CSnrc: Correlated sampling Monte Carlo calculations using EGSnrc

Lesley A. Buckley?®

lonizing Radiation Standards, National Research Council of Canada, 1200 Montreal Road, Building M-35,
Ottawa K1A OR6, Canada and Ottawa-Carleton Institute of Physics, Carleton University,

Ottawa K1S 5B6, Canada

|. Kawrakow
lonizing Radiation Standards, National Research Council of Canada, 1200 Montreal Road, Building M-35,
Ottawa K1A OR6, Canada

D. W. O. Rogers
Ottawa-Carleton Institute of Physics, Carleton University, Ottawa K1S 5B6, Canada

(Received 9 July 2004, revised 25 August 2004; accepted for publication 20 September 2004;
published 23 November 2094

CSnrc, a new user-code for the EGSnrc Monte Carlo system is described. This user-code improves
the efficiency when calculating ratios of doses from similar geometries. It uses a correlated sam-
pling variance reduction technique. CSnrc is developed from an existing EGSnrc user-code
CAVRZnrc and improves upon the correlated sampling algorithm used in an earlier version of the
code written for the EGS4 Monte Carlo system. Improvements over the EGS4 version of the
algorithm avoid repetition of sections of particle tracks. The new code includes a rectangular
phantom geometry not available in other EGSnrc cylindrical codes. Comparison to CAVRZnrc
shows gains in efficiency of up to a factor of 64 for a variety of test geometries when computing the
ratio of doses to the cavity for two geometries. CSnrc is well suited to in-phantom calculations and
is used to calculate the central electrode correction fatgrin high-energy photon and electron
beams. Current dosimetry protocols base the value.gfon earlier Monte Carlo calculations. The
current CSnrc calculations achieve 0.02% statistical uncertaintidd.grmuch lower than those
previously published. The current values Rf, compare well with the values used in dosimetry
protocols for photon beams. For electrons beams, CSnrc calculations are reported at the reference
depth used in recent protocols and show up to a 0.2% correction for a graphite electrode, a
correction currently ignored by dosimetry protocols. The calculations show that fanmdiam-

eter aluminum central electrode, the correction factor differs somewhat from the values used in both
the IAEA TRS-398 code of practice and the AAPM’s TG-51 protocol.2@04 American Associa-

tion of Physicists in MedicingDOI: 10.1118/1.1813891
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I. INTRODUCTION geometries is small. For example, in the case of an in-
phantom, ion chamber calculation, the majority of the geom-

Monte Carlo calculations are widely used in radiation dosim- ; .
S . . . etry may stay the same and two geometries may differ only

etry for the determination of a wide variety of correction . . :
in the material or thickness of the chamber wall.

factors. Such calculations can be used to simulate in- Correlated sampling exploits correlations between similar
phantom dosimeter response. These types of calculations are piing €xp

difficult, since they require hundreds of millions of particle geometries to reduce the uncertainty on the ratio or differ-

histories in order to achieve reasonable statistical uncertair‘?—n_Ce of calculat_ed qu_antltles and reduces the total time re-
ties in the results. The difficulties in simulating ion chamberduired for the simulations. Correlated sampling may there-

response in large phantoms are illustrated by the calculatiorf9™® P€ used to improve thl?) efficiency of calculations
performed by Nilssoret al* and Andreoet al? which dem- |nvoIv!ng correlated quantitied! ConS|de.r, for example, a
onstrate the need for variance reduction techniques beyorftHantity that is to be calculated for two different geometries.
those normally used!? It is straightforward to simply execute the Monte Carlo cal-
In the early 1990s, Ma and Nahdfhdescribed a corre- culation twice and compare the results. If, however, the dif-
lated sampling variance reduction technique that could bé&erence between the two sets of results is small, the calcula-
used to address such problems. In subsequent papers, thigns must achieve very small statistical uncertainties in
technique was used for calculation of correction factors irorder to perform a meaningful comparison. The computation
ion chamber calculations and in Fricke dosiméﬁ%/[n gen- time therefore becomes very large since the problem requires
eral, correlated sampling is useful in situations where théwo separate calculations with very low statistical uncertain-
ratio of, or difference between, certain quantities, due to difties. To improve upon the efficiency of this type of problem,
ferences in the simulation geometries, is of interest. It is ofcorrelated sampling uses a single execution of the Monte
particular interest in cases where the difference between th@arlo calculations and uses similar particle trajectories for
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since the entire simulation does not have to be performed
twice. Furthermore, if the two geometries are similar, the two
results are correlated, and they will deviate from their respec- A B
tive expectation values in the same direction, thereby reduc-
ing the uncertainty on the resulting difference or ratio of the
two values.

A variety of correlated sampling methods have been em-
ployed for radiation dosimetry applications. Bielajévem-
ployed a method whereby the initial random number seeds
were stored for any history in which the primary particle, or
any secondary particles, deposited dose in the cavity. This
history was then repeated with the same initial seeds for each
of the additional geometries. This method has the disadvan-
tage of repeating entire histories, even when only a small
fraction of the transport occurs in a region that has changed
from the previous geometry. Furthermore, histories that do
not result in dose deposition in the initial geometry are not
repeated,1 but some of these histories may have deposited ~ — main history - - — split history (option 1)
energy in subsequent geometries. In most cases, this has
been shown to have no significant effect on the results.

Hedtjarnet al.*” applied a fixed-collision correlated sam- g 1. schematic demonstrating the correlated sampling method. The small
pling techniqué® to photon transport for brachytherapy ap- region within the larger phantom is the correlated sampling region and
plications. In this method, the correlated sampling region isc_hanges material with each new geometry optjon. Pa.rticle As_hows a main
treated as a perturbation to a homogeneous geometry. A Sh| Itory that never enters thej corrglated sa_mpllng region and_|s tranqurted

y once during the entire simulation. Particle B shows a particle for which
of histories is generated for the homogeneous case, and th@f main historysolid line) is transported only once, and the split history
the histories are rescored for the perturbed case, usingashed linestransport is repeated for each geometry option. For positive
weighting factors for the photon collisions. For realistic pho_correlations, the trajectories will be similar for each of the geometry options.
ton collision physics in this method, some complicated prob-

lems must be solved in order to compute the weighting facbased upon the earlier correlated sampling codbich was

tors for the heterogeneous cases, however a high degree Qfijariy based on the earlier CAVRZ user-code, written for
correlation is maintained, as the entire history is correlategh,o EGs4 Monte Carlo code systé?h.

between geometries. _ _ Using CSnrc, it is possible to improve upon calculations
The correlated sampling method described here is basegh formed using earlier versions of the code. This paper de-
upon the method developed by Ma anleNaﬁuimr 10N scribes calculations of the central electrode correction factor
chamber calculations, and by Holmes al.™ for electron  tor thimble ionization chambers using CSnrc. These calcula-
beam dose calculations. In this method, histories are foljons achieve much lower statistical uncertainties than previ-
lowed until they encounter the boundary of the region whichyys calculations and present a complete set of values, calcu-
varies between geometries, they are then split, and the simygted at the currently used reference depths so they can be

lation continues independently for each geometry. Unlike theompared with the values currently used in dosimetry
method described by Bielajeth,entire histories are not re- protocols™®%°

peated in this approach. This correlated sampling algorithm

also has the advantage of being very straightforward tq METHODS

implement and does not require complicated calculations of )
weighting factors as described above. Changes from this eaft Correlated sampling method

lier version of the code to the present EGSnrc version over- The correlated sampling method used in EGSnrc is best
come some of the disadvantages of the method used by Mpustrated by considering an example. Figure 1 shows a
and Nahum. These changes will be described in a subsequedthall region at some depth within a rectangular phantom. In
section. a given simulation, the correlated sampling regions are de-

This paper describes the implementation of the correlatefined as those regions that differ between geometries. In Fig.
sampling method within the EGSnrc Monte Carlo codei, if the problem of interest is to compare the dose to the
system'**® EGSnrc is the first Monte Carlo code able to small region for different materials in the region, the small
simulate ion chamber response to an accuracy of 0.1%, aégion is defined as the correlated sampli@&) region. In-
least with respect to its own cross-sections and geometrytead of performing the entire calculation multiple times,
descriptions® The correlated sampling user-code in theeach time changing the material within the small region, CS-
EGSnrc system CSnrc is developed from an existing usemrc calculates the dose to the CS region for all of the differ-
code CAVRznrc’ and, although changed substantially, isent cases with a single execution of the code.

the two geometries. This reduces the total computation time \L \L \L \L

Correlated sampling
region

-.—.— split history (option 2)
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For each history, the particle is followed as a main historythe entire particle trajectory must be repeated for each geom-
until it enters the correlated sampling region, at which pointetry, the only gain in computing efficiency comes about from
it is separated into the distinct geometry options. Track Apositive correlation in the geometries.
shows a particle that travels through the phantom without The implementation of correlated sampling also requires
ever entering the CS region. For these particles, the simulawo additional macros: $CS-TAKE-DOWN-DATA and $CS-
tion is only performed once, potentially resulting in signifi- END-OF-OPTION. In the EGS4 version, these macros were
cant time savings. Track B is transported as a main historhserted into the EGS4 subroutines ELECTR, PHOTON, and
only until it reaches the boundary of the CS region. Follow-SHOWER. In addition to requiring changes to the EGS4
ing the step to the boundary, once the particle has entered tRgstem itself, this method of implementation also resulted in
correlated sampling region, the particle data and the state @fome unnecessary repetition of segments of particle trajecto-
the random number generator are stored. The rest of the pajes. For a particle that did not begin in a correlated sampling
ticle trajectory continues as before, with all dose beingregion, $CS-TAKE-DOWN-DATA stored the particle data
scored to the first geometry option. The particle and anyang the state of the random number generator at the begin-
secondary particles produced are scored to the first geometmng of each new particle loop in ELECTR and PHOTON.
option until the completion of their transport, regardless Ofgq glectrons, this meant that several steps often took place
whether or not they leave the CS region. When the particlyefore the electron reached the boundary of the correlated
and its descendants have been transported for the first geomlsmjing region. When the particle was restored for the next
etry, the particle data are restored to the point in the mainyeometry option, this led to part of the trajectory being re-
history where the split began. The particle is once againeateq within the main history. Although no duplicate scor-
transported, this time with the material in the CS region bej, ooc\rred, this was not the most efficient algorithm with
ing that of the second ge_:ometry_ 0pt|or_1, and the dose '?espect to computation time. The EGS4 implementation of
scored for the second option. This continues for all of thet e code also resulted in numerous occurrences of the $CS-
geometry options, and when all transport has been complet KE-DOWN-DATA macro, so that the particle data and
for that history, the .next history beg[ns asa main history. random number generator, information were being stored

. CIearIy,. there will be some savings in executlpn tIm?each time the new particle loop was started, and not only in
since particles that never enter the correlated sampling regiofl . .ases where the particle was entering a correlated sam-
are only transported once, regardless of the number of geomy - reqion
etries. Similarly, for a large phantom, the transport that taked'"9 region. o

: . In the present code the particle is forced to be treated as a
place in the phantom, before the particle enters the correlated

sampling region, is not repeated for each option. The greatesrf]ew particle each time it crosses the boundary into a cor-

gain in computing efficiency however, comes from the re_related sampling region. This method allows the particle data

duction in the uncertainty on the ratio of scored quantities into be taken down only at the end of a step in which the

the multiple geometries. Consider track B in Fig. 1. At theparticle has entered a correlated sampling region. In this way,

point where the particle enters the correlated sampling rgl0 part of the particle trajectory is repeated outside of the

gion, it has certain position and direction coordinates and gorrelated sampling region, and the particle data is only

given energy. Based on these characteristics, the particle m&yored once. Furthermore, the correlated sampling macros are
result in energy deposition in the CS region. If the region,Slocated in the AUSGAB subroutine in the user-code, there-

material is then changed, the particle is still entering thd©r® N0 changes to the EGSnrc system code are necessary.

correlated sampling region with the same parameters andiS implementation is poss”i!fz with the new EGSnrcMP
will follow a similar trajectory. It is therefore very likely that Version of the Monte Carlo code,since local variables are

it will also deposit energy in the region for the second ge-N°t allocated statically as they were in EGS4 and in previous
ometry, particularly if the cavity materials in the two geom- Versions of the EGSnrc code. This permits recursive invoca-
etries have similar physical properties. The energy depositioHon of the transport routines, ELECTR and PHOTON. Table

in the CS region for the two cases is said to be positively Summarizes the three macros used in the correlated sam-
correlated. pling algorithm and their functions.

Further changes to the CAVRZnrc user-code include the
addition of a rectangular phantom geometry to the current
cylindrically symmetric geometries. Since one of the prob-

Within the CAVRZnrc user-code itself, the implementa- lems for which correlated sampling is of greatest value is an
tion of the correlated sampling algorithm with the EGSnrcin-phantom ion chamber calculation, the geometry must ac-
code requires an additional dimension for many scoring arcommodate a cylindrical ion chamber within a rectangular
rays in order to differentiate between geometry options whephantom. As in other EGSnrc cylindrical geometry user-
scoring. Several flags are also introduced to distinguish besodes, the ion chamber is positioned along taxis. Three
tween geometry options. Before the call to SHOWER, ageometrical inputs are read by the INPUTS subroutine: The
macro, $CS-FIRST-PARTICLE, checks if the particle is thickness of the phantoigalong they axis), the width of the
starting in a correlated sampling region. In that case, all ophantom(along thex axis), and the depth of the ion chamber
the particle data and the state of the random number generaithin the phantongalong they axis). An additional material
tor are saved, before beginning transport. In such cases, sinoggut is also required to specify the phantom material.

B. Considerations in the user-code
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TaBLE |. Summary of the three principle macros inserted in the user-code for the implementation of the
correlated sampling algorithm with EGSnrc.

Macro Description

$CS-FIRST-PARTICLE Inserted in main routine before call to SHOWER. Takes
down particle information if particle starts in
correlated sampling region.

$CS-TAKE-DOWN-DATA Located in AUSGAB in a block that is only reached by
particles that have completed a step into a correlated
sampling region. Takes down all particle information and
the state of the random number generator.

$CS-END-OF-OPTION Inserted in AUSGAB following calls to PHOTON and
ELECTR. Checks to see if one option has finished
and increments flag to signal the next geometry. Exits
the loop when transport for all geometry options is
complete.

(1)

Changes in the subroutine HOWNEAR are used to calculate o \/( 57>2 <37>2 2 coux,y)

the distance to the rectangular boundary when a particle is in —= I p—

the phantom. R (N=-1)(xy)
Minor changes are also made in a number of other auxil-

iary EGSnrc subroutines. Since the state of the random nunwhere s and s are the estimates of the uncertaintiesjon

ber generator must be recorded for each particle in the simygngy; Ezy/yand covx,y) is the covariance of andy. In

lation, new random number storage macros are added ihe context of correlated samplingandy refer to the same

order to write the state of the random number generator tqantity, scored for two different geometries. The covariance
internal variables. New source macros are also required t@ given by

accommodate a source incident on a rectangular geometry.

The CSnrc code also includes an option to vary the pho-
ton cross-sections by a user-specified amount. Two optional cov(x,y) = ,
inputs specify whether or not the cross-sections are to be N N?
changed and by what percentage they should be changed.

This feature is used for uncertainty analysis in determiningyhereN is the number of histories. Clearly, a positive cova-
the effect of uncertainties in the photon cross-sections on thgance results in an uncertainty on the dose ratio that is lower

calculated value¥: than it would be for an uncorrelated situation, for which the
CSnrc includes the photon splitting variance reductioncgyariance is 0.

technique used in CAVRZnrc and described elsewhéfe.

The efficiency gain achieved by photon splitting is depen-

dent upon the geometry and on the calculation parameters. ] .
For the in-phantom calculations considered here, the effié- Correlation coefficient

ciency gain due to splitting alone was between a factor of 2 The gegree of correlation betwegrandy can be evalu-
and 3 for a splitting number of 130. For these geometries, thgg using the correlation coefficient,,. The correlation

efficiency gain was seen to show little dependence on thggefficient lies in the range <tp<1 and is related to the
splitting number for values of the splitting number betweencgyariance of andy by

100 and 130.

x) \y

Loy SRSy,

2)

_ covxy)

3
SS7

Pxy
C. Statistics of correlated quantities

1. Ratios of correlated quantities It can be seen from Eql), that for a greater correlation

Within each geometry, statistical uncertainties are combetweenx andy, the uncertainty orR will be lower. Two
puted as they are in other EGSnrc user-codes, using thguantities are said to be positively correlated if finding
history-by-history method described elsewh&@he corre- above the mean increases the likelihood of findynabove
lated sampling method is often used to compute a ratio othe mean value. Conversely, a negative correlation implies
results from different geometries. Each geometry option haghat if x is found above the mean, the likelihood of finding
its own result and uncertainty, and since the results betweelmelow the mean is increased. For correlated sampling as it is
options are correlated, the uncertainty estimate on the ratiapplied in CSnrc, the correlation is positive, so values of
of these results is computed using 0<p=<1 are expected.
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TasLE Il. Description of the seven test cases used to benchmark the CSnrc code. The region that changes
materials is the correlated sampling region. For all test cases using an ionization chamber, the central electrode
is 19 mm long and has a diameter of 1 mm and the air cavity is 20 mm long and 6.3 mm in diameter. The
fractional increase in time for the additional geomeirynd the correlation coefficiept are also shown.

Label Description a o

A Alanine pellets, 5 cm deep in a cylindrical water 0.018 0.97
phantom, in £°Co beam. Alanine is replaced by water
for the 2nd geometry. The pellets are 1.8 cm long and
0.25 cm in radius.

B Thimble chamber, free in air, with an aluminum central 0.98 0.19
electrode and either aluminum or graphite walls,
0.5 g/cn? thick. A %%Co beam is incident from the side
and the dose is scored to the air cavity.

C Same as in B, but chamber walls are graphite and the 0.099 0.91
electrode is either graphite or aluminum.

D Same as in C, but the incident beam is a 10 MeV 0.079 0.92
electron beam.

E Thimble chamber witi%Co beam incident from side. A 0.69 0.26

0.05 g/cnd wall is either graphite or aluminum and
there is a graphite build-up cap to achieve full build-up.
F Same chamber as in B, but the chamgveith no 0.070 0.36
build-up cap is placed 10 cm deep in a 30 cm cubic
water phantom and the incident beam is a 10 MV
photon beam. The wall material changes from graphite

to water.

G Cylindrical AlLO3 pellet, 2 mm in length and having a 0.0035 0.75
radius of 0.564 mm. The pellet is 10 cm deep in a 30
X 30% 30 cn? water phantom and the incident beam is

GOC fo)

3. x? test

In order to verify that the statistics on the ratios of corre-

lated quantities are being estimated accurately, yheer

degree of freedom is computed for a number of separat

simulations using:

¥_ 15 R-R?
df n-175 SO @

wheren is the number of simulation®;=x/y; is the ratio
computed in simulatiorh,sRi is the estimated uncertainty on

R, andR is the ratio, averaged over ail simulations, as
follows:*®
— 3IX
R= 2;‘ 1_'_. (5)
i=1Yi

If the uncertainty is estimated accurateff/df should be

1
e:SZ—T. (6)

The gain in efficiency provided by a variance reduction tech-
ﬁique, compared to a conventional calculation is defined as
the ratio of the efficiencies of the two methods.

lll. RESULTS

A. Benchmarking tests
1. Comparison to CAVRZnrc

The first step in benchmarking the code is to ensure that
the cavity dose for a given geometry option, the ratio of
cavity doses for different geometries, and the statistics on the
dose ratios are being computed properly. To this end, seven
test input files were developed, ranging in complexity from
simple in-air thimble chamber calculations, to alanine pellets
in a cylindrical water phantom, to an in-phantom ion cham-

~1. If the uncertainty has been underestimated, we will findoer calculation. The test cases differed in the type of incident

X?/df>1, whereas &?/df<1 indicates that the uncertainty
has been overestimated.

4. Efficiency of Monte Carlo calculations

The efficiency,e of a Monte Carlo calculation is inversely
proportional to the total CPU tim& and the estimated vari-
ances’ of the quantity being calculated

Medical Physics, Vol. 31, No. 12, December 2004

beam and in which region was designated as the correlated
sampling region. Table Il provides a brief summary of the
seven test cases.

The correlated sampling code was developed from the
CAVRZnrc user-code and therefore, within their uncertain-
ties, the two codes should give the same cavity doses for a
given geometry. In order to compare the CSnrc results to
those from CAVRZnrc, CSnrc was executed for each of the
seven test examples and the ratio of dose to the cavity for the
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Fic. 2. The percent difference between the dose ratios computed usin . ) .

CSnrc and those from CAVRZnrc. The uncertainty on the percent differencé G- 3- Plot showing thex® per degree of freedom computed for 20 inde-

is computed using standard error propagation techniques. The results apgndent runs used to compute the ratio of doses for two correlated geom-
shown for five test geometries discussed in the text and are shown with arfeiies in the seven test Lases. The dasged lines show the 68% and 95%
without photon splitting as an additional variance reduction technique. Thé&onfidence limits for the distribution. Ax“/df~1 indicates accurate es-

two test geometries that use a rectangular phantom are not included here tinates of the statistics on the dose ratios. The calculations were performed

this geometry is not supported by CAVRZnrc. All calculations uges with (open circles and without(solid circleg photon splitting as an added
=521 keV. variance reduction technique.

) 2. Efficiency gain
two geometries was computed. For each of the test cases,

CAVRZnrc was then executed twice, once for each geometry [t iS possible to determine the gain in efficiency achieved
option, and the ratio of cavity doses was computed manually?y usmg_CS_nrc to compute th_e ratio of doses for two distinct
with the uncertainty being computed as the sum of thegeome?rles instead of executmg CAVRZnrc for _each geom-
squares of the individual dose uncertainties. The percent diftry Of interest and then computing the dose ratio. Using the
ference between the dose ratios from the two user-codes af@'malism of Ma and _NahUﬁ”(W'th an obvious correction
shown in Fig. 2, with and without photon splitting. CSnrc the efficiency gainG, is given by

gives the same results as CAVRZnrc, well within the uncer- Kk ﬁncorr
tainties of 0.01% to 0.1%, the average difference having a G= lvak-1 & ° ()
magnitude of 0.03%. The individual cavity doses computed corr

using the two codes also agree in all cases to within 0.1%vherek is the number of geometry options being considered
with an average difference of 0.03%. The comparison canndh a single execution of CSnre; is the fractional increase in
be made for the last two test cases, F and G, sincéme for each geometry option beyond the first one, and
CAVRZnrc does not support the use of a rectangular phans? .., ands2,, are the uncertainty estimates on the dose ra-
tom geometry. tios for the uncorrelate@CAVRZnrc) and correlatedCSnrg

In addition to verifying agreement between CSnrc andcases, respectively. This assumes that for the same number of
CAVRZnrc, the statistics on the calculated dose ratios mushistories, the computation time required for an independent
be verified. For each test case, the ratio of doses to the cavityn of a single geometry option is the same, regardless of
for two correlated geometries was computed in each of 2@vhich geometry is being considered. For the cases consid-
independent runs. Using the uncertainty on the dose ratio, thered here, values af vary from 0.004 to 0.98 and are shown
X° per degree of freedom was computed and is plotted in Figin Table Il. As expected, for geometries in which the source
3 along with the 68% and 95% confidence limits. As ex-is incident upon the correlated sampling regianjs large
pected, for all testsy?/df~ 1, and the scatter of points about since the entire history is repeated and there is no savings in
X>/df=1 shows that there is no systematic error in the caltime. Conversely, for in-phantom calculations, where large
culation of the statistics on the dose ratios, and therefore theyarts of the particle trajectories are outside of the correlated
are being calculated correctly. The calculations were persampling region,« is very small. In order to include the
formed with a low electron energy cutoiE of 521 keV, and  rectangular phantom geometries, which cannot currently be
both with and without photon splitting as an added varianceomputed using CAVRZnrce is computed by comparing
reduction technique. Where splitting was used, the splittinghe CPU times for a CSnrc calculation using two geometries
factor was 130. For all subsequent calculations, photon splitwith a CSnrc calculation with correlated sampling turned off.
ting is used in addition to correlated sampling in order toCompared to CAVRZnrc, CSnrc used with no correlated
improve the calculation efficiency. sampling takes slightly longer due to several conditions in

Medical Physics, Vol. 31, No. 12, December 2004
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100 e A e T EAEEA y ber geometry. Similarly, Holmest al° report mean effi-

A,] ciency gains of 2 to 200 for electron-beam calculations.
More recent calculations by Hedtjaet al’? also show effi-
ciency gains between 10 and 100 for most cases. For some

D. | very simple slab geometries that show a high degree of cor-
c*® ] relation (p=0.996, the gain is as high as 400 using
CSnrc.
10 G E The efficiency gain achieved by correlated sampling leads

to much lower statistical uncertainties on calculated ratios.
For a®®Co beam, incident from the side on a graphite-walled

efficiency gain (G)

F thimble chamber in air, it is possible to compute the effect of
¢ using an aluminum central electrode rather than a graphite
E 1 electrode. A calculation using CSnrc results in a value of
B ° Dyi/Da=0.9927+0.0001. This compares with, but shows
1 ......... & Loy Liv s Loy i 1
0.0 o2 o Y o8 1o much lower uncertainty than, a previous CAVRZnrc

calculatior* and with an EGS4/PRESTA correlated sam-
pling calculatiod that gave values of 0.9937+0.0010 and
Fic. 4. Gain in efficiency achieved by CSnrc compared to CAVRZnrc, as a0.9942+0.0013, respectively. It also agrees with the mea-
function of the degree of correlation between geometry options. The effisyred result of 0.992+0.002 from Palm and Ma_ttsérb'ﬁhe
ciency is computed for the calculation of the ratio of doses to the cavity forCSan calculations use an electron cutoff energE

two geometry options. The calculations are performed using photon splitting_512 keV and a photon splitting factor of 130 Tﬁ?ﬁo

with a splitting number of 130. The labels refer to the test geometries in ) )
Table 1. spectrum used is described elsewHgre.
Using the same geometry, a current calculation using

CAVRZnrc gives a value oDy /D, =0.9927+0.0004. Table

the code that are used to verify whether or not correlatedl! compares the results from CSnrc to those from the current
Samp"ng is being used_ For the geometries Considered hegéAVRanC calculation. The fractional increase in CPU time
that could be used with both user-codes, CSnrc took betwedigquired for the additional geometry in CSneg, is 0.098.
3% and 10% longer than CAVRZnrc for a dose calculationUsing Eq.(6), the efficiency gain in using CSnrc rather than
for a Sing|e geometry. CAVRanC, for this example, iS=21.

The efficiency gain is expected to increase as the degree
of correlation increases. For the seven test cases discussed )
previously, Fig. 4 shows the gain in efficiency of CSnrc over3- Comparison to EGS4
CAVRZnrc as a function of the correlation coefficiept,As A previous investigation using the EGS4 correlated sam-
expected, the gain increases with increasindzach of the pling code, studied the electrode effect in an NE2561 cham-
calculations was performed using only two geometry op-ber as a function of incident electron enngysing the cur-
tions. A further gain, up to a factor of 3 above the gainsrent CSnrc code, this study is repeated. In accordance with
shown in Fig. 4, can be achieved when executing CSnrc witlthe study by Ma and Nahufa modified NE2561 geometry
as many as ten geometry options, sincek axreases in Eq. is used, and the chamber is modeled to have a wall thickness
(7), there is a greater savings in CPU time as more geomef 0.090 g/cm, with a sensitive air cavity 9.0 mm in length
etries are considered. and having a diameter of 7.4 mm. The central electrode is

Figure 4 shows that for cases that show a reasonable déellow and has an outer diameter of 1.76 mm and an inner
gree of correlation, the efficiency gains vary between 8 andliameter of 1.4 mm, with a length of 6.4 mm. The chamber
64. Ma and Nahuﬁweport typical efficiency gains of 10 to was placed in air, with a broad, parallel beam of monoener-
100 for a single additional geometry using a thimble cham-getic electrons incident from the side. All calculations use

correlation coefficient (p)

TasLE Ill. Comparison of the dose ratiDg,/D, for a graphite-walled thimble chamber, computed using CAVRZnrc and CSnrc. The dose ratio compares the
dose to the cavity for a chamber having a graphite central electrode to one with an aluminum central electrode. The CPU times are shown for a single
execution of each user-code, therefore the time for the CAVRZnrc run represents the time taken to perform the calculation for one of the two electrode
materials. The CSnrc time is the total time taken to obtain the results for both electrode materials. The calculatiosPaillukeV, AE=512 keV, and a

splitting factor of 130. The CPU times are shown for calculations that used 100 times fewer histories than those which give 0.03% statisticstgn the cavi
doses.

csnrc CAVRZnrc
Dg\;s(Gy/ﬂuence 4.5003x 10712+0.027% 4.5004 10712+0.027%
Dg;S(Gy/quence 4.4676x 107 12+0.027% 4.467% 107 %2+0.027%
Relative CPU timgs) 1058 964
Dg//Dp 0.99272+0.00011% 0.99273+0.00037%
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1006 —————————1 1 NE2561 calculations described above, the absolute doses
1.005 [ ] computed using EGS4 differed from those of EGSnrc by up
1.008 3 ] to 0.8%, whereas the dose ratia_g,/Dgr all agree to with_in
T 3 0.02%. However, not all geometries show this cancellation of
1.003 | ] errors in the dose ratio calculation. The central electrode ge-
1.002 £ ] ometry is one in which the two geometries are highly corre-
5 g ] lated and the region that varies between geometries, the cen-
Q‘_t 1.001 1 ] tral electrode, does not contribute greatly to the dose to the
O 1000 [ 3 cavity. If instead, the chamber wall varies from graphite to
0.999 F ] aluminum, comparison of current calculations using EGS4
; ] and EGSnrc show that the absolute doses differ by up to
0.998 | &~~~ EGS4 (current calculation) 1.7%. In this case, the use of correlated sampling does not
[ = - - - EGS4 (Ma and Nahum) ] i .
0.997 | 3 improve upon the accuracy of the dose ratio, as the EGS4
0.996 : , , ] value differed from the EGSnrc value by 1.6%. It is therefore
1 10 100 not possible, in general, to use correlated sampling in order
Incident electron energy / MeV to compensate for inaccuracies in the dose calculations in

. . older Monte Carlo codes.
Fic. 5. Da /Dy, for the NE2561 chamber as a function of incident electron

energy. The present calculations are performed using monoenergetic elec-

tron beams withAE=521 keV, AP=1 keV, and a splitting factor of 130. B. lon chamber calculations

The points from Ma and Nahum are digitized from Fig. 5 of their paper

(Ref. . 1. Central electrode correction in photon beams

Many chambers use an aluminum or a graphite central
electrode and therefore the measured ionization must be cor-
AE=521 keV and a photon cutoff energy AP=1 keV. The rected to account for the change in ionization in the chamber
EGS4 calculations are also repeated in the present studgue to the presence of the electrode. The central electrode
using the same calculation parameters and with ESTEPEorrection factorP. is defined as the ratio of ionization in
=0.04 in order to match the value used by Ma and Nahum irthe chamber containing no electrode to that in the chamber
their study. containing the electrode. In calculations of this effect, the
Figure 5 shows the ratio of doses to the cadiy/Dgy for  only part of the simulation geometry that changes is the ma-
the NE2561 chamber as a function of incident electron enterial of the central electrode. The correlated sampling code
ergy. As expected, the presence of the aluminum electrodis used by specifying the electrode as the correlated sampling
increases the ionization in the chamber, except for at veryegion and by executing the code with three options: no elec-
low energies, where the electrons cannot penetrate the altrode, an aluminum central electrode, and a graphite central
minum electrode. The figure shows close agreement betweealectrode. The code will then output the ratio of the doses to
the CSnrc calculations and the current EGS4 calculationghe cavity for each of two electrode cases against the no
The EGSnrc calculation for the two electrode materials proelectrode geometry, giving values Bfg,.
vided a gain in efficiency of, on average, 15.1 over the same In a previously published work, Ma and Nah(msed
calculation using CAVRZnrc. This is comparable to an aver-EGS4 to calculateP., for a NE2571 ion chamber in-
age gain of 17.0 when using the EGS4 version of correlategphantom. For the purpose of comparison with their work, the
sampling instead of CAVRZ. The gain varied from 12.8 atsame geometry is employed in the present CSnrc calcula-
0.8 MeV to 16.9 at 25 MeV. The correlation coefficient var- tions. The chamber is modeled to have an air cavity 6.30 mm
ied from 0.8724 to 0.9016 over the same energy rangdan diameter and 24.1 mm in length. The thickness of the
Changes in the EGS4 code since the time of their work magraphite walls is 510 mg/ctnMa and Nahum used a sim-
account for some of the difference seen between their resulidified NE2571 geometry, so the 1 mm diameter aluminum
and the current EGS4 calculations. These changes in thelectrode extends the entire length of the air cavity. In accor-
code altered the sampling routines for the Mgller cross seadance with their calculations, a cylindrical water phantom is
tions and were shown to have noticeable impact on the redsed, with a radius of 5 cm for all beams except for the 24
sults for certain applications using high-energy electronMV beam, for which the radius of the phantom was 7 cm.
beams’ The calculations use tH8Co spectrum used abd¥eand the
Using the current EGS4 calculations, it is now possible topublished spectra from Mohagt al? for all other photon
investigate the assertion of Ma and Nahum, that systematioeams. All current calculations are performed wktE
errors in the absolute dose calculations would cancel in the521 keV and with a photon splitting factor of 100.
correlated dose ratio calculatiért has been shown that the Columns 2 and 3 of Table IV show the results of the
absolute doses computed using EGS4 are incorrect, and dientral electrode calculations for the simplified NE2571 ge-
fer from EGSnrc calculations, by as much as Yok Current ometry with an aluminum electrode. The present CSnrc re-
calculations show that, in limited situations, the use of cor-sults are shown alongside the results of Ma and N&hum
related sampling improves upon the accuracy of the doswhich tend to be 0.1% to 0.4% greater than the present cal-
ratio, though the absolute doses are incorrect. Using theulations. Compared with CAVRZnrc for these calculations,
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TasLE IV. The central electrode correction fact®g, for an NE2571 chamber haygra 1 mmdiameter aluminum electrode. The chamber is placed in a water
phantom and is irradiated by high-energy photons. The simplified geometry uses a cylindrical phantom and a variation on the electrode lengédas descri

the text, and is shown here for the purposes of comparison with previously published results from Ma and Rahtine. 24 MV beam, the chamber is at

a depth of 7 cm in the phantom and is at 5 cm depth for all other energies, in this geometry. The real NE2571 geometry includes a chamber stem and uses
a 30x 30% 30 cn? cubic water phantom. For the real geometry, the chamber is at a depth of 10 cm in the water phantom for all beams. All current calculations
useAE=521 keV and a photon splitting factor of 100. The uncertainty on the final digit is shown in parentheses beside each value.

P.e simplified NE2571 P.ey real NE2571

Beam descriptor Ma and Nahdm CSnrc CSnrc
®co 0.992615) 0.99231) 0.99243)

4 MV 0.993%7) 0.992Q1) 0.99273)

6 MV 0.993Q1) 0.992Q1) 0.99426)

10 MV 0.9945%9) 0.9915%1) 0.99455)

15 MV 0.995%16) 0.99181) 0.99464)

24 MV 0.99579) 0.99191) 0.99483)

“Reference 7.

CSnrc results in an efficiency gain that varies from 21 for a398 code of practi@ uses a value 0P.,=0.998 for all
60Co beam to 33 for a 24 MV beam. The fractional increaseelectron beam energies, with an estimated uncertainty of
in computation time for the additional geometywas be-  0.1%. This value is based upon the calculations of Ma and
tween 0.004 and 0.02 for these calculations. Nahund and upon the much less precise measurements of

Given the present availability of computing power and thePalm and Mattssoft. Based upon the calculations of Ma and
added correlated sampling variance reduction technique, it iSahum’ the AAPM's TG-51 dosimetry protoc%ﬂ uses a
feasible to repeat these in-phantom calculations of the elearalue ofP.,=1.000 for beam energies less than 13 MeV and
trode correction for a more realistic geometry. The geometna value of P.,=0.998 for beam energies greater than 13
in this case is the actual NE2571 geometry, wherein the eledvieV.*° Rather than a discontinuity, TG-51 uses a smoothed
trode has a length of 20.6 mm, and the chamber is placed iimterpolation between the two values®f, in order to use it
a 30X 30X 30 cn? cubic water phantom, as is used in stan-in the calculation of the beam quality conversion fadi r.
dard dosimetry practice. The chamber is placed at 10 cm Using CSnrc, it is now possible to calculate the central
depth within the phantom and a ¥0LO cn? photon field is  electrode correction factaP, for an NE2571 chamber in
incident on the phantom. The chamber is modeled to includelectron beams with much lower uncertainty than previously
the stem, as described elsewh&rélsing the same photon achieved. It is also feasible to perform the calculations for
beams as above, the valuesRy, for the NE2571 chamber several realistic electron beam spectra, whereas the values
in-phantom are shown in the last column of Table IV. The
values change by up to 0.3% from the simplified geometry,
but these changes nearly offset the differences with the origi- ., . . . . .
naITr:suIts of Ma and Nahum. . 1000 T3 3 ¥ 1 [}

ese calculations d?. for the detailed NE2571 geom-

etry in a water phantom may be compared to the values ol  g.999 E
P.e currently used in dosimetry protocols. Figure 6 shows
the value ofP. as a function of %dd,(10), for both graphite
and aluminum electrodes, in comparison to the values cur-  0.997 - ]
rently used in the TG-51 protoctl.The TG-51 values are 3 ggg6 |
based upon the calculations of Ma and Nahum describec®
above’ The current calculations significantly reduce the un-
certainty on the value d®P. and agree with the values used 0.994 [

0.998 | 1

0.995 |

2

by TG-51 to within 0.04%, with the exception of the 85% 0.993 *D, /D, ]
point which shows a 0.1% difference. The IAEA protdol | o?&'-/s[:”

uses values oP, for photon beams based upon the same 0992 | 1
calculations from Ma and Nahum and their values do not g.gg1 - -

. - ) 55 60 65 70 75 80 85 90
differ significantly from the TG-51 values. %dd(10),

. P Fic. 6. The central electrode correction facty, for a realistic NE2571
2. Central electrode correction for hlgh energy ionization chamber in photon beams. The CSnrc values are computed with

electron beams the chamber in a 38 30x 30 cn? water phantom. The calculations are for

The value ofP.., for a chamber wh a 1 mmdiameter 2 1 mm diameter central electrode. The remaining geometry details are
. cel © . described in the text. The Monte Carlo values are shown along with the
aluminum electrode in electron beams differs somewhat de\:'urve used in the TG-51 dosimetry protog&ef. 19. All CSnrc calcula-

pending on the dosimetry protocol used. The IAEAS TRS-tions useAE=521 keV andAP=1 keV.
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1008 P sections by a user-specified amount: two options not cur-
;g"’"j ggr rently available in CAVRZnrc. CSnrc is based upon an ear-
1.002 3 art A lier correlated sampling codedeveloped by Ma and Nahum
|; ) for use with the EGS4 Monte Carlo code. The correlated
1.001 E I % I ] sampling algorithm has been changed from the EGS4 ver-
: IE E sion such that there is no unnecessary repetition of particle
3 1.000 E graphite electrode (TRS-398 and TG-51) transport and the code is now compatible with the existing
o TG-51 aluminum electrode EGSnrc source code without requiring changes to the
0999 § E E / E } ¥ EGTShr:arCCSSyr?:grzbde has been benchmarked against pai f
: I gainst pairs o
‘ X3 simulations using CAVRZnrc. For ion chamber calculations,
0.998 F 123”338 aiuminum eiectrode the doses to the cavity computed by the two codes have been
shown to agree within statistical uncertainties. For the range
0.9972; s R P T of geometries considered in the present paper, CSnrc was

shown to improve upon the efficiency of dose ratio calcula-
tions by up to a factor of 64 for a single additional geometry.
Fic. 7. The central electrode correction fac®y, for a realistic NE2571  For typical thimble ionization chamber calculations, the gain

ionization chamber in electron beams. The CSnrc values are computed wifh efficiency was between 1.5 and 64 when using correlated
the chamber placed at a depthdpf; in a 30X 30x 30 cn? water phantom. sampling

The calculations are for a 1 mm diameter central electrode. The Monte Carlo

R,,/cm

calculations are shown along with the valuesRyf; used in the AAPM’s The CSnrc CQde h‘?‘S been used tp Comp.Ute the central
TG-51 protocolRef. 19 and in the IAEA's TRS-398 code of practi¢Ref. electrode effect in a thimble chamber in a variety of photon
20). All calculations useAE=521 keV andAP=1 keV. beams and in high-energy electron beams. With the present

code, it is possible to achieve very low uncertainties on the

used in protocols are based upon the three beam eneraies ael ctrode correction factors, both in phantom and in air. For
P P 9 oton beams, there is no significant difference between the

several discrete depths considered in the EGS4 calculations, . '\ o1/ oc o, and the values used in current dosim-

l:r?bgzjez(ta)gt/gailfgl&rlggpasn uig rtg%ge;ggl%ﬁscvla?;om:g}/ d try protocols. For electron beams the difference between the
9 P current values oP, and those used in the dosimetry proto-

;gTbg:risinv(\:/Ii(tjr? :tosr‘r?iiglraer?éf tal:srr]\ E:}omfrgxgsigdzlz&gis cols is on the order of 0.1% for an aluminum central elec-
For all beams. the chamb rigyl % q[ d in th "trode and is up to 0.2% for a graphite electrode. CSnrc cal-
or all beams, the chamber is placed at a depith € culations using an aluminum central electrode show Ehat

phantom. has a value slightly larger than the constant value of 0.998

f Fltgure f7 tr‘:’h%WS the CIStnrc cal_(;_ulate_?l_hvalueleDQgﬁ asa  sed by the IAEA code of practice for all beam eneréPes.
unction of the beam quality specifi€k,. The values oRs, Also, the values oP. as a function of energy do not show

g)nr dﬂ;zeoria:git'lfhzeggﬁrgogflizrz(rjehceor; ar(teegalggrg) f(r)gg/w Etlg s much variation with energy as indicated by the TG-51
gers. vald pu e rotocof® which uses values dP. of 1.000 to 0.998.

tistical uncertainty. These values are shown along with thg
current values 0P, as used in TG-51 and TRS-398. Both
protocols use a correction factor of 1.000 for a graphite elecACKNOWLEDGMENTS
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