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The purpose of this study was to check if attenuation analysis is sensitive enough to make a
distinction between photon energy spectra of standard accelerators and accelerators operat-
ing without a field flattening filter. Attenuation measurements were performed in two oper-
ating modes of a medical linear accelerator: with a flattening filter and without it, at nominal
energy of 6 MV. Numerical and Laplace transform pair methods were used for spectra recon-
struction. Although the difference between two attenuation curves is very small, as expected
both reconstruction techniques produce slightly softer spectra at flattening filter free mode.
The most important conclusion of this pilot study is that attenuation analysis can be a sensi-
tive tool which is able to detect spectral differences between photon beams of an accelerator

operating in two regimes.
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INTRODUCTION

The knowledge of bremsstrahlung spectra of
medical linear accelerators can be of great importance.
Direct (in beam) measurement of the photon spectra of
medical linear accelerators with Nal(T1) or HpGe is
not possible mostly due to high intensities of photon
beams and difficulties in determining detector effi-
ciency in high energy regions. Therefore, several indi-
rect methods were developed to determine the photon
spectra: attenuation analysis [1-8], Compton spectros-
copy [9-11], photoactivation analysis [3, 4], spectral
unfolding from depth-dose measurement [12] and
Monte Carlo simulation [13]. Most of the developed
indirect techniques are quite complicated to be rou-
tinely performed in clinical environment and they also
have some disadvantages. Attenuation analysis is the
most practical method among the aforementioned
methods, since it employs standard dosimetry equip-
ment available in most radiotherapy departments (plus
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some additional attenuators). In this method, the dose
is measured after the beam passes through different
thicknesses of a chosen attenuator. The energy spectra
of therapy beam can be reconstructed by using the ob-
tained attenuation curve.

The photon beam that does not pass through the
flattening filter has different dosimetric characteris-
tics. The intensity of the dose is higher due to the lack
of absorption and the field profile is not homogeneous,
as could be expected. However, a difference in the
spectra of filtered and unfiltered beams can have an
impact on dosimetric properties. Attenuation analysis
can be used to determine the spectrum of the flattening
filter free (FFF) photon beam due to its simplicity and
convenience.

The subject of this paper is to check if attenua-
tion analysis is sensitive enough to make a distinction
between photon energy spectra of standard accelera-
tors and accelerators operating without field flattening
filters recently introduced into medical practice.
Therefore, attenuation measurements were performed
in two operating modes of a medical linear accelerator:
with a flattening filter (FF) and without it. Two differ-
ent reconstruction techniques were used to check
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whether small differences in the attenuation curve can
reveal differences between FF and FFF spectra.

MATERIALS AND METHODS

Therapy beam contains photons in the energy
range from zero to £, ., which corresponds to the inci-
dent energy of electrons that hit the target. When the
beam passes through attenuators having different
thickness denoted as x, the relative dose transmission
can be calculated as follows
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where R(E) is the response function of ionisation
chamber, 1,;; (E)) — the mass energy absorption coeffi-
cient of air, @(E) — the photon fluence, and pa (£) —is
the attenuation coefficient of the absorber material. D,
denotes dose rate measured in air
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The obtained relative transmission curve 7(x)
was used to reconstruct @(E). Two different methods
were used:

—  The numerical method, where the photon spectra
@(E) can be represented by Schiff function Fs (E)
[14] multiplied by a correction function F, of
seven variables. The following form of the correc-
tion function was determined to be good enough
for this pilot study

FC(E>=ue*’[§?”] 3)

wherea, b, ¢, n, k, t,u are parameters that have to be de-
termined by attenuation analysis. This function is ro-
bust enough to describe all attenuation effects of the
emitted bremsstrahlung: in the target itself and in the
filters used to tailor beam properties according to ther-
apy requirements in both modes of accelerator opera-
tion FF and FFF. A detailed description of this method

is given in Krmar ef al. [3]

— The Laplace transform pairs. It has been deter-
mined before [5-8] that the relative transmission
curve T(x) and photon spectra @(F) can be pre-
sented as Laplace transform pairs by applying
proper mathematical transformations. This also
allows the transformation of the transmission
function obtained by attenuation measurements in
photon spectra as follows
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where E is the photon energy and £ ' [T(x)] — the in-
verse Laplace transform of the function describing the

obtained transmission data. Relative transmission
curve was approximated by the following function

T(x)=—2 & (5)
(x+b)°
where x is the attenuator thickness and a, b, ¢, d are pa-
rameters. This function, slightly simplified in compar-
ison with the one described by Archer and Wagner [5],
was a good choice to describe the attenuation curve for
the used maximum photon energy.

Attenuation measurements were performed at
the Institute for Pulmonary Diseases of Vojvodina,
Sremska Kamenica, Serbia. Elekta Versa HD linear
accelerator was used in the measurements. All mea-
surements were performed by using 6 MV photon
beam. Two sets of measurements were performed: one
in the standard FF mode operation and the other in FFF
regime of irradiation. The experimental set-up is pre-
sented in fig. 1.

Plates made of electrolytic Cu (density 8.920 gem™)
were used in the measurements. The maximum thickness of
attenuator plates was 4.8 cm. The field size was 2 cm x 2 cm
at 100 cm and the delivered photon dose was exactly 500
MU. Since Elekta Versa HD operating at 6 MV in FF mode
delivers 6 Gy min™' (600 MU min™") (Elekta Versa HD au-
tomatic dose rate) and in FFF mode it delivers 14 Gy min™'
(1400 MU min'), the measuring time in FF mode was
0.8 min and in FFF mode 0.35 min.

The dose was measured with IBA Dosimetry
CC-04 (S/N 14152 CCO04) ionization chamber and
IBA Dose 1 electrometer. Nickel-Silver build-up cap
with 13.6 mm diameter was used for all the measure-
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Figure 1. Experimental set-up of attenuation
measurements
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Figure 2. Relative transmitted data through Cu

ments. For each attenuator thickness three measure-
ments were made and the mean value was used. By out
of beam dose measurement it was determined that ra-
diation scattered from the wall contributes less than
2 % to the total dose. The uncertainty of measurements
was +1.5 % when calculated according to IAEA guide-
lines. Unfortunately the error bars are not visible in fig.
2. The scatter of measured doses did not exceed the
TAEA estimation. It was assumed that the energy re-
sponse of the dosimetry system is uniform. In that case
the unfolded quantity is the product R(E)D(E) [3].
However, considering that the objective of this paper
is to check if attenuation analysis is sensitive enough
to differentiate between FF and FFF modes, this ap-
proximation was acceptable.

RESULTS AND DISCUSSION

Relative transmission data is presented in fig. 2.
Evidently the difference between the two curves is
very small.

Figure 3(a) shows the normalized photon spectra
reconstructed by numerical technique and the results
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obtained by Laplace pair technique are shown in fig.
3(b). By using PDD* technique in water it has already
been measured that energy spectra in FFF mode
should be slightly softer [14, 15]. As it can be seen in
figs. 3(a) and 3(b) both methods produce slightly
softer spectra at FFF mode as it was expected, but the
difference is very small.

If we compare the results of both reconstruction
methods shown in figs. 3(a) and 3(b), it can be seen
that photon spectra obtained by these two different
methods differ significantly. The shape of the spectra
obtained by Laplace transform pairs depends on the
function chosen to fit the transmission data [6]. This
means that if some other choice of the function was
made, the difference between the two methods might
have been smaller. However, it is more important that
both methods showed similar trends if FF and FFF
spectra were compared. It can be seen in both figures
that FF and FFF spectra are similar at high energies
and that a certain difference arose at lower energies. In
both cases the energy spectrum has slightly more
abundant low-energy part for FFF mode of operation.
This could be expected due to the absence of FFF re-
sults in the presence of low-energy component which
isusually removed by filtration in flattening filters. In-
stead of a detailed analysis of the impact of a measure-
ment error on the results obtained, a simple test was
performed. The calculation procedures were repeated
with a set of data where each value was first increased
for the estimated measurement error and then de-
creased. This operation did not have any impact on the
general trend shown in fig. 3.

CONCLUSION

The most important conclusion of this experiment
is that attenuation analysis can be a sensitive tool which
is able to detect spectral differences between photon
beams of an accelerator operating in two regimes: with
a flattening filter and without it. The transmission
curves obtained by measurements when using Cu
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Figure 3. Normalized photon energy spectra reconstructed by (a) numerical technuque and (b) Laplace pair technique

* PDD means percentage depth dose defined as the quotient, expressed as a percentage, of the absorbed dose at any depth, d, to the absorbed

dose at a fixed reference depth, dy, along the central axis of the beam
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attenuators in simple narrow geometry of FF and FFF
beams do not differ significantly. However, even these
small differences can make visible distinctions in pho-
ton energy spectra. Many factors that influence spectral
reconstruction from transmission data were analyzed
[1,2], so there is still room for improvement of the qual-
ity of results obtained in this paper, after this very first
and very encouraging attempt to compare FF and FFF
photon spectra by using the attenuation technique.
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JA JIN JE ATEHYAIIUOHA TEXHUMKA JOBO/bHO OCET/BMBA
JA BU CE KOPUCTUIA 3A PA3IUKOBAIBE CIIEKTPA TEPAIINJCKOTI
AKIEJIEPATOPA CA U BE3 XOMOIEHU3AIIMOHOT ®UITEPA

Hamena oBor pajia je 1a IpoBepH fia JIX je aTeHyallMOHa TEXHUKA JOBOJLHO OCETIbUBA J1a HAIIPaBU
pasnuky wm3Meby OTOHCKOr cHeKkTpa CTaHJapAHHUX aklejepaTopa M aklejepaTopa Koju pajge 0e3
XOMOTEHM3aMOHOT (puTepa. ATEHyal[MIOHAa MEpeha U3BE[ieHa Ccy IpH JiBa HauMHa pajia akiiejepaTopa, ca
XOMOT€HH3aIMOHNM (punTEpOM U 6€3 XOMOIreHH3allMOHOr (bUIITepa, 3a HOMUHATIHY eHeprujy of 6 MV. 3a
PEKOHCTPYKLMjy ClieKTpa KopullltheHa je HyMepuyKa MeTofia Kao u Meropa JlamnacoBux TpaHcdopManyja.
HMako je pasnuka Meby aTeHyalioHUM KpuBaMa BeOMa Mana, 00e TEXHHUKE 3a PEKOHCTPYKIHU]Y Aajy MEKIIU
criekTap y pagy 6e3 XoMOreHH3alMoHOT (PUIITEPa, Kao HITO CMO 1 ouekuBaau. HajOuTHUjU 3aKibyyak OBe M-
JIOT CTyAUje jecTe Jja aTeHyalllOHa aHaJIh3a MOXKe OMTH JOBOJBHO OCETJBMB ajlaT Kako Ou ce AeTeKToBasa
pasnuke Meby cliekTpuMa 3a Ba Pa3IMuUTa HAYMHA paja aklenepaTopa.

Kmwyune peuu: cliexiiap ¢hoitiona, ailieHyauuoHa aHaau3da, XOMoZeHU3AyUOHU guaitiep,
b6e3xomozZeHU3aAUUOHU puaitiep



