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The pur pose of this study was to check if at ten u a tion anal y sis is sen si tive enough to make a
dis tinc tion be tween pho ton en ergy spec tra of stan dard ac cel er a tors and ac cel er a tors op er at -
ing with out a field flat ten ing fil ter. At ten u a tion mea sure ments were per formed in two op er -
at ing modes of a med i cal lin ear ac cel er a tor: with a flat ten ing fil ter and with out it, at nom i nal
en ergy of 6 MV. Nu mer i cal and Laplace trans form pair meth ods were used for spec tra re con -
struc tion. Al though the dif fer ence be tween two at ten u a tion curves is very small, as ex pected
both re con struc tion tech niques pro duce slightly softer spec tra at flat ten ing fil ter free mode.
The most im por tant con clu sion of this pi lot study is that at ten u a tion anal y sis can be a sen si -
tive tool which is able to de tect spec tral dif fer ences be tween pho ton beams of an ac cel er a tor
op er at ing in two re gimes.
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IN TRO DUC TION

The knowl edge of brems strah lung spec tra of

med i cal lin ear ac cel er a tors can be of great im por tance. 

Di rect (in beam) mea sure ment of the pho ton spec tra of 

med i cal lin ear ac cel er a tors with NaI(Tl) or HpGe is

not pos si ble mostly due to high in ten si ties of pho ton

beams and dif fi cul ties in de ter min ing de tec tor ef fi -

ciency in high en ergy re gions. There fore, sev eral in di -

rect meth ods were de vel oped to de ter mine the pho ton

spec tra: at ten u a tion anal y sis [1-8], Compton spec tros -

copy [9-11], photoactivation anal y sis [3, 4], spec tral

un fold ing from depth-dose mea sure ment [12] and

Monte Carlo sim u la tion [13]. Most of the de vel oped

in di rect tech niques are quite com pli cated to be rou -

tinely per formed in clin i cal en vi ron ment and they also

have some dis ad van tages. At ten u a tion anal y sis is the

most prac ti cal method among the afore men tioned

meth ods, since it em ploys stan dard do sim e try equip -

ment avail able in most ra dio ther apy de part ments (plus 

some ad di tional attenuators). In this method, the dose

is mea sured af ter the beam passes through dif fer ent

thick nesses of a cho sen attenuator. The en ergy spec tra

of ther apy beam can be re con structed by us ing the ob -

tained at ten u a tion curve.
The pho ton beam that does not pass through the

flat ten ing fil ter has dif fer ent dosimetric char ac ter is -
tics. The in ten sity of the dose is higher due to the lack
of ab sorp tion and the field pro file is not ho mo ge neous, 
as could be ex pected. How ever, a dif fer ence in the
spec tra of fil tered and un fil tered beams can have an
im pact on dosimetric prop er ties. At ten u a tion anal y sis
can be used to de ter mine the spec trum of the flat ten ing
fil ter free (FFF) pho ton beam due to its sim plic ity and
con ve nience.

The sub ject of this pa per is to check if at ten u a -
tion anal y sis is sen si tive enough to make a dis tinc tion
be tween pho ton en ergy spec tra of stan dard ac cel er a -
tors and ac cel er a tors op er at ing with out field flat ten ing 
fil ters re cently in tro duced into med i cal prac tice.
There fore, at ten u a tion mea sure ments were per formed
in two op er at ing modes of a med i cal lin ear ac cel er a tor: 
with a flat ten ing fil ter (FF) and with out it. Two dif fer -
ent re con struc tion tech niques were used to check
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whether small dif fer ences in the at ten u a tion curve can
re veal dif fer ences be tween FF and FFF spec tra.

MA TE RI ALS AND METH ODS

Ther apy beam con tains pho tons in the en ergy
range from zero to Emax, which cor re sponds to the in ci -
dent en ergy of elec trons that hit the tar get. When the
beam passes through attenuators hav ing dif fer ent
thick ness de noted as x, the rel a tive dose trans mis sion
can be cal cu lated as fol lows
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where R(E) is the re sponse func tion of ion is ation
cham ber, mair (E) – the mass en ergy ab sorp tion co ef fi -
cient of air, F(E) – the pho ton fluence, and mA (E) – is
the at ten u a tion co ef fi cient of the ab sorber ma te rial. D0

de notes dose rate mea sured in air 
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The ob tained rel a tive trans mis sion curve T(x)
was used to re con struct F(E). Two dif fer ent meth ods
were used:
– The nu mer i cal method, where the pho ton spec tra

F(E) can be rep re sented by Schiff func tion FS (E)
[14] mul ti plied by a cor rec tion func tion Fc of
seven vari ables. The fol low ing form of the cor rec -
tion func tion was de ter mined to be good enough
for this pi lot study

F E u
t

a

E

b

E
c

n k

c e( ) =
- + +

æ

è
ç

ö

ø
÷

(3)

where a, b, c, n, k, t, u are pa ram e ters that have to be de -
ter mined by at ten u a tion anal y sis. This func tion is ro -
bust enough to de scribe all at ten u a tion ef fects of the
emit ted brems strah lung: in the tar get it self and in the
fil ters used to tai lor beam prop er ties ac cord ing to ther -
apy re quire ments in both modes of ac cel er a tor op er a -
tion FF and FFF. A de tailed de scrip tion of this method
is given in Krmar et al. [3]
– The Laplace trans form pairs. It has been de ter -

mined be fore [5-8] that the rel a tive trans mis sion

curve T(x) and pho ton spec tra F(E) can be pre -
sented as Laplace trans form pairs by ap ply ing
proper math e mat i cal trans for ma tions. This also
al lows the trans for ma tion of the trans mis sion
func tion ob tained by at ten u a tion mea sure ments in 
pho ton spec tra as fol lows
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where E is the pho ton en ergy and L –1 [T(x)] – the in -
verse Laplace trans form of the func tion de scrib ing the

ob tained trans mis sion data. Rel a tive trans mis sion
curve was ap prox i mated by the fol low ing func tion
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where x is the attenuator thick ness and a, b, c, d are pa -
ram e ters. This func tion, slightly sim pli fied in com par -
i son with the one de scribed by Ar cher and Wag ner [5],
was a good choice to de scribe the at ten u a tion curve for 
the used max i mum pho ton en ergy.

At ten u a tion mea sure ments were per formed at
the In sti tute for Pul mo nary Dis eases of Vojvodina,
Sremska Kamenica, Ser bia. Elekta Versa HD lin ear
ac cel er a tor was used in the mea sure ments. All mea -
sure ments were per formed by us ing 6 MV pho ton
beam. Two sets of mea sure ments were per formed: one
in the stan dard FF mode op er a tion and the other in FFF 
re gime of ir ra di a tion. The ex per i men tal set-up is pre -
sented in fig. 1. 

Plates made of elec tro lytic Cu (den sity 8.920 gcm–3)
were used in the mea sure ments. The max i mum thick ness of 
attenuator plates was 4.8 cm. The field size was 2 cm ́  2 cm
at 100 cm and the de liv ered pho ton dose was ex actly 500
MU.  Since Elekta Versa HD op er at ing at 6 MV in FF mode
de liv ers 6 Gy min–1 (600 MU min–1) (Elekta Versa HD au -
to matic dose rate) and in FFF mode it de liv ers 14 Gy min–1

(1400  MU  min–1),  the  mea sur ing  time in FF mode was
0.8 min and in FFF mode 0.35 min. 

The dose was mea sured with IBA Do sim e try
CC-04 (S/N 14152 CC04) ion iza tion cham ber and
IBA Dose 1 electrometer. Nickel-Sil ver build-up cap
with 13.6 mm di am e ter was used for all the mea sure -
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Fig ure 1. Ex per i men tal set-up of at ten u a tion
mea sure ments



ments. For each attenuator thick ness three mea sure -
ments were made and the mean value was used. By out
of beam dose mea sure ment it was de ter mined that ra -
di a tion  scat tered  from  the  wall  con trib utes  less  than
2 % to the to tal dose. The un cer tainty of mea sure ments 
was ±1.5 % when cal cu lated ac cord ing to IAEA guide -
lines. Un for tu nately the er ror bars are not vis i ble in fig. 
2. The scat ter of mea sured doses did not ex ceed the
IAEA es ti ma tion. It was as sumed that the en ergy re -
sponse of the do sim e try sys tem is uni form. In that case
the un folded quan tity is the prod uct R(E)F(E) [3].
How ever, con sid er ing that the ob jec tive of this pa per
is to check if at ten u a tion anal y sis is sen si tive enough
to dif fer en ti ate be tween FF and FFF modes, this ap -
prox i ma tion was ac cept able. 

RE SULTS AND DIS CUS SION

Rel a tive trans mis sion data is pre sented in fig. 2.
Ev i dently the dif fer ence be tween the two curves is
very small.

Fig ure 3(a) shows the nor mal ized pho ton spec tra 
re con structed by nu mer i cal tech nique and the re sults

ob tained by Laplace pair tech nique are shown in fig.
3(b). By us ing PDD* tech nique in wa ter it has al ready
been mea sured that en ergy spec tra in FFF mode
should be slightly softer [14, 15]. As it can be seen in
figs. 3(a) and 3(b) both meth ods pro duce slightly
softer spec tra at FFF mode as it was ex pected, but the
dif fer ence is very small.

If we com pare the re sults of both re con struc tion
meth ods shown in figs. 3(a) and 3(b), it can be seen
that pho ton spec tra ob tained by these two dif fer ent
meth ods dif fer sig nif i cantly. The shape of the spec tra
ob tained by Laplace trans form pairs de pends on the
func tion cho sen to fit the trans mis sion data [6]. This
means that if some other choice of the func tion was
made, the dif fer ence be tween the two meth ods might
have been smaller. How ever, it is more im por tant that
both meth ods showed sim i lar trends if FF and FFF
spec tra were com pared. It can be seen in both fig ures
that FF and FFF spec tra are sim i lar at high en er gies
and that a cer tain dif fer ence arose at lower en er gies. In
both cases the en ergy spec trum has slightly more
abun dant low-en ergy part for FFF mode of op er a tion.
This could  be ex pected due to the ab sence of FFF re -
sults in the pres ence of low-en ergy com po nent which
is usu ally re moved by fil tra tion in flat ten ing fil ters. In -
stead of a de tailed anal y sis of the im pact of a mea sure -
ment er ror on the re sults ob tained, a sim ple test was
per formed. The cal cu la tion pro ce dures were re peated
with a set of data where each value was first in creased
for the es ti mated mea sure ment er ror and then de -
creased. This op er a tion did not have any im pact on the
gen eral trend shown in fig. 3.

CON CLU SION

The most im por tant con clu sion of this ex per i ment 
is that at ten u a tion anal y sis can be a sen si tive tool which
is able to de tect spec tral dif fer ences be tween pho ton
beams of an ac cel er a tor op er at ing in two re gimes: with
a flat ten ing fil ter and with out it. The trans mis sion
curves ob tained by mea sure ments when us ing Cu
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Fig ure 2. Rel a tive trans mit ted data through Cu

Fig ure 3. Nor mal ized pho ton en ergy spec tra re con structed by (a) nu mer i cal technuque and (b) Laplace pair technique

* PDD means per cent age depth dose de fined as the quo tient, ex pressed as a per cent age, of the ab sorbed dose at any depth, d, to the ab sorbed 
...dose at a fixed ref er ence depth, d0, along the cen tral axis of the beam



attenuators in sim ple nar row ge om e try of FF and FFF
beams do not dif fer sig nif i cantly. How ever, even these
small dif fer ences can make vis i ble dis tinc tions in pho -
ton en ergy spec tra. Many fac tors that in flu ence spec tral
re con struc tion from trans mis sion data were an a lyzed
[1, 2], so there is still room for im prove ment of the qual -
ity of re sults ob tained in this pa per, af ter this very first
and very en cour ag ing at tempt to com pare FF and FFF
pho ton spec tra by us ing the at ten u a tion tech nique.
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DA  LI  JE  ATENUACIONA  TEHNIKA  DOVOQNO  OSETQIVA
DA  BI  SE  KORISTILA  ZA  RAZLIKOVAWE  SPEKTRA  TERAPIJSKOG 

AKCELERATORA  SA  I  BEZ  HOMOGENIZACIONOG  FILTERA

Namena ovog rada je da proveri da li je atenuaciona tehnika dovoqno osetqiva da napravi
razliku izme|u fotonskog spektra standardnih akceleratora i akceleratora koji rade bez
homogenizacionog filtera. Atenuaciona merewa izvedena su pri dva na~ina rada akceleratora, sa
homogenizacionim filterom i bez homogenizacionog filtera, za nominalnu energiju od 6 MV. Za
rekonstrukciju spektra kori{}ena je numeri~ka metoda kao i metoda Laplasovih transformacija.
Iako je razlika me|u atenuacionim krivama veoma mala, obe tehnike za rekonstrukciju daju mek{i
spektar u radu bez homogenizacionog filtera, kao {to smo i o~ekivali. Najbitniji zakqu~ak ove pi -
lot studije jeste da atenuaciona analiza mo`e biti dovoqno osetqiv alat kako bi se detektovala
razlike me|u spektrima za dva razli~ita na~ina rada akceleratora.

Kqu~ne re~i: spektar fotona, atenuaciona analiza, homogenizacioni fil ter, ........................  
..........................bezhomogenizacioni fil ter


