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Techniques for reconstruction of electron spectra from the depth-dose curves used to date have
ignored the angular distribution of incident electrons scattered at large angles. The approximation
adopted is to employ a database of monoenergetic depth-dose curves generated for normal inci-
dence of electrons at the surface. This approximation is acceptable for direct electrons with small
angular spread. However, electrons scattered from the treatment head and collimating system may
have large average angles of incidence which affects the depth-dose distribution significantly at
shallow depths by increasing energy deposition close to the surface. We show that ignoring the
electron incident angular distribution leads to systematic errors in the low energy region of recon-
structed electron spectra. We propose a simple 1-D model to correct for these systematic errors
using only electron angular distribution at the central beam axis. This model provides reconstructed
spectra in excellent agreement with Monte Carlo simulation in the low energy region. ©2003
American Association of Physicists in Medicine.@DOI: 10.1118/1.1592031#
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I. INTRODUCTION

Electron spectra may be reconstructed from the meas
central-axis depth-dose distributions of broad beams p
duced by medical accelerators. These spectra are usefu
the commissioning of advanced treatment planning syst
~Ref. 1 and references therein! which require as input an
initial phase space distribution of incident particles. Ho
ever, there is a problem of degeneracy in the electron spe
obtained by presently used reconstruction procedures.
problem relates to the fact that dose is a scalar quantit
energy deposition within a volume of interest by a vec
field of particles. In other words, dose is the energy dep
tion in a volume without regard to the direction of travel f
the particles entering the volume. Thus the same scalar q
tity of dose to a volume may be obtained for different jo
energy-angular distributions of the particles entering the v
ume.

Reconstruction procedures used to date have not inco
rated the angular distribution of incident electrons explici
These procedures are based on the depth-dose data th
sumes the electrons were at normal incidence to the sur
of the absorbing medium.2–5 This assumption is not a goo
one for clinical electron beams and so the electron spe
produced by a reconstruction procedure invoking this
sumption will inherently contain a systematic error. Dep
dose distributions from clinical electron beams are most
fected in the shallow depth region by incident electro
having a large angular distribution. The reconstruction p
cedure interprets the dose deposited at shallow depth
these non-normally incident electrons as additional low
ergy electrons in the incident electron spectrum. Thus
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introduces a systematic error in the reconstructed spectra
the low energy region. Use of a reconstructed spectrum c
taining this systematic error as an input to an advanced tr
ment planning system may lead to errors in prediction of
complete 3D dose distribution, or the dose perturbatio
caused by shallow-depth heterogeneities.

In our first article on electron spectrum reconstructi
from depth-dose distribution,5 we discussed the efficiency o
an optimization method for solving the governing integ
Fredholm equation of the first kind used in the reconstruct
procedure. We showed improved accuracy and robustnes
the reconstruction technique when the electron spectrum
separated into singular and regular components. Nume
artifacts originally caused by the ill-conditioned property
the governing equation were much reduced in the low ene
part of the spectrum. This reduction allows us in this arti
to estimate the influence of the initial angular spread of
cident electrons on the reconstructed electron spectra.
show that this influence is significant and should be tak
into account.

II. ANGULAR WEIGHTING OF MONOENERGETIC
DEPTH-DOSE CURVES

Techniques for reconstruction of electron spectra fr
broad beam central axis depth-dose distributions are ba
on numerical solutions to the equation

D~z!5 (
n51

N

wnd~z,En!, ~1!
21558…Õ2155Õ4Õ$20.00 © 2003 Am. Assoc. Phys. Med.
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wherewn , n51,...,N, are the spectral weights andd(z,En),
n51,...,N, are the monoenergetic broad beam depth-d
distributions called response functions. Equation~1! is a dis-
cretized form of the integral Fredholm equation of the fi
kind. If the monoenergetic depth dose distributionsd(z,En),
n51,...,N, are known, the spectral weightswn , n51,...,N,
may be found using one of the methods of statistical or
terministic optimization with different modifications to im
prove the quality of numerical solutions. Obviously, the a
curacy of the reconstructed spectra will depend on~1! an
optimization method used to solve the integral Fredho
equation of the first kind and~2! approximations in the mo
noenergetic depth-dose distributionsd(z,En), n51,...,N. In
this article, we discuss the approximations in the monoe
getic depth-dose distributions.

The monoenergetic depth-dose distributionsd(z,En), n
51,...,N, are usually simulated in RZ geometry for a poi
source located above the absorbing medium surface. A
accurate but more computationally efficient approach is
use parallel broad beam geometry and then apply an inv
square factor. These source model geometries correspo
a normal incidence of electrons at the central beam axis,
acceptable approximation for electron beams having a s
angular spread. However, clinical electron beams typic
have a component of low-energy electrons derived from
mary electron interactions with the treatment head and c
mating system, which are scattered at large angles to
beam central axis.

To improve the reconstructed spectra in the low ene
region, the monoenergetic depth-dose curves must be
rected for the angular distribution of incident electrons. A
gular distribution of incident electrons at the phantom s
face is complicated and different at every point of inciden
Complete consideration of the angular distribution would
quire 3-D models. In this article, we propose a simplifi
1-D model in the parallel plane geometry to correct the m
noenergetic depth-dose distributions for the initial angu
distribution of incident electrons. We assume that the ang
distribution is the same at every incident position within t
beam and equal to the angular distribution at the central a
It is well known that the angular distribution at each late
position may vary. However, typically, these assumptions
better for the electrons incident close to the beam central
and in this study we use only the central axis depth-d
distribution data.

For the above assumptions on angular distribution,
corrected monoenergetic depth-dose distribution of a br
beam may be calculated in parallel plane geometry as

d~z,En!5E
21

1

xn~m!D~z,En ,m!dm, ~2!

where m5cosu, u is the angle between the normal to th
surface and the direction of the incident electon, andxn(m)
is the angular distribution of the incident electrons at
central axis. The energy-angular response functi
D(z,En ,m) represent the depth-dose distributions from
monoenergetic elementary azimuthally symmetric sou
Medical Physics, Vol. 30, No. 8, August 2003
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with an energyE5E0 and an angle of incidencem5m0 .
Equation~2! can be used together with Eq.~1! only under the
assumption that the angular distribution is not a function
energy within a given energy bin@En21/2,En11/2#.

5 The an-
gular distribution is, of course, made a function of ener
from bin to bin and so over the entire spectrum. This s
approximation does not worsen the reconstruction algorit
in practice because the energy bins are narrow~0.25 MeV!
and the angular scattering cross-sections are smooth f
tions of energy.

Expressing Eq.~2! in a discrete form we obtain

d~z,En!5 (
m51

M

wmxn~mm!D~z,En ,mm!, ~3!

wherewm , m51,...,M , are angular weights.

FIG. 1. Comparison of the incident and reconstructed electron spectra fo
9 ~a! and 18~b! MeV electron beams from a Varian Clinac 2100C accele
tor. The incident electron spectra were obtained by Ding and Rogers u
Monte Carlo treatment head simulation.6
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III. RESULTS

Electron energy spectra reconstructed without ang
correction from depth-dose distributions produced by th
and 18 MeV electron beams of a Varian Clinac 2100 acc
erator are shown in Figs. 1~a! and 1~b!. Additionally, Figs.
2~a! and 2~b! provide reconstructed energy spectra for the
and 20 MeV electron beams generated by an Elekta-Ph
SL75-20 accelerator. The depth-dose distributions used
the reconstruction were those calculated by Ding and Ro
using the EGS4-BEAM Monte Carlo code6 without the depth
dose component of the treatment head breamstrahlung.
electrons with energiesE<Ep/2, whereEp is the most prob-
able energy of the spectrum, the reconstructed spectra
nificantly overestimates, up to 100%, the electron num

FIG. 2. Comparison of the incident and reconstructed electron spectra fo
10 ~a! and 20 ~b! MeV electron beams from an Elekta-Philips SL75-2
accelerator. The incident electron spectra were obtained by Ding and Ro
using Monte Carlo treatment head simulation~Ref. 6!.
Medical Physics, Vol. 30, No. 8, August 2003
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per energy interval in the known spectra. This trend is sim
for the range of beam energies studied and for either ac
erator.

In our earlier article,5 we presented similar comparison
except that we avoided the influence of the electron incid
angular distribution upon the verification of our optimizatio
algorithms by using depth-dose distributions for reconstr
tion that were simulated in the same parallel broad geom
as the monoenergetic depth-dose distributions. Therefore
agreement of incident and reconstructed spectra in the
energy region was perfect. Obviously, the differences in
low energy region of the reconstructed and incident elect
spectra in Figs. 1 and 2 are due to the neglect of ini
angular distribution for incident electrons in the database
monoenergetic depth-dose distributions. The influence of
angular spread on depth-dose can be better understoo
comparing the depth-dose distribution predicted using
complete Monte Carlo simulation6 that includes angular dis
tributions to the depth-dose distribution for a monodire
tional beam~Fig. 3!.

For the angular correction, the functionsD(z,En ,mm)
were calculated in the parallel plane geometry using the
crete ordinates method7 and corrected for the divergence o
the electron beam. We used 107 discrete energies betw
0.5 and 27 MeV and within each discrete energy 16 angu
intervals between 0° and 90° were chosen so the total n
ber of depth-dose distributions to approximate the funct
D(z,E,m) was 1712~i.e., 107316). An example of energy
deposition profiles for different incident angles is presen
in Fig. 4 for 10 MeV electrons. These energy-angular
sponse functions can be folded with any incident angu
distribution xn(m) to obtain a database of corrected dep
dose distributions for reconstruction of electron spectra.
this numerical model study, the angular distributionxn(m)
was taken from Monte Carlo treatment head simulations6 and
approximated by simple Gaussian functions.

The electron energy spectra reconstructed with correc

he

ers

FIG. 3. Influence of the initial angular distribution of incident electrons
the depth-dose distribution in water for the 18 MeV electron beam o
Varian Clinac 2100C acelerator.
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monoenergetic depth-dose distributions are presented
Figs. 1 and 2 for a Varian Clinac 2100C and an Elek
Philips SL75-20 accelerator. Angular correction improves
agreement between the known incident spectra and the
constructed spectra in the low-energy region. The region
energy peak is practically not affected by angular correcti

IV. CONCLUSIONS

We have shown that the neglect of angular distribution
the electron beams of medical accelerators produces sys
atic errors in the low energy region of spectra reconstruc
from central axis depth-dose distributions. Therefore, de
mination of the incident angular distribution and reconstr
tion of electron spectra from depth-dose distributions are
lated problems. The one-dimensional model described in
article is proposed to correct our reconstruction algorithm
electron incident angle. This model is effective and leads
good agreement with Monte Carlo data.

It should be noted that our database of monoenerg
depth-dose distributions was obtained in broad beam ge

FIG. 4. Angular dependence of the energy deposition profile for 10 M
electrons incident upon a water phantom.
Medical Physics, Vol. 30, No. 8, August 2003
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etry and, therefore, broad beam conditions must be satis
in measurements of the central axis depth-dose distributi
Any SSD can be used if an appropriate divergence correc
is applied. Also, the angular correction in the reconstruct
algorithm requires an estimate of the angular distribution

The broad beam condition may be not valid for a sm
field size produced by collimation. Therefore, our reco
struction algorithm cannot be applied directly to small fie
sizes. Extrapolation to small field sizes of the energy spe
originally derived from larger field sizes may not be high
accurate because of different scattering conditions. T
problem remains a limitation of the method until furth
work is performed.

ACKNOWLEDGMENT

Part of this work was done when one of the authors~A.C.!
was at the Tom Baker Cancer Center, Calgary, Canada.

a!Electronic mail: alexei.chvetsov@uhhs.com
1C. L. Hartmann Siantar, R. S. Walling, T. P. Daly, B. Faddegon, N. A
bright, P. Bergstrom, A. F. Bielajew, C. Chuang, D. Garret, R. K. Hou
D. Knapp, D. J. Wieczorek, and L. J. Verhey, ‘‘Description and dosim
ric verification of the PEREGRINE Monte Carlo dose calculation syst
for photon beams incident on a water phantom,’’ Med. Phys.28, 1322–
1337 ~2001!.

2L. Zhengming and D. Jette, ‘‘On the possibility of determining an effe
tive energy spectrum of clinical electron beams from percentage d
dose ~PDD! data of broad beams,’’ Phys. Med. Biol.44, N177–N182
~1999!.

3B. A. Faddegon and I. Blevis, ‘‘Electron spectra derived from depth d
distributions,’’ Med. Phys.27, 514–526~2000!.

4J. Deng, S. B. Jiang, T. Pawlicki, J. Li, and C.-M. Ma, ‘‘Derivation o
electron and photon energy spectra from electron beam central axis d
dose curves,’’ Phys. Med. Biol.46, 1429–1449~2001!.

5A. V. Chvetsov and G. A. Sandison, ‘‘Reconstruction of electron spec
using singular component decomposition,’’ Med. Phys.29, 578–591
~2002!.

6X. Ding and D. W. O. Rogers, ‘‘Energy spectra, angular spread, and d
distributions of electron beams from various accelerators user in ra
therapy,’’ NRC Report, No. PIRS-439~NRC, Ottawa, March 1995! ~see
also http://www.irs.inms.nrc.ca/inms/irs/papers/PIRS439/pirs439.htm!.

7L. J. Lorence, Jr., J. E. Morel, and G. D. Valdez, ‘‘User’s guide
CEPXS/ONEDANT: A one-dimentional coupled electron-photon discr
ordinates code package—Version 1.0,’’ SAND89-1661, Sandia Natio
Laboratories~1989! ~available on the Internet: http://www-rsicc.ornl.gov
documents/pdf/ccc/ccc5/c544.pdf!.


