0.531
0.535
0.539
0.542

0.3%4
0.406
0.414
0.420
0.428
0.438
0.441
0.446
0.449
0.452
0.459
0.464
0.470
0.474
0.477
0.479

0.598
0.606
0.613
0.619
0.628
0.645
0.650
0.654
0.658
0.661
0.668
0.674
0.678
0.682
0.685
().688

0.581
0.590
0.599
0.607
0.618
0.637
0.645
0.652
0.657
0.662
0.671
0.677
0.682
0.686
0.690
0.693

0.606
0.614
0.623
0.630
0.642
0.660
0.669
0.676
0.682
0.686
0.694
0.701
0.705
0.708
0.712
0.714

0.428 0.889
0.436 0.890
0.447 0.890
0.456 0.890
0.473 0.892
0.489 0.896
0.498 0.897
0.506 0.898
0.512 0.899
0.517 0.906
0.526 0.902
0.533  0.904
0.539 0.905
0.542  0.906
0.545 0.907
0.548 0.907

Table &:

Calculated values of r,,, for isobutane-based tissue-equivalent gas cavities and
various wall materials.

MeV

Mg

&

Al

Si

AIN

ALLO;

SiO,

Zr0, A-150

25
30
35
40
50
60
70
80

100
125
150
175
200
225
250

0.830
0.833
0.835
0.838
0.844
0.851
0.855
0.858
0.860
0.863
0.866
0.869
0.871
0.872
0.873
0.874

0.745
0.755
0.763
0.770
0.779
0.793
0.800
0.806
0.810
0.814
0.820
0.825
0.828
0.831
0.833
0.835

0.669
0.673
0.677
0.682
0.690
0.704
0.709
0.713
0.716
0.720
0.727
0.733
0.737
0.741
0.744
0.748

0.626
0.633
0.639
0.643
0.649
0.663
0.667
0.671
0.675
0.678
0.685
0.691
0.695
0.700
0.703
0.707

0.663
0.668
0.676
0.682
0.690
0.701
0.707
0.712
0.715
0.718
0.725
0.730
0.734
0.738
0.741
0.743

0.499
0.510
0.519
0.526
0.536
0.549
0.556
0.561
0.566
0.570
0.579
0.585
0.591
0.595
0.599
0.602

0.442
0.455
0.463
0.470
0.479
0.488
0.492
0.496
0.500
0.503
0.511
0.516
0.522
0.526
0.529
0.531

0.687
0.69%4
0.699
0.704
0.712
0.725
0.730
0.734
0.737
0.740
0.746
0.751
0.755
0.758
0.761
0.763

0.672
0.680
0.688
0.694
0.704
0.720
0.727
0.733
0.738
0.742
0.750
0.755
0.760
0.763
0.766
0.769

0.700
0.708
0.714
0.721
0.731
0.745
0.743
0.719
0.761
0.765
0.772
0.777
0.781
0.784
0.787
0.789

0.488 1.001
0.497 1.001
0.508 1.001
0.517 1.001
0.534 1.001
0.550 1.001
0.559 1.000
0.567 1.000
0.573 1.000
0.578 1.000
0.587 1.000
0.594 1.000
0.600 1.000
0.603 1.000
0.606 1.000
0.609 1.000
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Table 9:  Calculated values of r,, , for methane cavities and various wall materials.

En r

m.g

C 0] Mg Al Si Fe Zr AIN  ALO, SiO, 7Zr0, A-150
MeV

25 0.641 0.568 0.516 0486 0.517 0.396 0.358 0.533 0.516 0.537 0.38¢ 0.802
30 0.646 0.581 0.521 0.495 0.523 0.406 0.368 0.542 0.525 0.547 0.392 0.803
35 0.650 0.590 0.528 0.502 0.532 0.415 0.376 0.549 0.535 0.555 0.402 0.803
40 0.655 0.600 0.533 0.507 0.538 0.422 0.382 0.555 0.543 0.562 0.411 0.804
50 0.666 0.611 0.544 0514 0.547 0.431 0389 0.565 0.554 0.574 0.427 0.807
60 0.680 0.630 0.361 0.530 0.561 0.444 0.398 0.582 0.573 0.591 0.443 0.812
70 0.687 0.639 0.566 0535 0568 0.450 0.401 0.587 0.582 0.589 0.452 0.814
80 0.693 0.647 0.571 0540 0572 0455 0.405 0.592 0.589 0.562 0.459 0.816
90 0.697 0.653 0.575 0544 0576 0460 0.409 0.595 0.594 0.611 0.465 0.818
100 0.701 0.658 0.580 0.547 0.580 0.463 0.411 0599 0.599 0.616 0.470 0.820
125 0.708 0.667 0.587 0.555 0.587 0.471 0.418 0.606 0.608 0.624 0.478 0.823
150 0.713 0.673 0.594 0.561 0593 0.477 0423 0.612 0.614 0.631 0.485 0.825
175 0.717 0.678 0.599 0.566 0.598 0.483 0.428 0.616 0.620 0.636 0.490 0.827
200 0.720 0.682 0.604 0570 0.602 0.487 0.432 0.620 0.624 0.640 0.494 0.828
225 0.722 0.685 0.608 0574 0.606 0490 0.435 0.624 0.628 0.644 0.497 0.830
250 0.724 0.688 0.612 0578 0608 0.493 0436 0.627 0.631 0.646 0.500 0.831

Table 10: Calculated values of r,, , for methane-based tissue-equivalent gas cavities and
various wall materials.

E, ¥

m.g

C 0 Mg Al Si Fe Zr AN ALO, Si0, ZrO, A-150

=

MeV

25 0.839 0.754 0.677 0.633 0.670 0.504 0.447 0.695 0.681 0.709 0.494 1.009
30 0.841 0.763 0.680 0.639 0.675 0.514 0.459 0.701 0.688 0.716 0.503 1.008
35 0.843 0.771 0.685 0.645 0.683 0.523 0.467 0.706 0.695 0.722 0.513 1.008
40 0.845 0.778 0.689 0.649 0.689 0.531 0474 0.711 0.702 0.728 0.522 1.008
50 0.851 0.786 0.696 0.655 0.696 0.541 0482 0.718 0.711 0.738 0.539 1.008
60 0.858 0.800 0.710 0.669 0.707 0.553 0.492 0.731 0.726 0.751 0.555 1.007
70 0.861 0.806 0.714 0.672 0.713 0.560 0.496 0.735 0.733 0.750 0.564 1.007
80 0.864 0.812 0.718 0.677 0.717 0.565 0.500 0.739 0.739 0.726 0.571 1.006
90 0.866 0.816 0.722 0.680 0.720 0.570 0.504 0.742 0.743 0.767 0.577 1.006
100 0.868 0.819 0.725 0.683 0.724 0.574 0.506 0.745 0.747 0.771 0.582 1.006
125 0.871 0.825 0.732 0.690 0.730 0.583 0.514 0.751 0.754 0.777 0.591 1.006
150 0.874 0.830 0.737 0.695 0.735 0.589 0.520 0.755 0.760 0.782 0.598 1.005
175 0.875 0.833 0.742 0.700 0.739 0595 0.525 0.759 0.764 0.786 0.604 1.005
200 0.877 0.836 (.745 0.704 0.742 0.599 0.529 0.762 0.768 0.789 0.607 1.005
225 0.878 0.837 0.749 ©.707 0.745 0.603 0.533 0.765 0.770 0.792 0.610 1.005
250 0.879 0.839 0.752 0.711 0.747 0.606 0535 0.767 0.773 0.794 0.613 1.005




Table 11: Calculated values ot 7w, fOr propane cavities and various wall materials.
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E, Fing

c O Mg Al Si Fe Zr AN ALO, SiO, Z:0, A.150
MeV
25 0711 0.632 0.571 0537 0.570 0435 0389 0589 0572 059 0422 08
30 0.715 0.644 0576 0.545 0.577 0445 0401 0598 0.582 0.605 0.431 0.878
35 0719 0.654 0.583 0552 0.585 0.454 0409 0604 0.591 0.614 0441 0.879
40 0723 0.663 0.588 0.55% 0.591 0461 0415 0.611 0.598 0.621 0450 0.879
50 0732 0.674 0.598 0.563 0.600 0.471 0423 0620 0.609 0.633 0.467 0.881
60 0.745 0.692 0.615 0581 0.614 0484 0432 0636 0.629 0.65] 0.483 0.885
70 0751 0.700 0.620 U585 0.621 0490 0436 0.641 0.637 0.660 0492 0.886
80 0.756 0.708 0.625 0590 (.625 049 0440 0.646 0.644 0.667 0500 0.888
90 0.760 0.713 0.629 0.594 0.629 0.500 0444 0.649 0.649 0.673 0.506 0.889
100 0.763 0.718 0.633 0597 1.6033 0.504 0446 0653 0.654 0.677 0.511 0.890
125 0769 0.726 0641 0.605 0630 0513 0450 0.660 0.662 0.686 0.520 0.892
150 0.773 0.732 0.647 0611 (646 0.519 0459 0.665 0.669 0.692 0527 0.894
175 0.777 0.736 0652 0616 0651 0.524 0464 0.670 0.674 0.696 0.532 0895
200 0779 0.740 0657 0.620 0655 0.529 0468 0.674 0.678 0700 0.536 0.896
225 0.781 0.742 0660 0624 10658 0.532 0471 0.677 0.681 0703 0.539 0896
250 0.783 0745 0.664 0628 0.660 0535 0473 0.680 0.684 0.706 0.542 0.897

Table 12: Calculated values of r | . for propane-based tissue-equivatent gas cavities and
various wall materials

E

n Fing
C 0O Mg Al S Fe.  Zr AN ALO, SiO, ZrO, A-150

MeV
25 0.831 0.745 0.670 0.627 0.663 0.500 0443 0688 0.673 0701 0489 1.002
30 0.834 0.756 0.673 0633 0.669 0.510 0455 0694 0.681 0.708 0498 1.002
35 0.836 0.764 0.678 0.639 0.677 0519 0464 0700 0.689 0.715 0.508 1.002
40 0.838 0.771 0.683 0.644 0.683 0527 0470 0.705 0.695 0.721 0517 1.002
50 0.844 0.780 0.691 0650 0.691 0.537 0479 0.713 0.704 0.731 0535 1.001
60 0.852 0.794 0.704 0664 0.702 0549 0488 0.726 0.721 0.745 0.551 1.001
70 0.856 0.800 0.709 0.60% 0.708 0.556 0492 0.730 0.728 0744 0560 1.001
80 0.859 0.807 0.713 0672 0.712 0.562 0497 0.734 0.734 0.720 0.567 1.001
9 0.861 0.811 0.717 0675 0.715 0.566 0501 0737 0.738 0.762 0.573 1.001
100 0.863 0.814 0.720 0679 0719 0570 0.503 0.740 0.742 0.765 0.578 1.001
125 0.866 0.821 0.727 0685 0725 0.579 0511 0746 0750 0772 0.587 1.000
150 0.869 0.825 0.733 0691 0730 0.58 0516 0751 0.755 0.777 0.594 1.000
175 0.871 0.828 0737 069 0735 0591 0522 0755 0.760 0.781 0.600 1.000
200 0.872 0.831 0741 0700 0.738 0.59 0.526 0758 0763 0.784 0.603 1.000
225 0.873 0.833 0.744 (703 0.741 0.599 0.530 0.761 0.766 0.787 0.607 1.000
250 0.874 0.835 0.748 0.707 0743 0.602 0.532 0.763 0.769 0.789 0.610 1.000




Table 13: Measured and calculated values of r,, , for neutrons incident on graphite-walled detectors
containing propane-based tissue-equivalent cavities. Values from previous investigations are based
on the technique of Menzel et al. {13]. which uses the differences in ionization spectra in graphite
and A-150 plastic Rossi counters.

g
‘revious work)

E, !
MeV

m.g

{Present work) Reference

!
(
0.794 = 0.036
{
(

26.3  0.832 4+ 0.04 Pihet et al. [15]

27.0  0.832 + 0.04 ).80 Binns and Hough [18]
27.8  0.833 £ 0.0 ).82 £ 0.05 Pihet and Menzel [14]
27.8  0.833 + 0.04 0.85 Menzel et al. [13]
378 0.838 £+ 0.0 0.802 + 0.045 Pihet et al. [15]

39.7  0.839 = 0.0 0.83 Menzel et al. [13]
39.7  0.839 + 0.0 084+ 0.05 Pihet and Menzel [14]
42,0 0.840 + 0.04 0.80 Binns and Hough [1¥]
445 0.841 = 0.04 0.79% + 0.017 Pihet et al. [15]

58.4  0.84% £ 0.04 0.793 £ 0.071 Pihet et al. {15]

60.3  0.849 £+ 0.04 0.81 Menzel et al. [13]
60.3  0.849 + 0.0 0.85 + 0.05 Pihet and Menzel [14]
63.0  0.851 £ 0.04 0.8% Binns and Hough [18]
66.0  0.851 + 0.04 0.782 £ 0.120 Pihet ¢t al. [15]

Table 14: Calculated r

g

values for (', Mg, Si. Zr and ZrO, walls with Ar-C'O5 cavities.

E, o Frog
MeV  Wall  (Present work) (Previous work) Reference
25 C 1.509 + 0.07 147+ 017 Hartmann [16]
25 Mg 1.224 + 0.07 1.11 + 0.13 Hartmann [16]
25 Si L1844 0.06 1.05 £ 0.12 Hartmann {16]
25 Jr 0.731 £ 0.04 0.510 Hartmann [16]
25 210, 0.572 £ 0.04 0.6741 Hartmann [16]
25 7ZrO,  0.872 £ 0.01 0.756 + 0.09¢  Hartmann [16]
25 Fe 0.946 £ 0.05 0.194 £ 0.06  Hartmann [16]

)
+
+

Only Zr(n.X) reactions were considered.

Only O(n.X) reactions were considered.
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Table 15: Calculated and measured r, , values for neutrons incident on A-150 plastic counters
with propane-based and methane-based tissue-equivalent gases.

E, r r

m.g g

MeV  (Present work) i Previous worky  Gas  Reference

26.37  1.000 £ 0.05 1.000 + 0.01 PTE  Pihet ef al. [15]
37.81  1.000 £+ 0.05 l.()()[) + 0.01 P1E  Pihet et al. [15]
1451 1.000 £ ().()3 £.000 + 0.01 PTE  Pihet cf al. [15]
5841 1.000 = 0.05 1.000 £ 0.01 PTE Pihet et al. [15]
66.07  1.000 = 0. ) ) 1.000 £ 0.01 PTE  Pihet et al. [15]
27.8 1008 £ 0.05 0.995 = 0.05 MTE  Pihet and Menzel [14]
37.8  1.00% £ 0.05 0.99% = 0.05 MTE  Pihet and Menzel [1:1]
60.3  1.007 = 0.05 0.997 + 0.04 MTE  Pihet and Menzel [11]

jNeutron encrgies corrected from Refs, [h B }



20

B Figures
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Figure 1. Calculated ion production N (topi and slowing-down spectral fluences &4 (bottom)
of 'H ions from monoenecrgetic neutrons incident on /. Slowing-down spectral fluences were
calculated assuming CPE conditions at the gas-wall interface. Results for incident neutron energies
E,of 25 MeV ( ———— 150 MeV 1 == — — 1 100 MeV{ — — — — ), and 250 MeV ( -+ )

are shown.
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Figure 2: Calculated ion production N (top) and slowing-down spectral fluences ®% {bottom)
of *He jons from monoenergetic neutrons incident on "*!C. Slowing-down spectral fluences were
calculated assuming CPE conditions at the gas-wall interface. Results for incident neutron energies
E, of 25 MeV { ————— ). 50 MeV (| — — — ). 100 MeV( — — — — ). and 250 MeV ( --+)
are shown.
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Figure 14:

Calculated values ot r,

s neutron energy £, for various wall materials m and

methane-based tisue-equivalent gas ¢g. The r, , values were caleulated with slowing-down spectral
fluences based on LAHET calculations. mass stopping powers taken from TRIM [30]. and include
treatment of HR ions.
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