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Ion iza tion cham bers were cal i brated re gard ing ab sorbed dose to wa ter in MeV X-ray fields of
a med i cal lin ear ac cel er a tor, with nom i nal max i mum en er gies of 6 MeV and 15 MeV. Whereas, 
ab sorbed doses to wa ter at a depth of 10 cm be low the wa ter sur face were mea sured us ing the
same ion iza tion cham ber (re ferred to as IC-1) in two dif fer ent man ners (i. e., ap ply ing the old
beam qual ity cor rec tion fac tor kQ0

from the old IAEA/TRS-398 pro to col, re ferred to as 
D10

1oldand us ing the new one, kQ from the up dated pro to col, re ferred to as D10
1new. The cal i -

bra tion fac tors of IC-1, ND w Q, ,
1  were de duced (for beam qual i ties Q of MeV X-ray fields with

max i mum en er gies of 6 MeV and 15 MeV). The iden ti cal pro ce dure was ap plied to two other
ion iza tion cham bers (IC-i, i = 2, 3) to ob tain ab sorbed doses to wa ter at a depth of 10 cm (re -
ferred to as Di

10
new) us ing the new beam qual ity cor rec tion fac tor. A com par i son be tween 

D10
1new and Di

10
new was con ducted to de rive the cal i bra tion fac tors of the IC-i, ND w Q

i
, , . The

com bined stan dard un cer tain ties of ND w Q
i

, ,  (i =1, 2, 3) were es ti mated within 1.22 % and
2.30 %, re spec tively.

Key words: ab sorbed dose, beam quality, nom i nal max i mum energy

IN TRO DUC TION

Ion iz ing ra di a tion ref er ence fields are nor mally
es tab lished to en sure the proper op er a tion of ion iz ing
ra di a tion mea sur ing de vices (e. g., ion iza tion cham bers, 
IC). For cal i bra tions of IC in terms of ab sorbed dose to
wa ter (Dw), the 60Co beam qual ity has been fre quently
used as the ref er ence field. The IAEA re leased a prac ti -
cal pro to col (known as the IAEA/TRS-398 pro to col)
[1] guid ing to de ter mine the value of Dw caused by
teletherapy units (i. e., 60Co and/or Megavoltage (MeV) 
X-ray med i cal lin ear ac cel er a tor – LINAC). The
IAEA/TRS-398 pro to col can also be ap plied for cal i -

bra tions of IC in dif fer ent beam qual i ties (i. e., sym bol -
ized as Q0 for 60Co and Q for other qual i ties of LINAC).

When an IC is cal i brated in a 60Co ref er ence field
(in terms of Dw, with a cal i bra tion fac tor de noted as
ND,w,Qo), to be used in the mea sure ment of Dw caused by
an MeV X-ray LINAC (with a beam qual ity of Q), a cor -
rec tion fac tor ( ),kQ Q0

 [1] must be ap plied to con vert the
out put read ing re corded by the IC in the MeV X-ray
LINAC field to that in the 60Co field (the ref er ence field).

How ever, 60Co ra dio ther apy units will be scarce
in the fu ture due to the in con ve nience of source re -
place ment, while LINAC will be come more pop u lar
in stead. There fore, cal i brat ing IC in 60Co fields will no 
lon ger be con ve nient.  Con se quently, cal i brat ing IC in
MeV X-ray fields will soon be come a cru cial trend.
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The IAEA also re leased sev eral pub li ca tions
guid ing the cal i bra tion pro ce dures for IC in ra dio ther -
apy ex ter nal beams [1, 2]. It was also no ticed that the
val ues of kQ Q, 0

will soon be re placed by kQ (in MeV
X-ray fields) [3] in the up dated IAEA/TRS-398 pro to -
col. Those pro to cols may guide the cal i bra tion fa cil i -
ties to sup ply their cus tom ers with val ues of ND,w,Qo,
and/or ND,w,Q (based on their avail able ra dio ther apy
ref er ence fields).

The Na tional Phys i cal Lab o ra tory (NPL), a pri -
mary stan dard do sim e try lab o ra tory (PSDL) in the
UK, was the first lab o ra tory to sup ply cal i bra tion ser -
vices for IC in MeV X-ray fields [4]. This means the
lab o ra tory has been able to pro vide its cus tom ers with
the val ues of ND,w,Q.

The val ues of kQ were in ves ti gated through nu -
mer i cal sim u lated and ex per i men tal data and are avail -
able [5] for var i ous IC tech ni cal char ac ter is tics and the
val ues of beam qual ity in dex (i. e., tis sue-phan tom ra tio, 
TPR20/10, to be un der stood as the ra tio of the ab sorbed
doses at depths of 20 cm and 10 cm be low the wa ter sur -
face, mea sured with a con stant source-to- cham ber dis -
tance (SCD) of 100 cm and a field size (FS) of 10 cm ×
10 cm at the plane of the IC in wa ter [1]).

The de ter mi na tion of Dw val ues (caused by dif -
fer ent gamma and X-ray beam qual i ties) us ing IC was
im ple mented for three dif fer ent beam qual i ties fol low -
ing var i ous prac ti cal pro to cols [6] in clud ing the
IAEA/TRS-277 in 1987 [7]; Hos pi tal Phys i cists' As -
so ci a tion – HPA, in 1983 [8]; Nordic As so ci a tion of
Clin i cal Phys ics – NACP, in 1980 [9]; Amer i can As so -
ci a tion of Phys i cists in Med i cine – AAPM, in 1983
[10]; Na tional Coun cil on Ra di a tion Pro tec tion and
Mea sure ment – NCRP, in 1981 [11]; and In ter na tional
Com mis sion on Ra di a tion Units and Mea sure ment -
ICRU, in 1973 [12]. The dif fer ences be tween the val -
ues of Dw de ter mined by dif fer ent pro to cols were
noted as not sig nif i cant when com pared to those from
the IAEA/TRS-398 pro to col [1], which was con sid -
ered as the ref er ence in the com par i son.

In this work, the MeV X-ray ref er ence fields
with nom i nal max i mum en er gies of 6 MeV and 15
MeV (gen er ated from the Varian TrueBeam STx
LINAC) were used for cal i brat ing three dif fer ent IC in
terms of Dw fol low ing the up dated IAEA/TRS-398
pro to col [13] for dif fer ent in ves ti gated ge om e tries. In
par tic u lar, the fol low ing tasks were per formed:
– the ab sorbed doses to wa ter at a depth of 10 cm be -

low the wa ter sur face, D10 (for dif fer ent in ves ti -
gated ge om e tries), were mea sured us ing the same
ion iza tion cham ber, IC-1. This cham ber was cal i -
brated in a 60Co ra dio ther apy ref er ence field, with
the cal i bra tion fac tor of N D w Q, , 0

1
. The mea sure -

ments were con ducted in two dif fer ent man ners:
(i-a) by ap ply ing the old beam qual ity cor rec tion
fac tor (BQCF) kQ Q, 0

(re ferred to as kQ0
in this

work), fol low ing the old IAEA/TRS-398 pro to -
col, re ferred to as D10

1old , and (i-b) by ap ply ing the

new BQCF (kQ, as pro vided in the up dated
IAEA/TRS-398 pro to col), re ferred to as D10

1 new .

The cal i bra tion fac tor of the IC-1, N D w Q, ,
1 (in

terms of ab sorbed dose to wa ter, Dw, in the MeV
X-ray fields of the LINAC with a beam qual ity of
Q) was de duced by com par ing D10

1old and D10
1 new ,

and
– the val ues of D10 (for dif fer ent in ves ti gated ge om -

e tries) were also mea sured us ing two other IC
(IC-i, i  =  2, 3), ap ply ing the new BQCF of kQ, re -
ferred to as D10

1 new . A com par i son be tween pair

val ues of D10
1 new  and D i

10
 new was con ducted to de -

rive the cal i bra tion fac tor of IC-i,  N D w Q
i

, ,  (in

terms of Dw, in the MeV X-ray fields of LINAC
with the beam qual ity of Q). The com bined stan -
dard un cer tain ties of N D w Q, ,

1 ,and N D w Q
i

, ,  were es -

ti mated and pre sented in this work.

MA TE RIAL AND METHOD

Varian TrueBeam STx med i cal
lin ear ac cel er a tor

The TrueBeam STx is one of the most ad vanced
LINAC from Varian, and it is used for ra dio ther apy
and radiosurgery. It fea tures a 120 multileaf collimator 
in clud ing 32 leaf pairs each 2.5 mm thick lead at the
cen tral beamline and 28 leaf pairs each 5 mm wide lead 
sur round ing it. This de sign en sures ex cep tional pre ci -
sion in tar get con for ma tion and min i mizes the X-ray
pen um bra ef fect. The LINAC can be used for ex ter nal
ra dio ther apy with two op er a tional modes of X-ray
beams (i. e., with or with out the flat ten ing fil ter, FF). In 
this work, the LINAC was used to gen er ate X-ray
beams with nom i nal max i mum en er gies of 6 MeV and
15 MeV, op er ated in the FF mode.

Mea sur ing as sem bly and
wa ter phan tom

In gen eral, a mea sur ing as sem bly con sists of an
IC and an electrometer. In this study, mea sure ments
were con ducted us ing three dis tinct mea sur ing as sem -
blies. The first two were com bi na tions of IC (FC65-G
and CC13) and the DOSE1 electrometer, which were
man u fac tured by the IBA Do sim e try com pany. The
third was a com bi na tion of the PTW Semiflex IC
(model: TM31010-004086) and the PTW Unidos
(model: T10001-11831) electrometer, man u fac tured
by PTW-Freiburg.

The IC-1 (FC65-G), IC-2 (CC13), and IC-3
(PTW-31010) are all cy lin dri cal ion iza tion cham bers
with re spec tive ac tive vol umes of 0.65 cm3, 0.13 cm3,
and 0.125 cm3. The FC65-G and CC13 have in ner di am -
e ters of the outer elec trodes of 6.2 mm and 6.0 mm, re -
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spec tively. Their in ner elec trode di am e ters are 1.0 mm.
The  lengths  of   their   in ner   elec trodes   are 20.5 mm and 
3.3 mm, re spec tively.

The PTW-31010's outer elec trode has an in ner
di am e ter of 5.5 mm and the alu mi num cen tral elec -
trode has a di am e ter of 1.1 mm. Its sen si tive vol ume is
6.5 mm long.

All mea sur ing as sem blies were ini tially cal i -
brated by a rec og nized in ter na tional stan dard do sim e -
try lab o ra tory such as PSDL or IAEA-SSDL and
recalibrated an nu ally by the Viet Nam sec ond ary stan -
dard do sim e try lab o ra tory (VN-SSDL), as re quired by 
a Viet nam au thor ity or ga ni za tion. In this study, these
three mea sur ing as sem blies were used to de ter mine
the val ues of D i

10 . Their cal i bra tion fac tors( , ,N D w Q
i

0
)

in the 60Co ref er ence field were avail able.
In this work, a wa ter phan tom (known as the Blue

Phan tom 2) with di men sions of 48 cm × 48 cm × 48 cm
was used, ac com pa nied by a con ve nient three-di men -
sional scan ning sys tem, to fa cil i tate the IC po si tion ing.

In ves ti gated ge om e try, mea sured
and de rived quan tity

In this work, mea sure ments (cor re spond ing to
in ves ti gated ge om e tries) were con ducted us ing three
as sem blies to ob tain the mea sured and de rived quan ti -
ties. More de tails can be seen in tab. 1.

In all mea sure ments, the de liv ered Mon i tor Unit
(MU) val ues were con sis tently set to 600 MU (at a rate of 
100 MU per min ute), achiev ing sta tis ti cal un cer tain ties
of less than 0.5 % for the re corded read ings of the IC.

Mea sure ment of ab sorbed dose
to wa ter us ing ion iza tion cham ber

In gen eral, to mea sure a value of D i
10  (i = 1, 2, 3)

per MU us ing an IC, one typ i cally ap plies the prac ti cal
pro to col guided by the IAEA (i. e., IAEA/TRS-398
[1]). The fol low ing steps were car ried out:
– mea sur ing and cor rect ing the data from IC-i (to

ob tain the cor rected value of M c
i ) by fol low ing

these steps: (i-a) Con vert ing the mea sured data
from IC-i, M u

i  (at nonstandard mea sur ing con di -

tions), to the stan dard con di tions of tem per a ture
and pres sure by mul ti ply ing with a fac tor of kT,P;

(i-b) Cor rect ing that value for other in flu enc ing
fac tors such as the cal i bra tion fac tor of the
electrometer, kelec; ion iza tion cham ber po lar ity, 
k pol

i , and the re com bi na tion ef fect in side the IC,

ks
i ). The cor rected value of M c

i can be cal cu lated

us ing eq. (1), with all cor rec tion fac tors de rived
fol low ing the guid ance from [1].

M M k k k kc
i

u
i

T P elec pol
i

s
i , (1)

– cal cu lat ing the val ues of  D i
10  in volves cor rect ing

the value of M c
i for beam qual ity. This pro cess

con verts the M c
i value, mea sured by IC-i in the Q

beam qual ity field with the cal i bra tion fac tor of
ND,w,Q in terms of Dw, to the ref er ence field of Q0

beam qual ity. To ob tain the ref er ence val ues of  
Di

10  in a ref er ence field of Q0 beam qual ity, the 

M c
i value must be mul ti plied by a cor rec tion fac tor 

of kQ Q, 0
, and the cal i bra tion fac tor of IC-i, ND,w,Q

in terms of Dw.
– fi nally, the mea sured data in non-ref er ence con di -

tions, M u
i  was con verted to the value of D i

10  in the

ra di a tion field with the beam qual ity of Q un der
stan dard con di tions, such as tem per a ture, pres sure,
ra di a tion ref er ence field, etc. The value of D i

10  can

be cal cu lated us ing eq. (2), with the unit con verted
into cGy per to tal de liv ered MU to the IC.

D M k k k k

N k

i
u
i

T P elec pol
i

s
i

D w Q
i

Q Q
i

10

0

 

 

( )

( )
,

, , , (2)

Cal cu la tion of ion iza tion cham ber cal i bra tion
fac tor in MeV X-ray ref er ence field

Ap ply ing eq. (2) for mea sure ments by the same
IC-1 (FC65-G) in the field of Q beam qual ity (with the
as sump tion that the IC-1 was cal i brated in the field of
Q0 beam qual ity with a cal i bra tion fac tor of N D w Qo, ,

1

ac com pa ny ing with the beam cor rec tion fac tor of 
kQ Q, 0

1 – i. e., kQ0

1 in this work). That means the first
bracket fac tor in eq. (2) is the same for mea sure ments
us ing the same IC in the same field of Q beam qual ity.
For con sis tency with the no ta tion in the newly up dated 
IAEA/TRS-398 pro to col [13], ND,w,Q and kQ

1  were as -
sumed to be the cal i bra tion fac tor and beam qual ity
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Ta ble 1. In ves ti gated ge om e try, mea sured and de rived quan tity

In ves ti gated ge om e try Avail able/mea sured quan tity De rived quan tity

E [MeV]
Dis tance
[100 cm]

MC

[nC/MU]
N D w Qo, ,
[cGy/nC]

kQ0
kQ

N D w Qo, , [cGy/nC]

FC65-G CC13 PTW 31010

6
SCD x x x x

N D w Q, ,
1

Eq. (4)

N D w Q, ,
2

Eq. (5)

N D w Q, ,
3

Eq. (5)

SSD x x x x

15
SCD x x x x
SSD x x x x
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cor rec tion fac tor of IC-1 in the field of Q beam qual ity,
re spec tively, achiev ing the re la tion ship de scribed in
eq. (3). From eq. (3), the value of N D w Q, ,

1  can be de -
duced as in eq. (4). Where the beam qual ity val ues of 
kQ0

1 and kQ
1 (for the IC-1) can be in ter po lated from tab.

6-III of [1] and tab. 16 of [13] based on the mea sured
value of TPR20/10.

N k N kD w Q Q D w Q Qo o, , , ,
1 1 1 1 (3)

N
N k

k
D w Q

D w Q Q

Q

o o
, ,

, ,1
1 1

1
 (4)

Con se quently, ap ply ing eq. (2) for mea sure -
ments by the IC-1 and by the IC-i (i = 2, 3) in the same
MeV X-ray beam qual ity of LINAC (that means: all
pa ram e ters in eq. (2) were known for the IC-1). Then,
the unique un known pa ram e ter of N D w Q

i
, , for the IC-i

could be de rived as fol lows

N

M k k k k N k

M k

D w Q
i

u T P elec pol s D w Q Q

u
i

T

, ,

, , ,( ) ( )

(




1 1 1 1 1

, )P elec pol
i

s
i

Q
ik k k k

(5)

RE SULT AND DIS CUS SION

Cal i bra tion fac tor of ion iza tion cham ber
in MeV X-ray ref er ence field

Ta ble 2 shows the ex ist ing cal i bra tion fac tors 
( , ,N D w Q

i
0
in 60Co field, avail able from cal i bra tion cer -

tif i cates, per formed by in ter na tion ally rec og nized
stan dard do sim e try lab o ra tory) and mea sured val ues
of beam qual ity in dex (i. e., TPR20/10, kQ0

, and kQ) for
dif fer ent IC and dif fer ent MeV X-ray en er gies. The
val ues of beam qual ity (kQ0

, kQ) de crease as the MeV
X-ray LINAC en er gies in crease.

Ta ble 3 pres ents the val ues of N D w Q
i

, , (the cal i -
bra tion fac tors for three dif fer ent IC in var i ous MeV
X-ray beam qual i ties, cal cu lated us ing two dif fer ent
meth ods as de scribed in eq. (4) and eq. (5)) and for two 
dif fer ent in ves ti gated ge om e tries.

From tab. 3, it can be ob served that the val ues of 
N D w Q

i
, ,  for the same IC show neg li gi ble dif fer ences,

even across two dif fer ent beam qual i ties of the MeV
X-ray LINAC, with the larg est dif fer ence be ing ap -
prox i mately 0.7 %. This re veals that the en ergy re -
sponses of IC are iden ti cal in a wide range of spec -
trum-av er aged en er gies of MeV X-ray LINAC.

Com bined stan dard un cer tainty of
ion iza tion cham ber cal i bra tion fac tor

Ta ble 4 shows the un cer tainty bud gets and the
com bined stan dard un cer tain ties of N D w Q

i
, , val ues cal -

cu lated us ing two dif fer ent meth ods, i. e., fol low ing
eqs. (4) and (5). The un cer tainty bud get val ues were
taken as the larg est val ues ever en coun tered. The max -
i mum com bined stan dard un cer tainty of N D w Q

i
, ,  was

es ti mated to be as less than 2.30 %, which is con sid -
ered ac cept able.

CON CLU SION

The MeV X-ray ref er ence fields of a Varian
TrueBeam STx med i cal lin ear ac cel er a tor (with the
max i mum X-ray en er gies of 6 MeV and 15 MeV) were 
used to cal i brate dif fer ent ra dio ther apy ion iza tion
cham bers in dif fer ent MeV X-ray beam qual i ties fol -
low ing the IAEA up dated prac ti cal pro to col known as
the up dated IAEA/TRS-398 [13]. The dif fer ent ion -
iza tion cham ber cal i bra tion fac tors in terms of ab -

Ta ble 2. Cal i bra tion fac tors of dif fer ent ion iza tion
cham bers in terms of ab sorbed dose to wa ter in 60Co field 
and mea sured val ues of beam qual ity in dex for dif fer ent
ion iza tion cham bers

E [MeV]
Quan tity

Ion iza tion cham ber
FC65-G CC13 PTW31010

ND,w,Qo [cGy/nC] 4.83 26.4 30.1

6
TPR20/10 0.6680

kQ0
0.9942 0.9948 0.0917

kQ 0.9930 0.9925 0.9920

15
TPR20/10 0.7630

kQ0
0.9800 0.9788 0.9740

kQ 0.9730 0.9718 0.9720

E: the nom i nal max i mum en ergy of MeV X-ray LINAC

Ta ble 3. Cal i bra tion fac tors of dif fer ent ion iza tion cham bers in terms of ab sorbed dose to wa ter for
var i ous MeV X-ray beam qual i ties, cal cu lated based on two dis tinct mod els, i. e., eqs. (4) and (5)

In ves ti gated ge om e try Cal cu lated cal i bra tion fac tor in MeV X-ray [cGy/nC]

E [MeV] SSD [cm] SCD [cm]
FC65-G (N D w Q, ,

1 ) CC13 (N D w Q, ,
2 ) PTW 31010 (N D w Q, ,

3 )

Eq. (4) Eq. (5) Eq. (5)

6
100 4.83 26.4 30.2

100 4.83 26.4 30.1

15
100 4.86 26.6 30.3

100 4.86 26.6 30.3

E: the nom i nal max i mum en ergy of MeV X-ray LINAC



sorbed dose to wa ter, ND,w,Q (for dif fer ent MeV X-ray
beam qual i ties) were ob tained with neg li gi ble dif fer -
ences be tween cal cu la tion mod els and vary ing dis -
tance ge om e tries. The com bined stan dard un cer tainty
of ND,w,Q was also es ti mated as low as less than 2.30 %
(with the un cer tainty bud gets be ing taken as the
ever-en coun tered max i mum ones).
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Ta ble 4. The com bined stan dard un cer tainty of
ion iza tion cham ber cal i bra tion fac tor in MeV X-ray
ref er ence fields with dif fer ent beam qual i ties, cal cu lated
based on two dif fer ent mod els, i. e., eqs. (4) and (5)

Quan tity N D w Q, ,
1 N D w Q

i
, ,

Model eq. (5) eq. (6)

In flu enced quan tity Un cer tainty bud get is taken
into ac count [%]*

N D w Qo, , 1.00

kQ0
0.50

kQ 0.50
Mu 0.50
kT,P 0.10
kelec 0.20
kpol 0.70
ks 1.00

N D w Q, ,
1

1.66

Combined standard uncertainty 1.22 2.30

*the value was es ti mated based on the max i mum stan dard
  un cer tainty ever en coun tered
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KALIBRACIJA  JONIZACIONE  KOMORE  U  MEGANAPONSKOM
RENDGENSKOM  POQU  MEDICINSKOG  LINEARNOG  AKCELERATORA

Jonizacione komore kalibrisane su u pogledu apsorbovane doze u vodi u meganaponskim
rendgenskim poqima medicinskog linearnog akceleratora sa nominalnim maksimalnim
energijama od 6  i 15 . Dok su apsorbovane doze u vodi na dubini od 10  ispod povr{ine
vode merene kori{}ewem iste jonizacione komore -1 na dva razli~ita na~ina: primenom starog
faktora korekcije kvaliteta snopa kQ0

iz starog IAEA/TRS-398 protokola, koji je ozna~en sa D old
10
1 ,

i kori{}ewem novog faktora kQ iz a`uriranog protokola, koji je ozna~en sa D new
10
1 . Odre|eni su

kalibracioni faktori -1, N D,w,Q
1  za kvalitet snopa Q meganaponskih rendgenskih poqa sa

maksimalnim energijama od 6  i 15 . Identican postupak primewen je na dve druge
jonizacione komore ( i i = 2, 3) da bi se dobile apsorbovane doze u vodi na dubini od 10  ozna~ene 
sa D i new

10
 , kori{}ewem novog faktora korekcije kvaliteta snopa. Pore|ewe izme|u D new

10
1 i  D i new

10


sprovedeno je da bi se izveli faktori kalibracije IC-i, N D,w,Q
i . Kombinovane standardne

nesigurnosti N D,w,Q
i  (i = 1 i 2, 3) procewene su na 1.22 % i 2.30 %, respektivno.

Kqu~ne re~i: apsorbovana doza, kvalitet snopa, nominalna maksimalna energija


