A measured data set for evaluating electron-beam dose algorithms
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The purpose of this work was to develop an electron-beam dose algorithm verification data set of
high precision and accuracy. Phantom geometries and treatment-beam configurations used in this
study were similar to those in a subset of the verification data set produced by the Electron
Collaborative Working GrougECWG). Measurement techniques and quality-control measures
were utilized in developing the data set to minimize systematic errors inherent in the ECWG data
set. All measurements were made in water wittype diode detectors and using a Weflo
dosimetry system. The 9 and 20 MeV,% %5 cnf beams from a single linear accelerator composed

the treatment beams. Measurements were made in water at 100 and 110 cm source-to-surface
distances. Irregular surface measurements included a “stepped surface” and a “nose-shaped sur-
face.” Internal heterogeneity measurements were made for bone and air cavities in differing ori-
entations. Confidence in the accuracy of the measured data set was reinforced by a comparison with
Monte Carlo(MC)-calculated dose distributions. The MC-calculated dose distributions were gen-
erated using theMEGA/BEAM code to explicitly model the accelerator and phantom geometries of
the measured data set. The precision of the measured data, estimated from multiple measurements,
was better than 0.5% in regions of low-dose gradients. In general, the agreement between the
measured data and the MC-calculated data was within 2%. The quality of the data set was superior
to that of the ECWG data set, and should allow for a more accurate evaluation of an electron beam
dose algorithm. The data set will be made publicly available from the Department of Radiation
Physics at The University of Texas M. D. Anderson Cancer Center20@1 American Association

of Physicists in Medicine[DOI: 10.1118/1.1374245
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[. INTRODUCTION measurement because our goal was to focus on evaluating
the accuracy of a dose algorithm in the presence of the pa-
The Electron Collaborative Working GroUgCWG) devel-  tient. Separate tests should be performed to test the ability of
oped and made publicly available an electron beam dosghe dose algorithm to predict outp(dose per monitor unit
algorithm verification data sétThe purpose of the ECWG  at any point in a water phantom within the clinical range of
data set was to enable the evaluation of the accuracy of 3Bource-to-surfaces distancéSSDS, applicator, and field
electron pencil beam dose algorithms used for treatmendize. Such a standard data set should be generated by the
planning at that timé> Recently an AAPM task group has medical physicist at the time of commissioning an electron
suggested use of the ECWG data for verification of electrorjose algorithm. These results may be machine dependent and
beam dose algorithms present in treatment planninghould be the subject of future research.
systemg. Several investigators have used the ECWG data set The precision of the data was estimated by performing
to quantify the accuracy of more advanced electron bearmultiple measurements, and confidence in the accuracy of
dose algorithms;® while others have measured their own the measured data was gained by comparing the measured
data set for that purpose? At The University of Texas data with that calculated by thevEGA/BEAM EGS4 Monte
M.D. Anderson Cancer Center we have used the ECWG dat@arlo (MC) code!! We use theeGs4 code because of its
set to evaluate modifications to the pencil-beam redefinitioneported accuracy and general acceptance by the scientific
algorithm (PBRA).° Fippel et al. observed that the ECWG community. Shortet al. have demonstrated the accuracy of
data set had inconsistent dose values at common points frothe ecsacode in regions distal to a localized heterogen&ity.
different data array3.For the stepped phantom Boyd was However, some of the dose differences observed in the study
unable to explain observed changes in off-axis depth dose igould be attributed to use of a simple beam mddebnoen-
regions of side-scatter equilibriutf. ergetic electrons emanating from a point source located 100
The purpose of the current work was to produce a morem in vacuum from the surface of the phanjorbevelop-
accurate measured data set, particularly for use in evaluatingent of theBeam software package has now allowed re-
future modifications to the PBRA or other dose algorithms.searchers to realistically model clinical electron beams with
In the current work, phantom geometries and treatment-beaihe EGS4 code. Initial studies by Rogert al. have shown
configurations that simulate irregular patient surfaces, air inhow BEAM can model the geometries of an accelerator head
homogeneities, and bone inhomogeneities were selected fand produce complex phase spaces that result in improved
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TasLE |. Description of the 14 measurement configurations. TasLE Il. Physical properties of materials used in phantom geometries.
Configuration Phantom geometry S3em) Energies(MeV) Material Density Elemental composition
1 Water 100 9 Styrofoam 0.0265 gcnt H-0.18%, C-2.20%, N-73.70%, O-22.65%,
2 Water 110 9 Ar-1.27%
3 Water 100 20 SR4 hard bone 1.66 gcm  H-4.45%, C-29.09%, N-3.88%, O-31.93%,
4 Water 110 20 Na-0.06%, Mg-0.21%, P-10.0%, S-0.32%,
5 Horizontal air slab 100 9 Cl-0.06%, Ca-19.99%
6 Horizontal air slab 100 20
7 Vertical air slab 100 20
8 Horizontal bone slab 100 9
9 Horizontal bone slab 100 20
10 Vertical bone slab 100 20 of a single machine eliminated any errors in consistency that
11 2 cm stepped surface 102 9 might otherwise have occurred from using different ma-
12 2 cm stepped surface 102 20 chines(e.g., differences in electron-beam enérgyll mea-
13 Nose-shaped surface 102 9 d ith a X35 cn? l
14 Nose-shaped surface 102 20 surements were made with a 5c open applicator,

which provided uniform irradiation in the regions containing
the irregular surfaces or inhomogeneities. All measurements
consisted of a dose distribution in a plane in the water phan-

dose calculation accuracy in waﬂ.ér..Kapu.r etal. have (o that contained central axis and was perpendicular to the
shown the accuracy &EAM in predicting clinical electron edges of the applicator (collimator angle°).

beam dosimetry, particularly output factors for a wide range
of energies, applicators, and field insértgnd Bieda has

studied the efficacy of th@Eam code for commissioning . ) )
clinical electron beams in accordance with AAPM Task - Internal inhomogeneity experiments

Group 25:*%° Two slabs, one consisting of SR4 bone substtfute

The measured data in the present work is assumed the 1.66) to model hard bone and one consisting of Styrofoam
“gold standard” and will be used to study the effect of (,=0.0265) to simulate air, were used for the internal inho-
modifications to the PBRA on dose accuracy. However, OUf‘nogeneity experiments_ Table |l provides the elemental
ultimate goal is to understand the accuracy of the PBRA foomposition of Styrofoam and SR4 bone. The dimensions of
patient dose calculations. MC has the ability to calculateeach slab were 1cm3cmx18cm; the long axis was
dose in complex media, such as one presented by a patiefflaced perpendicular to the measurement plane. An acrylic
where measurement of the dose distribution is not possiblg;amping device, attachable to the walls of the water phan-
In this study we are able to compare measured and MC geRom, was used to hold each slab in place by clamping at the
erated two-dimensional dose distributions in regions distal tends of its long axis inside the water phantom. The clamping
localized heterogeneities and surface irregularities, thel’ebaevice, located Comp|ete|y outside the irradiated volume, al-
giving us confidence in our MC technique and allowing us tolowed us to localize the slab at the desired depth. The slab
use it to generate patient dose distributions in the futurewas positioned such that its proximal end was 1 cm from the
Because of the utility of this measured data set in electrogyater surface. As shown in Figsial and Xb), each slab was
dose algorithm development, it will be made available pub-priented with its 3 cm width placed both perpendicufaori-
licly for other’s use through our institution. zonta) and parallelvertica) to the beam axis, respectively.

Only the 20 MeV beam was used for experiments involving

II. MATERIALS AND METHODS the vertically oriented slabs. The SSD to the water surface
A Measured data set was 100 cm for each of these experiments.

The measured data set consisted of geometric configura-
tions similar to those of the ECWG data set. Measurement
were taken in a water phantom for nominal SSDs of 100 an
110 cm. The data set also included measurements in a water Styrofoam blocks were used for experiments involving
phantom containing internal inhomogeneities that simulatedrregular surfaces. The Styrofoam blocks were abutted to the
air and bone and with irregular surfacésepped and nose distal end of the electron applicator and partially submerged
shapedl Low-energy(9 MeV) and high-energy20 MeV) in the water phantom; this positioning displaced water into
electron beams were utilized to permit evaluation of anythe desired surface shape. Figure)Ishows the configura-
energy-dependent deficiency in an electron beam dose algtien of the nose-shaped-surface experiment, and Hid. 1
rithm. Table | lists the 14 unique configurations in the mea-shows the configuration of the 2 cm stepped-surface experi-
sured data set. ment. The SSD in each experiment was 102 cm. The Styro-

Measurements were performed using a single Varian Clifoam block used for the nose-shaped-surface experiment had
nac 2100CVarian Oncology Systems, Palo Alto, ¢Aav-  a pit drilled into the center such that the displaced water
ing a Series Il electron foil/applicator set. Unlike the ECWG formed a prism2 cm base, 3 cm height, 4 cm lengiden-
data set that utilized machines at two separate facilities, uscal to the dimensions of the acrylic prism used in experi-

. Surface irregularity experiments
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‘_, ‘. ‘ | cision in the data set. Before each measurement session, the
= - | | — diode was positioned to match the depth of the 50% dose
/ ‘ / ‘ (Rsp) on the central axis in water for the energy used. Lateral
: \ scans were performed to ensure that the origin Q) of the
’ — I measured profile was centered between the 50% relative dose
| " ‘ values in the penumbra and that the off-axis dose values
were symmetric about the central axis. The effect of evapo-
¢ | \ a | " ration of water from the tank was minimized by adding water
ezl \- ' every hour to matchRsy, which had been determined at the
/’ ‘ beginning of the measurement session.
/ ‘ The inhomogeneity slabs were positioned 1 cm from the
| water surface using a mechanical distance indicator attach-
| \ able to the collimator. The slab position relative to the field
diode was verified using a pointer attachable to the diode.
Fic. 1. Schematic of the internal slab inhomogeneities for the horizontalThe positioning reproducibility of the slabs was approxi-
experiments(a) and vertical experimentgb), of the nose-shaped-surface mately 0.3 mm relative to the field diode. Lateral scans were
thperIie”gfrgtr(]Cz;ez?g ftlfe'ﬁj ?ch;];xnpsvﬁ'zugigzdeﬁggfi%@gghfogigrﬁ g{ock then utilized to center the inhomogeneity slabs along the
f/vgr: abutting the applicator and partially immersea in watgr to create thi)eam central axis. The nosg—shaped Surf_ace block was also
desired surface. centered on the central axis using profile scans, and the
stepped-surface block was positioned using the cross hairs of

the light field. Offsets remaining in the measured profile

ment No. 9 of the ECWG data set. Trapped air bubbles werg.,s \were further corrected during postprocessing by sym-
removed from the Styrofoam-water interface before Mear trization described below

surements were performed. Dose perturbations due to irregular surfaces and internal
inhomogeneity slabs were negligible at 5.0 cm lateral to the
central axis. Therefore, a depth-dose curve, which was
A p-type diode detector was used in conjunction with ascanned 5.0 cm lateral to the central axis after the phantom
commercial dosimetry system to collect the dose distribugeometry was set up, was used to normalize the off-axis dose
tions. Rigorous quality control was practiced during the tak-profiles. The normalization minimized the effects of tem-
ing of measurements to ensure a high level of accuracy angerature on the signal of the diode. Off-axis dose profiles
precision in the data set. In each experiment, off-axis dosgiere scanned in the measurement plane, starting 5 mm be-
profiles were scanned at incremental depths in a transversgy the water surface or slab and proceeding at 5 mm incre-
plane containing the central axis. A central-axis or off-axisments without and 2.5 mm increments with inhomogeneities
depth dose was also scanned in each experiment. Data P'Bresent to a depth where the maximum dose was less than
cessing consisted of smoot_hing off—e}xis dc_)se profiles andy, (relative to the maximum depth dose in homogeneous
depth-dose curves from which two-dimensioridD) dose \yatep The off-axis profile scan rate, which could be ad-
distributions were constructed. , justed interactively, ranged from 1.23 mi'sin regions of
”Dose was measured in ayvater phant'om usingvipe sharp lateral-dose gradients to 3.75 mrhén regions of
silicon d|pde d'?‘e°t9r§c‘f"”d"r°”'x .Medlcal' AB, Uppsala, low-dose gradients to minimize scan times and noise. Fluc-
S‘Nede..')‘ n conjl_mcthn with a Wellhiter dosimetry system tuations to the water level due to the mechanical motion of
(Wellhafer Dosimetrie, Schwarzenbruk, GermanyThe . .
the detector and mount were unobserved during profile

Wellhaofer system allows for continuous scanning with one ans. The machine “dose rate” during the off-axis profile
stationary detector used as a reference detector and oRgaNs: 9 P

scanned detector used for point measurem@gh8&mm data and depth-c_iose scanning was 4 Gy in )
point spacing The effective detection diameter of the diode As expla'lned in Sec. Il E, measureq d'ata were normalized
detector is 2.5 mm, which allows for high spatial resolution'© theé maximum dose on central axis in a water phantom
in relative electron dosimetry. The thickness of the detectordWithout inhomogeneityat 100 cm SSD. This was accom-
sensitive volume is approximately 6am. The effective Plished by measuring the depth dosexatS cm in the inho-
depth of the field detector was approximately 0.6 mm belowm0geneous phantom and normalizing it to the maximum
the front surface of its outer shield. This was determined byfentral axis depth dose reading in water. These two depth
comparing the diode-measured depth dose with the demﬂoses were measured sequentially so that changes in ambient
dose measured using a 0.1 taoylindrical ionization cham- ~ conditions would not affect the data. Off-axis readings were
ber (PTW, Freiburg, GermanyIn both cases, dose and de- hormalized to the reading at=5 cm. Again, each off-axis
tector position were determined according to AAPM Taskscan took little time making this data insensitive to changes
Group No. 25 protocof® in ambient conditions. As explained in Sec. Il C, the 2D dose

Rigorous quality control was practiced during the takingdistributions were constructed from the product of the off-
of measurements to ensure a high level of accuracy and prexis ratios and the depth dosexat 5 cm.

= //I

B. Dose measurement methods
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C. Measured data processing and dose specifications identical to those used in this study.
he physical characteristics of the accelerator head were
odeled with component modules of tBeam system using
information supplied by Varian Oncology Systems under a
nondisclosure agreement. An additioreE@AM module was
used to accurately model the sharp geometry of the nose. An
electron source with a Gaussian spatial distributib» mm
ngl—width at half maximum was utilized in theBEAM accel-
erator modet*!” The incident energy at the exit window of

During postprocessing, the measured dose profiles werk
smoothed and symmetrized to reduce noise. The data we
initially smoothed using a sliding window second-order
polynomial fit available in the Wellffer software. The width
of the window encompassed 15 data poidss mm total
grid width). Except for the stepped-surface data, all off-axis
profile scans were symmetrized about the central axis. Th

off-axis profile scans were converted to ASCII text format to X
the accelerator was assumed to be monoenergetic and was

allow further modification by an in-hous@RTRAN program. termined b llv adiusting th il th |
The program shifted the data such that the edges of the do?@ ermineéd by manuaily adjusting the energy untit the caicu-

perturbations due to the inhomogeneity in the centralcm atetdhacr;(il miﬁ'su[)eg central-axis depth Rfp in water
of the beam were symmetric. Afterwards, doses were interMatcned to within 9.2 mm. .
The EGS4-run parameters were set for both collection of

polated 6 a 1 mmgrid spacing, and doses at equal distanceIsI e phase space and subsequent dose calculation as follows:
from the central axis were averaged. The same procedu )
g P E=ECUT=0.70MeV, AP=PCUT=0.010MeV, and

was used for data outside the centtab cm, using the 50% . T .
off-axis ratio for symmetrization. The centering did not re- ESTEP=0.04. Approximately 5 10° hlst.ones were simu-
lated from the electron source to achieve a less than 1%

quire shifts greater than 0.4 mm but was necessary to full)f’j: dard deviation in th q f h . tal
symmetrize the data without degrading the dose perturb zlandard deviation in the mean dose for each experimenta

tions and penumbra. A 2D dose distribution for each experi_conﬂguratmn. The maximum calculated dd3g.x per inci-

ment was generated from the collection of processed off-axident electron on the central axis in water at 100 cm SSD was

profile scans. The grid spacing of the processed 2D dos'ésed to normalize subsequent MC dose calculations for het-

distribution was 1 mm in the direction perpendicular to theerogenteodus pr:anltoms.dDa;tﬁ ('jn mﬁ‘a.x region Off.thlz Mlg’o
beam axis. The consistency in the data set was assured nerated central-axis depth doses in wébgen field,

normalizing all profile scans of similar beam energies anag SSh \_Ner_z f't:edl tota curv?hto det:—zrrrnng th$hmaX|m_ur_n
SSDs with a single off-axi¢s cm) depth-dose scan. ose p;er éjnmd ent e ?;:hron on I'e ctc_an rz axis. The Erec;sgn
Each experiment was repeated on two different days t(gone standard errpof the normalization dose was estimate

further smooth noise in the data and to estimate the precisio tbe _(I_)HZ%ME)rdtlle 20 Mev datat f”m% O.bl%tf?hr the ?[ l\/lleV.
of the processed data. The three data sets of each experim alll. b teth ¢ ata v&/ere fsymme rze atou € central axis
were used to calculate a mean dose and standard deviation'Gf&" PUt the Stepped-surface experments.

the mean dose at each grid point of the postprocessed dose o )
grid matrix. E. Data normalization and reporting of standard error

All measured and calculated data were normalized such
D. Monte Carlo dose calculations that 100% equalled the maximum central-axis dose for an
. . open 15< 15 cnt electron field incident on a water phantom
Confidence in the accuracy of the measured data set an . ) .
. : ! at 100 cm SSD. This resulted in a relative dose value per
its freedom from systematic errors were gained by compar-_ . .
: . .=~ monitor reading for the measured data and a relative dose per
ing the measured data set with MC-calculated dose distribu- "
. incident electron for the calculated data. For the measured
tions. The MC software packageEAM was used to model

the Clinac 2100C accelerator and to collect a phase space %?Ia the reporte_d uncertainty is the st.andard error of the
. ) mean of the multiple measurement sessions. For the MC cal-
the distal end of the applicator. Theeam program

. culations, the reported uncertainty is the standard error out-

DOSXYZ was then used to calculate the dose distributions in . o
the same plane as the measured data. put by the program adjusted by the normalization value. For

o o
The geometry of the detector and the scan grid must bexample, a value of 25%1% indicates the mean dose was

. . . . 55% of the maximum central-axis dose in water and that the
considered when defining the dimensions of the dose- . . .

. . . . . - . standard error was 1% of maximum central-axis dose in wa-
calculation grid. The pixel width in the lateral direction was

. 0 0 :
2.5 mm to best match the effective diameter of the diodeter’ l.e., 4% of the 25% dose value at that point.

detector and to be able to model exactly the lateral dimen- ) )
sion of the heterogeneous media with voxels of uniform denF- Comparison of measured dose with MC-calculated
sity. The depth spacing was 1 mm for the 9 MeV beam an
2 mm for the 20 MeV beam. To achieve better statistics, the The measured data were evaluated by comparing the mea-
slice thickness of the calculation plane was 1 cm except fosured dose to the MC-calculated dose on a point by point
the nose-shaped-surface experiment. The slice thickness bésis. The MC-calculated dose is the dose averaged over a
the calculation plane in the nose-shaped-surface experimedbse grid voxel; for this comparison, it is assumed that the
was 0.5 cm due to the 4 cm length of the nose shape perpedese gradient across the voxel is such that the volume-
dicular to the calculation plane. averaged dose equals the dose at a point in the center of the
The BEAM calculations utilized many of the results of voxel. The MC dose grid resolution was 2.5 mm laterally
Biedal* who modeled a Varian Clinac 2100C with design and 1 mm in depth at 9 MeV and was 2.5 mm laterally and
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Fic. 2. 20 MeV, 2 cm stepped-surface experiment. Profile comparison in thesig. 3. Dose profile at the 0.5 cm depth for the 20 MeV stepped-surface
central region at the 0.5 cm depth: raw désalid line) and deconvolved  experiment. Error bars indicate one standard deviation of the mean mea-
data(dotted ling. sured dose at each point.

2_ mm in depth at 20 MeV. The mea.sured-dosg.grid r.esquMeV stepped-surface data at the 0.5 cm depth. On the central
tion was 1 mm laterally and 2.5 mm in depth. Bilinear inter- axis, the standard error of the mean dose was 3%. Figure 4

polation gfdthe meahsured dataf wer(ra] :\J/lsce% to deterrmne tgfwows the precision of the 9 MeV air-slab experiment at the
measured dose at the center of eac 0SE€ VOXel Tor ¢ epth of 5.0 cm. Because of limits in the the positional re-

culating dose differences. The distance to agreeri2hA)

| leul ; h , h _producibility of the slab inhomogeneity experiment setup
was also calculated for each dose point on the MC dose glrl‘{)standard deviatior= 0.3 mm and large gradients in the

Meas_ured and calc_ulated 2D dose (_j'St_”bUt'O”S WEre COMypse falloff, the standard error of the mean dose was as high
pared visually, allowing one to qualitatively evaluate theas

similarities between the data, by overlaying plots of isodose
contours at 10% intervals, starting at the 10% contour.
Throughout the results, the calculated isodose contours afe Homogeneous water data

represented by solid curves, and the measured isodose con-The comparisons of the measured and MC-calculated

tours are represented by dashed curves. central-axis depth doses in homogeneous water at 100 cm
SSD for the 20 and 9 MeV electron beams are shown in Fig.
5. The 20 MeV comparison showed excellent agreement,
The diode used for field measurements has an actual givith the greatest differences at the 90% and 10% depths. At
ameter of 2.5 mm, which according to Gadfincente these depths the MC calculations slightly underestimated the
et al® has a line-spread function that can be modeled by &€asured dose by approximately 1%. The 9 MeV compari-
Gaussian distribution with a full-width at half maximum SON showed excellent agreemert1%) at depths greater
equal to 2.25 mm. The 20 MeV stepped-surface data is usdhan 0.4 cm. .

ful for examining the effects of the spatial response of the '€ isodose comparisons of the measured and MC-
diode detector. By deconvolving the data, the point dose igalculated dose distributions for the 20 MeV electron beam
better estimated. Figure 2 shows the profile comparison be-
tween the raw and deconvolved data at the 0.5 cm depth. The

G. Impact of detector size

dose differences in the minimum and maximum dose peaks
were 10%. The data were not deconvolved in the present 07 m
work. This is appropriate for the Monte Carlo comparisons, 3 3 ﬁ{ﬁ E{{I
because those calculations had a bin resolution in the direc- < 30
tion of the dose gradients of 2.5 mm. g 25 —|
L 20

[ll. RESULTS AND DISCUSSION ;;; 15
A. Precision . 10 —

The measured depth-dose data in wétgathout inhomo- >
geneity showed a high level of precision. The average stan- 0 | | I | | | |
dard error of the mean measured dose was typically 0.2% for 4 3 2 -1 0 1 2 3 4
the 20 MeV data and 0.3% for the 9 MeV data in regions of Off-Axis Position (cm)

. L o A
low dose gradients. Deviations greater than 1% did occur a&IG. 4. Dose profile at the 5.0 cm depth for the 9 MeV air-slab experiment.

a few points in regions _Of high-dose gradientS;.e.Xtreme CasqSor bars indicate one standard deviation of the mean measured dose at
are illustrated below. Figure 3 shows the precision of the 2@ach point.
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Fic. 9. 9 MeV, 110 cm SSD, homogeneous water experiment. Isodose com-
parison of measured dog#ashed linpand MC-calculated dosgolid line).

at 100 and 110 cm SSD in water are shown in Figs. 6 and 7,
respectively. Within the central region of the distributions,
the agreement was within 2%. Regions with dose differences

Fic. 5. Comparison of central-axis depth dose for the 9 and the 20 Mevdreater than 2% were seen in the penumbra, with most of the
electron beam incident on the homogeneous water phantom at 100 cm SSOata being within the 1 mm DTA criteria; points that were
The measured depth doses are shown with the curved lines and MGyot within the 1 mm DTA criteria had dose differences no

calculated

Depth (cm)
—OWXIANEARWND—O

—_

depth doses are shown with the stepped line.

90%

T T T T T T T T T T T
<10 -8 6 4 -2 0 2 4 6 8 10
Off-Axis Position (cm)

greater than 2.5%. The dose differences in the penumbra can
be attributed to high-dose gradients and to a previously noted
deficiency in the ability of ouBEAM accelerator model to
predict dose profiles just inside the field edd&3he defi-
ciency in theBeAam accelerator model is also apparent in the
results of the extended SSD comparison. The isodose com-
parisons between the measured and MC-calculated dose dis-
tributions for the 9 MeV electron beam at 100 and 110 cm
SSD in water are shown in Figs. 8 and 9, respectively. The
comparisons of the 9 MeV, 100 cm SSD data showed a 2%
or better agreement in the central region of the distribution
(=5 cm lateral to the central ajisThe comparisons of the 9
MeV, 110 cm SSD data did not show a 2% or better agree-
ment in the central region of the distribution; however, most

Fic. 6. 20 MeV, 100 cm SSD, homogeneous water experiment. Isodos%f the data were within the 1 mm DTA criteria. The maxi-

comparison of measured do&dashed ling and MC-calculated dosesolid

line).

Depth (cm)
—OWRSIANANRWN—=O

—_—

-0 -8 6 -4 2 0 2 4 6 8 10

mum dose difference in the 9 MeV, 110 cm SSD comparison
that was not within the 1 mm DTA criteria was 2.5%.

C. Internal inhomogeneity data

In experiments involving the Styrofoam air pocket, the 20
MeV measured data showed very good agreement with MC-
calculated dose. Figure 10 shows the isodose comparison for
the 20 MeV horizontal air-slab experiment, and Fig. 11
shows the isodose comparison for the 20 MeV vertical air-
slab experiment. Both comparisons showed better than 2%
agreement within the central region.

Off-Axis Position (cm)
Fic. 7. 20 MeV, 110 cm SSD, homogeneous water experiment. Isodose (1)_
comparison of measured doggotted ling and MC-calculated dosesolid 2
line). —~ 31
€ 4
2 51
= 6 A
~ 8 -
g9 Al
= 2 4 10 1
23 11 -
% 4- 12 T T T T T T T T T T T
QSI.......--- <16 8 6 4 2 0 2 4 6 8 10

-10 -8 6 4 -2 0 2 4 6 8 10
Off-Axis Position (cm)

Off-Axis Position (cm)

Fic. 10. 20 MeV, horizontal air slab experiment. Isodose comparison of
Fic. 8. 9 MeV, 100 cm SSD, homogeneous water experiment. Isodose conmeasured dos@ashedland MC-calculated dogsolid). The thick solid line

parison of measured doggashed lingand MC-calculated doggolid line).
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Fic. 11. 20 MeV, vertical air-slab experiment. Isodose comparison of mea
sured dosgdashed ling and MC-calculated dosésolid ling). The thick
solid line shows the contour of the air slab.
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Fic. 12. 20 MeV, horizontal bone-slab experiment. Isodose comparison o
measured dos@lashed lingand MC-calculated dosgolid line). The thick
solid line shows the contour of the bone slab.
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Fic. 13. 20 MeV, vertical bone-slab experiment. Isodose comparison of
measured dos@ashed lingand MC-calculated dos@olid line). The thick
solid line shows the contour of the bone slab.
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Fic. 15. 9 MeV, horizontal bone-slab experiment Isodose comparison of
measured dos@lashed lingand MC-calculated dosgolid ling). The thick
solid line shows the contour of the bone slab.

In experiments involving the bone slab the 20 MeV mea-
sured data showed good agreement with MC data. Figure 12
shows the isodose comparison for the 20 MeV horizontal
bone-slab experiment, and Fig. 13 shows the isodose com-
parison for the 20 MeV vertical bone-slab experiment. Both
comparisons showed better than 2% agreement within the
central region, except near the central axis in the horizontal
bone-slab experiment, where the dose difference reached
2.1%. In the central region of both experiments, the mea-
sured dose was slightly lower than the MC-calculated mini-
mum dose value in the shadow of the bone slab.
Agreement with the MC-calculated data was not as good
for the 9 MeV internal inhomogeneity data as for the 20
MeV data. Figure 14 shows the isodose comparison for the 9
MeV horizontal air-slab experiment and Fig. 15 shows the
fsodose comparison for the 9 MeV horizontal bone-slab ex-
periment. Both comparisons showed differences greater than
2% in the dose falloff region in the shadow of the inhomo-
geneities. In the shadow of the inhomogeneity, the compari-
sons showed the dose in the falloff region to be less for the
measured data than for the MC-calculated data. Although the

dose differences were slightly greater than 2% in the shadow
of the inhomogeneity, the DTA was within 0.3 mm. None-
theless, the small dose differences in the shadow of the in-
homogeneity could be attributable to multiple possibilities,
e.g., insufficient MC modeling, inaccurate value of the
physical properties of the slab materials, dependence of the
detector sensitivity on the detector position, etc.
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Fic. 14. 9 MeV, horizontal air-slab experiment. Isodose comparison of meafic. 16. 20 MeV, nose-shaped-surface experiment. Isodose comparison of

sured dosddashed ling and MC-calculated dosésolid ling). The thick
solid line shows the contour of the air slab.
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measured dos@ashed lineand MC-calculated dosgolid ling). The thick
solid line shows the contour of the irregular surface.
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Fic. 17. 20 MeV, 2 cm stepped-surface experiment. Isodose comparison ¢han 2% occurred in the dose falloff region in the shadow of
measured dosg@ashed lingand MC-calculated dos@olid line). The thick internal inhomogeneities in the 9 MeV data. and the maxi-
solid line shows the contour of the irregular surface. '

mum dose peaks of the irregular-surface experiments. Differ-
ences slightly greater than 2% also occurred in the penumbra
D. Irregular surface data due perhaps to inadequate modeling of the dual foil scatter-

ing system’? and we believe this to have negligible impact

The isodose comparisons between the measured and MGy vic dose accuracy in the central region of the heteroge-
calculated dose distributions for the 20 MeV nose-shaped

neity experiments. Most of these points were located in high-

surface and stepped-surface experiments are shown in Fig§yse gradients and were within a DTA of 1 mm. Of the few
16 and 17, respectively. The agreement in the central reg'oﬁoints at which both criteria were not met, the maximum

was better than 2% except in the hot spots near the edges ghqe difference was 2.5%. Nonetheless, the agreement be-
the nose(1.5 cm lateral to the central axisThe maximum  yeen the measured dose and the MC-calculated dose gives a
dose difference in the extreme dose values of the nose SUfjgh degree of confidence that both data sets are accurate

face was 2.5%. , within 2%. The quality of this data set is superior to that of
The isodose comparisons between the measured and Mer\wG data and should allow for better evaluation of the

calculated dose distributions for the 9-MeV ”Ose'Shapedéccuracy of an electron beam dose algoriffirive expect

surface and stepped-surface experiments are shown in Figg; these data will be made available electronically from the

18 and 19, respectively. The agreement in the central regioRenartment of Radiation Physics at The University of Texas
is better than 2% except in the hot spots near the edges of thg ‘b Anderson Cancer Center.

nose(1.5 cm lateral to the central axiand underneath the Also, the benchmarking of theeam/posxyz MC code
Styrofoam block near the field edge following the 90% iS0-jgicates it to be accurate to within 2% of the measured data,
dose line. The maximum dose difference in the peak-dosgich should allow it to be used to produce dose distribu-
values of the nose surface was 2.3%. tions in actual patients. Such data are the subject of future
work to determine the accuracy of the pencil-beam redefini-
[V. CONCLUSIONS tion algorithm for patient treatment planning.

The beam data measured in the present work showed high
levels of precision and accuracy with no evidence of systemACKNOWLEDGMENTS
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