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TheEGarc system is used to compare the response of an aluminum-walled thimble chamber to that
of a graphite-walled thimble chamber for®3Co beam. When compared to previous experimental
results, theecarc values of the ratios of chamber response differ by as much as 0.7% from the
experiment. However, it is shown that this difference can be more than accounted for by switching
from using the graphite mean excitation energy of 78 eV used in dosimetry protocols to the value
of 86.8 eV suggested by more recent stopping-power experiments. This suggests that the uncer-
tainty analysis of Monte Carlo results must be done more carefully, by taking into account uncer-
tainties in the underlying basic data such as the electron and photon cross sections. In comparison
to Spencer—Attix cavity theory for a thick-walled ion chamber, the Monte Carlo calculated values
of the chamber response differ from the expected ones by 0.15% and 0.01% for the graphite and
aluminum chambers, respectively, which are comparable to previously reported values for the
Spencer—Attix correction factorgcarc is also used to investigate the effect on the chamber
response of thin dag layers on the inside of the aluminum wall. There is good agreement between
the calculated and measured changes in chamber response versus the thickness of the dag. The
results are compared to the predictions of the Almond—Svensson extension of cavity theory and
show that the theory does not correctly predict the chamber response in the presence of thin dag
layers. This finding is in agreement with previously reported experimental results. It is demon-
strated that the values af, the fraction of ionizations in the gas arising from electrons generated

in the dag layer, used in the theory, are not the source of the disagreement.
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[. INTRODUCTION as a function of the thickness of the dag layer could not be
explained either by the Almond—Svensson predictions or by
Spencer—Attix cavity theory is the basis of modern dosimesome unpublished Monte Carlo calculations performed using
try protocol$—3and, as applied to thick-walled ion chambers, egsa
is also the basis of primary standards of air-kerm&’(bo In view of the much more accurate Monte Carlo code
beams’ The Aimond—Svensson extension of cavity theory isavailable today, and the higher statistical precision which can
frequently used when dealing with chamber walls havingbe obtained, it is worthwhile to re-investigate these experi-
two components.Monte Carlo calculations are used exten- mental measurements. Thesre user-codecAvrRznrct? is
sively in dosimetry protocols and in the determination of aysed to compare the response of an aluminum-walled
wide variety of correction factors in radiation dosimetry. Thethimble chamber to that of a graphite-walled chamber. Upon
recently developegGsnrc Monte Carlo code’ is the first  comparison of the Monte Carlo results to the experimental
Monte Carlo code thought to be able to simulate ion chambemeasurements, it becomes evident that the experimental
response at the 0.1% level of accuracy, at least with respegteasurements of Nahuet al. provide one of the relatively
to its own cross sectiorfs. rare, high-precision examples in which the agreement be-
In the 1980's, Nahumet al® reported some interesting tween experiment and calculations depends on a knowledge
measurements which were a test of cavity theory, of thef the absolute values of the electron and photon cross sec-
Almond—-Svensson extension of cavity theory, and of Montetions used in the calculations. This dependence is used to
Carlo simulations. The measurements were performed usingtudy the implications of the uncertainty in the mean excita-
an ion chamber with two thimbles, one graphite and on&ion energy on the determination of the stopping power for
aluminum, for which the volumes were known indepen-graphite. The mean excitation energy plays a key role in the
dently. The relative response of these two chambersf8a  value of the primary standards of air-kerma®fiCo beams.
beam was measured, as well as the response of thHa addition to comparing the measured ratios of the ion
aluminum-walled chamber relative to that of the graphite-chamber responses to the ratios calculated usivgrznre,
walled chamber as thin layers of graphite dag were added tthey are also compared to the values predicted by cavity
the interior wall of the aluminum chamber. As a result of thetheory. The EGanrc-calculated ion chamber responses are
measurements, Nahuet al. reported reasonable agreementalso used to compute the magnitude of any correction to the
between the measured and predicted ratios of responses f8pencer—Attix cavity theoryKsa, as introduced by Borg
the pure-walled chambers. However, the measured responsetsal '
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The cavrznrc code is also used to investigate the effectsTAsLe I. Ecsre calculated values of restricted stopping-power ratios,
on the calculated response of adding thin layers of dag to thé-/»)ar{A=AE-511 keV), spectrum-averaged ratios of mass energy ab-
inside of the aluminum chamber wall. In comparison to thesorption coefficients, ken/p)mea, @nd average radiative energy loss frac-
experimental values, the calculated responses once agdif: 9. for three values of the electron energy cutdi=. The stopping-

. . . . .. power ratios were computed using a mean excitation energy for graphite of
provide a demonstration of the need for further mvestlgatlorf;s eV and a density-effect correction computed for the bulk density of 1.7

of the mean excitation energy of graphite. The calculategycn?. all quantities were computed using®Co spectrum described else-

responses are also used to study the accuracy of thenere(Ref. 21 and a photon energy cutoff P, of 1 keV. The statistical

Almond—Svensson extension of cavity theory. uncertainties in the stopping-power ratios are less than 0.009% and Igss than
0.02% and 0.03% for the ratio of mass energy absorption coefficientg and
values, respectively.

Il. METHODS Medium — AB(keV)  (Lip)Zf"  (pen/p)ivea g
II. A. Cavity theory Al 512 0.820 52 1.0400 0.005 95
o 521 0.861 19 1.0373 0.005 94
Spencer—Attix cavity theory, applied to thick-walled, air- 527 0.865 43 1.0373 0.005 93

filled ion chambers, predicts that the air kerma free in air, Granh 510 100691 0.9990 0.002 50
K., at the location of the center of an ion chamber, in the ©"@PMe ; ; ;

L 521 1.001 78 0.9992 0.002 55
absence of the chamber, is given‘by 507 1.001 22

0.9993 0.002 54
L wall ; air 1 Air 512 0.003 09
Kair= Dair(q ) P — e (1) 521 0.003 07
Pl aic \ P/ wan (1~ Gair) 527 0.003 06
where (;en/ p)f,‘vi;” is the average ratio of mass energy absorp- .
tion coefficients in the air and wall materigl,is the average L\~ Men A
fraction of the electron’s energy that is lost in the air via Al " e
. . A . Dair p air p Al
radiative processef),; is the dose to the air in the cavity, e A = T oW A—ar, 3
and (L/p)‘;Vi?" is the stopping-power ratio. The correction fac- Dair a( E Fen +(1- a)(E) Hen
tor, K, includes a correction for attenuation and scatter in the Plar\ P g Pl Pl

chamber wall K,,), an axial non-uniformity correction . . L
which accounts for any divergence in the beatg . and an wherea is the fractl_on of.|on|zat|ons due to eIectron_s created
’ by photon interactions in the dag layer and—<(&) is the

electrode correction which accounts for a change in the ionz” ™. S . .
A ) . fraction of ionizations due to electrons created in the alumi-
ization in the chamber due to a change in electrode materia

Kep. In this study,K,, is unity since all calculations were " . .
(Ke) StUaY.Ran y SInce Using Egs.(1) and (3) we obtain an expression for the
performed using a parallel beam incident on the chamber and .. . :

: : . ratio of the dose to the gas in the dag-coated, aluminum-
in any case would be very close to unity for calculations for

Al ; P
a point source at 100 cm from a Farmer-type chamber a\évalled chamberpy;., to that in the pure, graphite-walled

r.
discussed by Bielajew and Rogéfs. chamberDg;:
Deviations from Spencer—Attix cavity theory for thick- L\ en air
walled ion chambers, as formulated above, can be accounteéjN KO KT o)
for by the introduction of another correction factdtga, “air_ Twall Trel _ air gr _
into Eq. (1). The Spencer—Attix correction factor can be DY, K&, 1 L)% en) ™ L\ ten|
computed using thecarc system and is given by: « ; . —| t(1-a) E R 7 N
ir gr ir
_ _ 4
Kea= Kjvi;(ul igaigu _ Kw(l_wgma”) . (2 Allofthe quantities in Eq(4) have been calculated using the
L Men L EGIrc system. Table | summarizes the restricted stopping-
Dair(; i 7) Wa”K‘Na” Da‘f(:)a" Kua power ratios, mass energy absorption coefficientsgmell-

ues calculated in this study for three values of the electron

whereK,, is the kerma in the wall material and the other_cumﬁ energy. Separate calculations show that the variation

symbols are as described earlier. Equat@ronly applies if N 9 is due to the change in ECUT along wifkE, and not |

the chamber is made of a single material. due toAE specifically. The average mass energy absorption
For a composite chamber wall, as in the case of a thin daﬁoefflments are computed using a combination of B@anrc

layer on the inside of an aluminum wall, the chamber re-US€r-codes. The user-codés used to compute the average

sponse is predicted by the Almond—Svensson extension féaction, g, of the electron’s energy lost by radiative pro-

cavity theory’ In this case the response of a compositecesses by scoring all radiative losses as each charged particle

chamber,D?, relative to that of a pure aluminum-walled slows down in an infinite medium and takingto be this

chamber is given by guantity as a fraction of the total kinetic energy transferred to
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charged particles. The user-codesrarc is used to cal- 1.0 T . £
culate the kerma in a given medium, per unit fluence, 44| ]

Kmed/ ®. The average mass energy absorption coefficient is . o—o graphite (CAVRZnrc)
then calculated from: 0.8 A aluminum (CAVRZnre)

. o— — - graphite (TG-21)

L 1 NE 0.7 - — graphite (IAEA) ]
Kne= V| =]  ——=—, 5 S oe ]

p med(l_gmed) B’ """" R R R F R T
. . oS 05 o O

where WV is the energy fluence. A more detailed account of = 7

this sequence of calculations is given in a previous -~ 04
publication*! 5 03

4 linear interpolation of

22— TG-21 valyest0 0.0 7]

4 at 0 mg/cm
....... I FYTYYETTTI TTTYETTTI ITTTYITTI FNITTIRYTI FATTITY ITITTT ]

10 20 30 40 50 70

1. A. 1. Stopping power ratios

Spencer—Attix restricted, mass-collision stopping-power
ratios are computed using thEssrc user-codesPRRArC? 0.0
using the photon regeneration option as needed for free in ai
calculations. The material densities used in the calculations
are 1.7 and 2.7 g/cirfor graphite and aluminum respectively Fic. 1. Ratio of dose to the cavity for a thin-walled graphite chamber rela-

and match the densities used in the modeling of the chambdiye to a chamber with full build-up as a function of wall thicknesas
geometries computed usingavrznrc for a®°Co beam. The calculated values are shown

i i i in comparison to the published values@from the AAPM TG-21 code of
The value of the restricted stopping power is dependengractice—Ref. Lwhich are also used in the TG-51 protocol—Re.ahd
on the choice of cutoff energy, used in the calculations. the IAEA protocol (Ref. 18. The points from each of the protocols were
The stopping-power ratios in Table | are shown for threeobtained through digitization_ of figures within the_reports showing the value
values of the cutoff energy: 1 KeV, for consistency with the®! 22 1nerof vl ickness. The oper trgles vere corotted 1
other Monte Carlo calculated values in this paper, 10 and 1@ g/cn? and includes the linear interpolation of the TG-21 values to 0.0 at 0
keV. Traditionally, dosimetry protocols use a value ®f mg/cnf. The axes on the insert are the same as on the main graph.
=10 keV for their stopping-power ratidsln primary stan-
dards labs howevel is typically dictated by chamber size.
In the latter caseA can be related to the lowest energy of energies. The calculations involving the aluminum chamber
electrons that can just cross the cavity. This is accomplishedse the density-effect corrections from ICRU Report*37
by computing the mean chord length given by4V/S  based on a density of 2.7 g/émin the case of graphite,
whereV is the volume of the air in the cavity arfdlis the  which is a porous and highly inhomogeneous material, the
surface area of the cavity. The value/dis then the electron bulk density of 1.7 g/crhused in ICRU Report 37 differs
energy for which the CSDA range is equal to the mean choraignificantly from the grain density of 2.265 g/énit is not
length. For the chamber being studied here, this impies obvious which value of the density correction should be used
=16 keV. since the theory is intended for homogeneous media, how-
The stopping powers are computed from Bethe stoppingever recent experimental evidence supports the use of the
power theory which requires a knowledge of several quantigrain density(2.265 g/cmi) when computing the density
ties describing properties of the medium. One such quantitgffect!®'’ The implications of the uncertainty in the graphite
is the mean excitation energly, which is a weighted, geo- density effect, as they relate to the Monte Carlo results, will
metric average of the excitation energies of the medium. Thée discussed in a subsequent section.
weighting factor depends on both the physical state and the
electronic structure of the material. For many materials, it is
necessary to determine the mean excitation energy from eﬂ' A. 2. a values
perimental data. In the case of graphite, ICRU Repolf'37  As seen from Eq(4), the theoretical value dd5l/DY! is
uses a value of=(78+7) eV, based on experimental data dependent on the value af, the fraction of ionizations from
for proton stopping powers at high energies. More recentlectrons created by photon interactions in the dag layer. For
experiment¥ yield much lower uncertainty ohand suggest the purposes of this study, the values ferare computed
a value ofl =(86.9=1.2) eV for graphite. In this study, the using thecAvRznrc user-code. For a dag layer of thicknéss
stopping powers for graphite are computed for both values o# is given by the ratio of the dose to the air in a graphite
| and the results from the two cases are compared. chamber of wall thickneststo the dose to the air in a graph-
The stopping powers are also sensitive to the densityite chamber with full build up. The calculations use a pure-
effect correction used in the calculation. As a charged pargraphite wall and the electrode is replaced with air to elimi-
ticle moves within a medium it causes the polarization ofnate the contribution of ionizations from the electrode for
atoms in the medium, which in turn decreases the electrathin walls. Figure 1 shows the values efcalculated using
magnetic field acting on the particle, thereby reducing thecavrRznrc in comparison with the values given by the AAPM
stopping power. This effect is more evident in dense materiTG-21 protocot and by the IAEA TRS-277 Code of Practice
als and has a greater impact on the stopping power at higlor absorbed dose determinatith. The points from

0 100 200 300 400 500
wall thickness / mg/cm
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the AAPM and IAEA curves were obtained from Figs. 1 andtally, build-up caps were used to achieve electronic equilib-
15 in the respective reports, both of which base their data orium in a%Co beam, which in the calculations is achieved
the work of Lemperet al*® using a 0.5 g/crh total wall thickness. The build-up caps
Figure 1 shows significant discrepancies, for some wallvere such that they could be used with either of the two
thicknesses, between values®from the different sources. thimbles. A thin layer of dag on the inside of the aluminum
For wall thicknesses between 50 and 150 mdiciine largest ~ wall is varied between 1 and 150 mg/ehick. The compo-
variation in a values occurs for a wall thickness of 100 sition of the dag is 87.48% graphite, 3.00% hydrogen, and
mg/cn?, which shows differences between tlavrznrc  9.52% oxygen and is identical to that of the Dag 154 used in
values and the AAPM and IAEA values of 15% and 10%,the experiment. The material densities are 1.7 and 2.7%/cm
respectively. However, these result in differences of onlyfor the graphite and aluminum, respectively, and the dag
1.1% and 0.7%, respectively, when computing the ratio olayer has a density of 0.93 g/émThe experimental uncer-
chamber responses given by Hd) for A=16 keV. If we tainty on the density of the dag layer was 0.02 gic/m®Co
consider instead, a wall thickness more typical of ion chambeam is incident on the chamber from the side. @0
bers used in dosimetry, we find that at a wall thickness of 65pectrum is taken from a previously repoftesimulation of
mg/cnt, the effect of the variation inx on the calculated the ®%Co therapy machine used for the experiments. All cal-
ratio of chamber responses is no greater than 1% for eitheulations are performed for an ion chamber in air.
the AAPM or IAEA values, when compared to using the TheEGsrc user-codeavrznrc!® is used to compute the
cavrznrc values ofx. Furthermore, we may consider a more absorbed dose to the cavily,,, and the correction factor
commonly used chamber, such as the NE2571 chamber uséar wall attenuation and scatteK,,,;. This correction ac-
in water, as is typically used in TG-51 calibrations, and cancounts for a decrease in the response of the chamber due to
compute the value o, which corrects for the fact that attenuation of primary photons in the wall and an increase in
the chamber wall and the dosimetry phantom are of differentesponse due to photons scattered in the walls.
materials. The NE2571 chamber has a graphite wall, 0.065 The calculations are performed using a photon splitting
g/cn? thick. In this case, the values &%,,, computed using techniqué®?? that increases the efficiency of typical ion
the three sources @i values discussed here, agree to withinchamber calculations by a factor of 5 compared to using
0.17% in all cases. photon interaction forcing. Unless otherwise stated, the fol-
In dosimetry protocols, the value of is treated as being lowing settings apply to all calculationgsP=1 keV, AE
independent of the chamber wall composition, provided the=512 keV, spin effects in the multiple scattering are off and
wall is made from low atomic number materials. Figure 1the photon splitting factor is 130. The effect of turning the
shows calculated values affor both graphite and aluminum spin off for these calculations is less than 0.1%. The energy
walls. Since aluminum is an extreme case and differs signifieutoff of AE=512 keV is chosen based on a previous
cantly from graphite in atomic number, the agreement bestudy”® which showed that the dose to the air changes
tween the graphite and aluminum values justifies the use dflightly as the cutoff energy is increased but is constant for
material-independent values for low atomic number mate- cutoff energies below 513 keV. For the chamber being stud-
rials. ied here, the dose to the air increases by 0.2% and 0.03% in
Neither the AAPM nor the IAEA protocol gives values  changing fromAE=512 keV toAE=521 keV for the alu-
for chamber-wall thicknesses below 45 mgfcrim the case  minum and graphite thimbles, respectively. The CPU time
of thin dag layers, it is common for dosimetry calculations torequired to achieve statistical uncertainties on the order of
assume a linear interpolation to=0 at a wall thickness of 0 0.08% B 6 h on a 1.5 GHmachine.
mg/cn?.?° The insert in Fig. 1 shows the values for wall
thicknesses below 70 mg/énand indicates the linear inter-
polation of the AAPM values tax=0 at 0 mg/cr. In the
region of the linear interpolation, interpolated valuesaof For a meaningful comparison with the presestnrc re-
differ by as much as 22% from the calculated values, howsults, the experimental results of Nahwnal?® require cer-
ever the potential effect on the predicted valueDdf/DJ", tain corrections to be applied. Table | in the paper by Nahum
using Eq.(4), is less than 0.3%. et al. cites ratios of mass ionization for a variety of cham-
bers. These ratios were obtained from the raw experimental
data by applying three correction factors: one for the attenu-
ation and scatter in the aluminum and graphite walls, one for
The ion chamber calculations are based upon the experihe presence of impurities in the aluminum and one for the
mental geometry used by Nahuenal® The thimble cham-  effect of having an aluminum central electrode instead of a
ber has a 1 mnmaluminum central electrode and an inner graphite electrode in the graphite-walled chamber. The first
cavity length of 2 cm. In accordance with the experimentalcorrection is the ratio of the scatter and attenuation correc-
geometry, the inner diameter of the thimble is 3.15 mm fortions in the aluminum and graphite walls. This corresponds
the graphite thimble and 3.41 mm for the aluminum thimble.to a ratio ofK,,, values for the two chambers. Nahwahal.
The thimble wall thicknesses are 0.35 and 0.09 mm for theeport this correction to be 1.0008 0.0011. For unex-
graphite and aluminum chambers respectively, resulting iplained reasons, this differs by almost 0.4% from the ratio of
identical outer dimensions for the two thimbles. Experimen-values calculated usingcavrznre (K3%,/KAL,=0.9969

Il. C. Experimental data

Il. B. lon chamber calculations
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+0.01%, although this difference is not critical since we TasLE Il. Comparison ofDA/DY values from the experimental data of

| th | f Nahuet al. to det . thei Nahumet al. (Ref. 9, cavrznrc calculations, and from the predictions of
only use the value or Nahu . al. to aetermine their uncor- Spencer—Attix cavity theory, given by E@) for =0, Ky=1.0063, and
rected values. When _correctlng the raw data values to obtaiger /KA —0.9969 for two values of the energy cutaff, The ratio of the
the values reported in the paper by Nahetal, the raw K, values was constant for all values AE used in the calculations. The
data values are divided by their scattering and attenuatiofxperimental data have been corrected for impurities in the aluminum and
correction. For the second correction, Naheinal. estimated thEC»iAVRZI’]I‘C values were computed using a density correctlon'for a graphite

. L. . . . . . density of 1.7 g/crh and a mean excitation energy for graphite of 78 eV

that impurities in the aluminum increased the reading in theycept where otherwise stajed

aluminum-walled chamber by 0.3®.08%. This corre-

sponds to a correction factor of 1/1.0019 when correcting the ~Source of dose ratio DA/Dg,
raw data value. The third correction accounts for the increasenanumet al. 1.094+ 0.003
in the measured ionization in the graphite chamber due to thecavrznrc (1=78 eV) 1.1024+ 0.0004
collecting electrode being aluminum rather than graphite. cavrznrc (1=86.8 eV} 1.0890+0.0004
Nahumet al. report this correction to b.9+0.2%. A cal- SA theory A =10 keV) 1.1100

SA theory A=16 keV) 1.1041

culation of this effect usingavrznrc results in a value of
(0.63+0.11)% which agrees with another previousgsa/
PRESTA Monte Carlo calculation that gave a value (6£58
+0.13%>* and the measured result of Palm and Mattsson ofind 1.0890+ 0.0004, forl =78 eV andl =86.8 eV, respec-
(0.8+0.2%.% tively, were both computed using a graphite density of 1.7
Comparison of the calculations usilmgvrznrc with the  g/cn® for the density-effect correction. If these two ratios are
experimental results does not require that all three correcsomputed using a density of 2.265 gftinstead, they be-
tions be applied. The central electrode correction is not income 1.101Z0.0004 and 1.08760.0004, respectively. In
cluded since, as in the case of the raw experimental data, dloth cases, the effect of using one density effect in place of
of the Monte Carlo calculations are performed using an aluthe other is less than 0.2%.
minum central electrode in both chambers. The correction The calculated ratio of chamber responses is proportional
for the impurities in the aluminum however, must be appliedto the ratio of the aluminum and graphite photon cross sec-
to the raw experimental data since the Monte Carlo calculations, and therefore the uncertainty in the calculations is also
tions are for an idealized chamber with pure aluminum.affected by the uncertainties in these cross sections. In the
Therefore all subsequent experimental values cited in thisnergy region dominated by the Compton interaction, the
paper include the impurity correction. All of the experimen- uncertainties in the photon cross sections are estimated to be
tal raw data values and their uncertainties have been obtainedbout 1%°~28 However, for the range of energies most sig-

by digitization of Fig. 1 in the paper by Nahuet al. nificant in a®“Co beam, it is likely that the uncertainties, and
especially the uncertainties related to ratios of photon cross
ll. RESULTS sections, are less than 1%.

It is also instructive to compare theavrznre results for
the ratio of responses to the predictions of Spencer—Attix
The first set of experimental measurements by Nahuntavity theory, given by Eq4), for an « value of 0. For a
et al® compared the response in an aluminum-walled champure aluminum-walled chamber, this equation predicts dose
ber to that in a graphite-walled chamber. Correcting only forratios of 1.1100 and 1.1041 for energy cutoffs of 10 and 16
the impurities in the aluminum, Nahuet al. report the rela-  keV, respectively. These values, also shown in Table II, were
tive mass ionization in the two chambers to becomputed using a mean excitation energy of 78 eV for
1.094+0.003. This differs by 0.7% from theavrznrc cal-  graphite and should therefore be compared toaherznrc
culated value ongA;nggszl.lozétt 0.0004, which was dose ratio of 1.10240.0004 reported earlier in this paper.
computed for a mean excitation energy of 78 eV for graphiteDiscrepancies between the calculated dose ratio and that pre-
If, however, we use a mean excitation energy of 86.8 eV aslicted by cavity theory should be accounted for by ratios of
suggested by Bichsadt al,’® the calculated dose ratio be- the Spencer—Attix correction factor§g,, for graphite and
comes 1.08920.0004, 0.5% lower than the experimental aluminum, given by Eq(2). Table Ill lists the values oKga
value of Nahunet al. These results are summarized in Table
[I. Although neither calculated value agrees with the experi- _ ,

PP . . TaBLE Ill. ecsnrc calculated values of the Spencer—Attix correction factor,
me,mal Va,lue’ It Is interesting to note that the experlmental(SA’ for the aluminum-walled and graphite-walled thimble chambers for
ratio falls in between the twoAvrznrc values computed for o values of the restricted stopping power cutoff enefgyA cutoff en-
different| values of graphite. This suggests that the discrepergy of A=10 keV is the commonly used value in dosimetry studies and
ancy between the Monte Carlo and the experiment may ba=16 keV is thg chamber—spec_ific value computed from t_he mean chord
accounted for, at least in part, by lack of knowledge of th(_:‘l7ength of the cavity. The calculations are for a mean excitation enkrg,
correct stopping powers.

IIl. A. Chambers with walls of one material

8 eV for graphite.

In addition to the value of, the uncertainty in the knowl- A (keV) Keh KZ,
edge pf the stopping powers also st_ems from the d(_ansny of 0 10050+ 0.0003 0.9980" 0.0003
graphite used to evaluate the density-effect correction. The (¢ 1.0001 0.0003 0.9985¢ 0.0003

two cAvRznrc dose ratios reported earlier, 1.162410004
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TaBLE IV. Values of DE™DY for different combinations of thimble and 1.11 T T T T T T T T T
cap material. The experimental values are taken from Nagtual. (Ref. 9
and include a correction for impurities in the aluminum. The Monte Carlo & o CAVRZnrc
values were computed using the user-cogerznrc with a cutoff energy of 110 F 4 Nahum et. al. 3
512 keV. For the graphite chamber, the calculations used a mean excitatiol i3
energy,, of 78 eV and a density-effect correction for a density of 1.7 g/cm 3
in the graphite wall. 1.09 F 5 3
" T
Dose ratio Dose ratio E*OS» s
Thimble Cap (Nahumet al) (cavrznreo) Difference < 1.08 | z e 5 E
< ©
or or 1.000 1.0000 a’ T
ar Al 1.009+0.004 1.016%+0.0004 +0.7% 1.07 ¢ 33 7
Al Al 1.094+0.003 1.10240.0004 +0.7% i z < 5
Al gr 1.065+0.005 1.0656:0.0004 +0.06% RN |
1.06 F Y I k2
i
1 .05 1 1 1 1 1 1 1 1 1 I
computed for the two values df relevant to dosimetry cal- o 1t 2 3 4 5 6 7 8 9 10
culations. Multiplication of the ratio of th& g, values for dag thickness / mg/em

the two chambers with the calculatedvrznrc dose ratio Fic. 2. The absorbed dose to the cavity for an aluminum-walled thimble
from Table 1l shows that the Spencer—Attix correction factorchamber relative to that in a graphite-walled chamber for different thick-
does (as it must, by definitioh account for the difference nesses of dag in ¥Co beam. The open circles show thevrznrc calcula-
between thecavrznrc result and the prediction of the tions with AE=512 keV and the closed triangles show the raw data from
. . Nahumet al, corrected for impurities in the aluminum. Details of the cor-

Spencer—Attix theor_y as formu'fat?d in EA). rections applied to the raw experimental data are described in the text. The

From the values in Table Ill, it is clear that the chamber-cavrznrc calculations were performed using a mean excitation energy of 78
specific value ofA, 16 keV, provides better agreement be-eV and a density-effect correction of 1.7 gitfor the graphite wall.
tween the theory and calculated results. This is consistent

with the results of Borget al!* and Mainegra-Hinget al >
This is particularly evident for the aluminum chamber, whereexcitation energy of graphite and used a graphite density of
the correction a =10 keV is 0.5% whereas it is less than 1.7 g/cnﬁ" to compute the density-effect correction. The

0.01% for aA value of 16 keV. In the case of the graphite density-effect correction for the dag layer is computed using
chamber, the correction to the theory is no more than 0.4% density of 0.93 g/cfh

for either value ofA. The experimental results of Nahuet al. do not agree
particularly well with the output frontavrRznrc. However,
IIl. B. Composite-walled chambers when thecavrznrc results are normalized to the experimen-

. . tal data as in Fig. 3, the two sets of values show similar, but
The paper by Nahunet al. also considers a variety of . . . . .
. ._not identical, behavior as a function of dag thickness. The
cases where the chamber wall is composed of two materials. . .
. normalizedcAvrznrc values show a root mean square devia-
In the first such set of measurements, Naheinal. report . .
. L ) ; tion of 0.0029 from the experimental values.
relative mass ionization ratios for the aluminum chamber
with a graphite cap and for the graphite chamber with an
aluminum cap. Although the cap thicknesses were not stated
explicitly in the experimental report, it is assumed for the 111 DR ' ' ' ' ' '
calculations that the caps were thick enough to provide full o CAVRZnre (normalized)
buildup of 0.5 g/crf for each of the chambers, when used ~ 1.10 | 4 Nahumeet. al. 1
with their matching thimble. The experimental values are &
shown in Table IV along with the values &f5y"™D¥j cal- 100 E
culated usingAvRznre, whereDgi™is the dose to the airin
the composite-walled chamber. The experimental vaIuesao% 108 b % 1
have been corrected for impurities in the aluminum. In no —, T X
case does theavrznrc dose ratio differ by more than 0.7% o =
from the dose ratio determined by Nahwrnal. As before, 107 F T g
this discrepancy can be more than accounted for by uncer I B
tainty in the stopping powers. 106 £ I % ° 3
The composite-wall experimental results of Nahatal. I 2 =
also compare the response of an aluminum-walled chambe 05 L , , , , , , i L2
lined with a thin layer of dag, to the response in a graphite- o 1 2 3 4 5 6 7 8 9 10
walled chamber. The experimental results, corrected for im- dag thickness / mg/cm
purities in the alumm.um’ are shown in Fig. 2 along with theHe. 3. As in Fig. 2, except that theavrznrc results have been normalized
results calculgted usingavRznre. TheCAVRZNIC results are 1o the experimental values for comparison of the overall shape of the two
computed using the ICRU Report 37 value for the mearsets of values. The two curves show a root mean square deviation of 0.0029.
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1.1 - - . . . . . . . are shown in Fig. 5 for the two values of the restricted stop-
o CAVRZnrc, 1=78 eV ping power cutoff energyA, discussed earlier. Though the
110t 4 Nahum et. al. ] chamber specific value &f gives values that are closer to
i3 = CAVRZnre, 1=86.8 eV the calculated ones, for thin dag layers, the output from the
109 “: F Monte Carlo calculation does not agree with the predications
. §§ of the Almond—Svensson formula for either valuehofThis
58 1“5 agrees with the conclusion of Nahueh al,, who stated that
En 1.08 b zt s E the theory did not correctly predict the chamber response in
iog IE - the presence of thin dag layers. This finding is not surprising,
107 F L - 3 given the very simple derivation of the Almond—Svensson
) oL T . formula, which ignores effects such as changes in the scat-
106 E = I 3 tering power.
= % o 7 I i
1.05 ! ' ' ' : : Lo B
t 2 3 4 5 6 7 8 9 10 IV. CONCLUSIONS

dag thickness / mg/cm2
The Monte Carlo codeavrznrc has been used to com-
Fi. 4. The effect of changing the mean excitation enekggf graphite, on 1 ;10 the ratio of the absorbed dose in an aluminum-walled
the relative dose ratio. The experimental data are shown as the closed tll?- . . .
angles for comparison. Alcavrznrc results were computed usingE thimble chamber to that in a graphite-walled chamber. The
=512 keV and used a density of 1.70 gifar the density-effect correction ~ calculated ratio differs from a previously reported experi-
in the graphite wall. mental value by 0.7%. This difference can be more than
accounted for by changing the value of the mean excitation
energy of graphite used to compute the stopping powers.
We may also once again consider the effect of using dif-This suggests the need for further investigation of the values
ferent values of the mean excitation energy on the calculatedf the mean excitation energy currently used in dosimetry
results. As shown in Fig. 4, if the chamber responses argrotocols and primary standards in regard to more recent
computed fol =86.8 eV, the ratios of chamber responses areexperimental values. The calculated response ratios vary by
shifted from the previous values computed usirg78 eV. less than 0.2% when the density of the graphite used in the
As in the case of the pure aluminum wall, the experimentabensity-effect correction was changed from the bulk density
dose ratios for the thin dag layers lie between the two curveso the grain density. The uncertainty in the calculated re-
calculated for the different values. sponse ratios is also directly related to the uncertainty in the
It is also interesting to compare tlwavrznre results for  ratio of the photon cross sections. For the pure aluminum-
the thin dag layers to the predictions of the Almond-walled chamber, the calculated dose ratio agrees with the
Svensson extension of cavity theory. The theoretical curvegredictions of Spencer—Attix cavity theory to within 0.06%
when a chamber-specific value of the energy cutoff is used to
determine the restricted stopping powers. If an energy cutoff
1.12 . T of 10 keV is used, as is commonly done in dosimetry prac-
o CAVRZnr¢ tice, this difference between the predicted value and the cal-
E culated result is 0.6%.
Calculations have also been performed for composite-
walled chambers in relation to a pure graphite-walled cham-
ber. For the case of an aluminum thimble with a graphite

1.08
A=10keV

gr
as

cor o5 b build-up cap and for a graphite thimble with an aluminum
z 8 cap, the calculated chamber response ratios differ by up to
o = 0.7% from the experiment. In the case of thin dag layers
1.04 £ applied on the inside of an aluminum chamber wall, direct

comparison ofcAavrznrc results and experiment shows that
1.02 F the calculated ratios of chamber response differ by less than

. 1% from the experimental values. Upon normalization to the

N L L experimental data, the Monte Carlo results show similar, but

0 50 100 150 not identical behavior, with a root mean square deviation in

. 2
dag thickness / mg/om the ratio of responses of 0.0029 from the experiment. The

Fic. 5. The dose to the cavity for an aluminum-walled chamber with varying AImond—Svensson extension to cavity theory does not cor-
thicknesses of dag relative to that of a graphite-walled chamber. The linesectly predict the chamber response in the presence of the
show the behavior expected from the theory given by(Egfor two values  dag layers and it is demonstrated that the values afe not

of A and the open circles are the values calculated usiwvgznrc with . _
AE=512 keV and a mean excitation energy of graphite of 78 eV. The pointsthe source of the problem. Since the Almond-Svensson

indicated on the theory curves are the points at which the dose ratio wad1€0rY IS Wi'dely .Used in dosimetry protocols to calculate
calculated using Eq4). Pwai corrections, it deserves further study.
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