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Successful radiotherapy treatment depends on the absorbed dose evaluation and the possibil-
ity to define metrological characteristics of the therapy beam. Radiotherapy requires tumor
dose delivery with expanded uncertainty less than +5 %. It is particularly important to reduce
uncertainty during therapy beam calibration as well as to apply all necessary ionization cham-
ber correction factors. Absorbed dose to water was determined using ionometric method.
Calibration was performed in reference cobalt beam. Combined standard uncertainty of the
calculated absorbed dose to water in 65 MeV proton beam was +1.97% while the obtained
expanded uncertainty of absorbed dose for the same beam quality was +5.02%. The uncer-
tainty estimation method has been developed within the project TESLA.
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INTRODUCTION

The TESLA Accelerator Installation (TAI), in the
Laboratory of Physics of the Vinca Institute of Nuclear
Sciences, is planned to be a large scale facility for pro-
duction, acceleration and use of ions in science and
medicine. It consists of a compact isochronous cyclo-
tron (VINCY cyclotron), two similar electron cyclotron
resonance heavy ion sources (mVINIS ion source and
nVINIS ion source), a volume positive or negative light
ion source (pVINIS ion source), and a number of low
energy and high energy experimental channels. In the
high energy channels ion beams from the pVINIS ion
source or nVINIS ion source accelerated in the VINCY
cyclotron will be used [1, 2]. The VINCY Cyclotron
gives, e. g., the beams of H ions with the energies of
15,30, and 65 MeV, the beam of *“He?" ions with the en-
ergy of 7 MeV per nucleon, and the beam of **Ar'>* ions
with the energy of 3 MeV per nucleon. The programs of
intended TAI use include basic and applied research in
physics, chemistry and biology, development of materi-
als and nuclear technologies, production of
radionuclides and radiopharmaceuticals, and proton
therapy. The available proton energy, up to 73 MeV, will
enable the therapy of tumors lying down to about 4 cm.
The proton therapy channel will enable very successful
treatment of eye tumors, e. g., eye melanoma, one of the
most dangerous cancers, as well as degeneration of
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macula lutea, a very frequent cause of blindness with
older persons [1].

Application of proton beam for carcinoma treat-
ment is based on deposition of proton energy in tumor
volume followed by minimal beam scattering. Depth
dose distribution is characterized by relative low dose
in entrance part of the beam followed by narrow high
dose at the end of the range. This increased dose is en-
ergy dependant Bragg peak which enables irradiation
of very small localized lesions.

Successful radiotherapy treatment strongly de-
pends on accurate absorbed dose delivered to the pa-
tient. Precise radiotherapy requires possibility of ap-
plication of dose to target volume with expanded
uncertainty less than 5% (normal distribution is ap-
plied) [3, 4]. Taking into account all possible sources
of uncertainty, expanded uncertainty of 3% for ab-
sorbed dose measurement is desirable. The other fac-
tors which have influence on expanded uncertainty
cover the uncertainties in tumor homogeneity, local-
ization and geometry and all other factors presented by
uncertainty of Type B. Itis particularly important to re-
duce uncertainty during the beam calibration and to es-
tablish complete traceability chain. Dosimetry tech-
niques at any facility must be consistent with those at
other facilities if clinical data are intended to be com-
pared.

Following the tendency in metrology that cali-
bration has to be under conditions as close as possible
to real situation, International Atomic Energy Agency
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(IAEA) has launched protocol IAEA TRS 398 dedi-
cated to absorbed dose determination and calibration
in radiotherapy. This protocol is based upon a co-
balt-60 dose-to-water calibration traceable to a na-
tional standard. The same concept is recommended by
the International Commission on Radiation Units and
Measurement, ICRU 78 and ICRU 59 in the frame of
European charged heavy particle dosimetry (ECHED)
[5-7].

In the process of uncertainty evaluation we used
the existing international recommendations, results of
international and bilateral regional intercomparisons
in which we participated as the valid national regula-
tory framework. There are only two national regula-
tory documents related to proton dosimetry. These are:
Hierarchy scheme and methods for absorbed dose
standard instruments used in proton beam (Official ga-
zette SFRIJ, No. 45, 1994) and Hierarchy scheme and
transfer methods of absorbed dose standards for pro-
ton beam (Gazette of FBMPM, No. 2, 1994).

METHODS AND MATERIALS

Absorbed dose is the main physical quantity in
radiotherapy and it should be determined to get quan-
titative correlation between ionizing radiation and its
effects in tissue. The concept of residual range (R,.) is
used as a parameter of proton beam quality which can
be easily measured. This quantity slightly underesti-
mates the stopping power ratios in the middle of the
spread out Bragg peak (SOBP) but this effect is un-
likely to exceed 0.3%. SOBP defines the therapeutic
radiation distribution. Appropriate energy modulation
spreads out the Bragg peak over the extent of the tumor
in depth to match the contours of tumors [8, 9].

Residual range is defined by eq. (1) as

Rres :Rp -z (1)

where z is the measurement depth and R, — the practi-
cal range expressed in g/cm’. Practical range defines
the depth at which Bragg peak or SOBP decreases to
10% of its maximum value [5, 9].

The relation ship between the initial energy
Ey(z =0) and the range R in the medium is given ap-
proximately by eq. (2)

R,=aE] 2)

For energy of our interest the value of p = 1.8.
Factor o is approximately proportional to the square
root of the effective atomic mass of the absorbing me-
dium (Bragg-Kleeman rule) [9].

The depth dose distribution can be presented by
eq. (3) in a simplified form

L

D(Z):DI(Z)+D2(Z):GII(Rp_Z)p B

tay (R, —z)"

where D(z) is the dose contribution from those pro-
tons that have no nuclear interactions. It is propor-
tional to the stopping power and exhibits to some de-
gree the form of a Bragg curve, as it increases
monotonically fromz=0toz= R,and hasapeak at R,,.
Ds(z) represents the dose delivered by the relatively
small fraction of protons that have nuclear interac-
tions. It decreases monotonically and becomes zero at
z=R, [9]

Theory of dosimetric principles

Determination of absorbed dose for heavy
charged-particle beam includes the knowledge of the
types of charged particles, their fluence spectra and the
stopping power S of the absorber material at the point of
interest. For particles of energy E, if delta ray equilib-
rium is established, the dose in a small mass m inside a
homogeneous medium is given by the eq. (4) [10-12]. It
is assumed that the energy loss in the material is small
compared to E (i. e., all particles are “crossers”) and that
no nuclear reactions take place in m

Yo (E{S(/f )} )

i=0

where i is an index to sum over the different types of
contributing particles, (the mass stopping power is the
kerma factor for charged particles). The integral
@, =[D; (E)dE is the total number of particles per
unit area of type 7 passing through the absorber, and
E, = J E®; (E)JE/ [ ®; (E)dE is the average energy
[10-12].

Equation (4) provides the theoretical basis for
determining the absorbed dose in a patient. Measure-
ments of deposited energy or ionization with instru-
ments such as calorimeters or ionization chambers al-
low the determination of dose in the materials used in
the construction of the instrument. Further, it is neces-
sary to convert the results to an estimate of the ab-
sorbed dose in tissue. For this reason it is desirable to
use tissue-equivalent (TE) materials in the construc-
tion of the instruments whenever possible, so that cor-
rections and, most importantly, the uncertainties in the
corrections will be small and may be energy independ-
ent. If the dose in the dosimeter, D, has been mea-
sured, the dose in the patient (tissue), D,, can be calcu-

lated by eq. (5) .
E
o e| o
D, =D, ¢ p_Ji

n 5
ZJ{(D (E){S(E)} } dE ®
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where the fluence in the patient and the dosimeter (the
latter denoted by index d) may be different. The mea-
surement of Dy therefore is not sufficient to determine
Dy if the fluence spectra @;(E) are not known for all
the particles [10-12]. If the fluencies are not well
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known it is recommended that several estimates of the
integralsineq. 5 be made with various possible values
of @;(F) so that the uncertainty of the ratio can be esti-
mated.

Absorbed dose determination

Absorbed dose estimation is based on the con-
cept of calibration factor Ny, ,, determined in water in
reference beam quality Q, (**Co gamma beam). The
correction factor k, ,, for the beam qualities different
from the reference one can be calculated easily [5,
13-15]. Tonometric method is inherently relative and
consists of calibrated ionization chamber and tis-
sue-equivalent, usually water, phantom [5].

Absorbed dose in proton beam quality O at the
reference depth in the water, z,, is given in eq. (6)

DW:Q = MQ HkND’ W;QU kQaQO (6)

where M, is the electrometer reading at z.s corrected
for influential quantities Ik, N , o — the calibration
factor in terms of absorbed dose obtained in reference
beam quality Qo, andk, , —the correction for cham-
ber response in radiation beam different from the ref-
erence one [5, 9], given by eq. (7)

e
koq, = (7

/4
(S w,air )Qo( onpQ

air
e
where S, i is the stopping power ratio in water and air
for certain beam quality O and the reference beam qual-
ity Qo, Wi — the mean energy for ion pair production
in dry air, for certain beam quality O and for the refer-
ence one Oy, and pq and p, —the correction factors due
to perturbation for the beam quality QO and for the refer-
ence beam quality Q,, respectively. [5, 9]

All correction factors applied with electrometer
reading M represent the consequences of approxima-
tions and assumptions introduced in ionization cham-
ber cavity theories. Therefore, we considered the fol-
lowing correction factors given in eq. (8)

w..
(S w,air )Q[ = jQpQ

Ik :kTPkeleckpol kskrpcel pQ (8)

The meaning of the factors in eq. (8) are: kpp is
the chamber air density correction for temperature and
pressure different from reference values (20 °C and
1013 mbar), k. — the correction which take into ac-
count electrometer calibration factor if the chamber
and electrometer were calibrated separately, &, — the
correction of chamber response in the case of changed
bias polarization, k,— the correction for recombination

losses; k. —the source position correction (up to 0.1%),

Do — the correction on central electrode influences on
chamber response (in our case, for proton energies up
to 75 MeV, the value is equal to one with standard un-
certainty of 0.4 %), and p, — the total perturbation fac-
tor expressed as

pQ = PcavPdisPwall (9)

where p.,y 1s the correction that takes into account air
cavity effects as are scattered electrons, pg;s — the takes
into account replacement of water volume by air, rele-
vant only for cylindrical chambers, and py,.; — the cor-
rection introduced if wall chamber material is not
equal to sleeve and phantom material, factor was ob-
tained using Monte Carlo method.

Uncertainty estimation

The uncertainty evaluation is performed accord-
ing to international standards, international recommen-
dations as well as measurement good practice docu-
ments published in reference National metrological
institutes (NMI) [16-18]

N 2
ue(y)= Z{‘Sf ulx, )} (10)

-1 0%,

where f7is the function f{xy, x,, ...) describing the mea-
surement quantity, and x;and u(x;) are the represent re-
spectively the independent variables related to the
measurand and its Type A and Type B standard uncer-
tainties. Expanded uncertainty is given by eq. (11)

Uy ) =kue(y) (1)

For the normal distribution the value of the cov-
erage factor k=2 produces an interval having level of
confidence p = 95.45% [16-18].

Instrumentation

In our investigations we used two different types
if ionization chambers.

— Cavity ionization chamber type ND 1006 (volume
0.2535 c¢m®) manufactured at National Office of
Measurement (OMH), Hungary. Accompanying
current integrator type NP 3000 (manufactured
also in OMH) with current range from 10'*A
to107 A (electrical charge range 107'°Cto 10°°C).
Absorbed dose calibration factor in cobalt beam
was obtained during comparison at Bureau Inter-
national des Poids et Mesures (BIPM) in Sevres,
France. Calibration factor value was Np,, =
=122.7 Gyw/C (standard uncertainty less than
0.3%) ND 1006 is waterproof chamber, used with
0.5 mm waterproofing sleeve made of
poly-methyl methacrylate (PMMA). The air gap
between the chamber wall and the waterproofing
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sleeve was 0.25 mm, sufficient to allow the air
pressure in the chamber to equilibrate.

—  Graphite cavity ionization chamber Farmer type NE
2571, nominal volume of 0.69 cm’. Calibration fac-
tor in cobalt gamma beam (4.5418-107 Gy/C) was
obtained in comparison with ND 1006. Accompa-
nying electrometer was radiotherapy electrometer
Type 35040 manufactured by Kithley, USA.

Chambers were positioned with the stem per-
pendicular to the beam direction. Collecting voltage
was applied to the electrode of the chamber at least

30 minutes before any measurements were made. The

ionization current measured from the chamber was

corrected for the leakage current. This correction was
less than 1-107 in relative value.

RESULTS AND DISCUSSION

All results for both chambers were related to
depth in water of 5 g/cm?. Measurement reproducibility
was better than 2 - 10~ from 90 repeated measurements
in phantom.

The absorbed dose to water rate is determined by
an ionometric method using eq. (12)

where //m is the ionization current per unit mass of air
measured by ionization chamber, /¥ — the average en-
ergy spent by an electron of charge e to produce an ion
pair in dry air, s, , — the mean stopping powers ratio
for graphite and air, (1, / p), . —theratio of the mean
mass energy absorption coefficients, ¥, . —theratio of
photon energy fluencies, (1 + &)y, — the ratio of ab-
sorbed dose to collision component of kerma, and ITk;
— the product of correction factors applied to the cur-
rent integrator or electrometer readings: &,y is the cor-
rection factor for the inadequacy of the chamber with
the ideal Bragg-Gray cavity ks — the correction factor
for recombination losses, ks — the correction factor for
the influence of the Perspex support on the chamber,
kyr —the correction factor for the front face of the water
phantom which is not water-equivalent, &, — the cor-
rection factor for the non-uniformity of the beam, and
ki, — the correction factor for humidity [19]. The mass
of the air (m) can be obtained by multiplying cavity
volume with the air density: m = vp

We performed calibration of Farmer chamber in
reference cobalt beam before the establishment of its
use in proton dosimetry. The values of physical con-
stants and correction factors are given together with

) W their uncertainties in tab. 1. Uncertainty of R =
Dy :sc,{ Hen J W, (1+8), Tk (12) = Dyp100s/Dneasss i also given in tab. 1.
m e p w,C
Table 1. Uncertainty budget in absorbed dose transfer from ND 1006 to Farmer chamber
) ND 1006 NE 2571 R
Quantity
Value up[%]) up [%] Value up[%] ug [%] up[%] ug [%)]
Physical constants
Dry air density [kgm ]+ 1.2930 - 0.01 1.2930 - 0.01 - -
W/e [IC] 33.97 - - 33.97 - - -
sc.a 1.0030 - 0.117 | 1.0030 - 0.117 - -
(Hen / P)w,c 1.1125 0.01 0.14 1.1125 0.01 0.14 - -
Pw,c 1.0065 0.04 0.06 1.0065 0.04 0.06 - -
(1+8)we 1.0015 - 0.06 1.0015 - 0.06 - -
Correction factors - - - - - - - -
Ppq perturbation 1.1107 0.05 0.17 0.9920 0.05 0.30 0.02 0.30
kys (PMMA envelope) 0.9994 0.01 0.01 0.9994 0.01 0.01 - 0.01
Peay (air cavity) 0.9900 0.03 0.04 0.9900 0.03 0.04 0.01 -
Kyt (phantom window) 0.9996 — 0.01 0.9996 - 0.01 0.01 -
km (radial non-uniformity) 1.0051 0.01 0.03 1.0051 0.01 0.03 0.01 -
ks (recombin. losses) 1.0015 0.01 0.01 1.0014 0.01 0.30 0.03 -
ky (humidity) 0.9970 - 0.03 0.9970 - 0.03 0.01 0.30
kpr - - 0.20 - - 0.20 - -
Measurement chamber - - - - - - — -
Volume [cm’] 0.27 0.19 0.03 0.69 0.20 0.50 0.20 0.50
1 (ionization current) (A) - 0.01 0.04 - 0.01 0.50 0.01 0.50
ISCD [cm] (source to chamber distance) - — 0.03 - - 0.30 - -
Depth in water - 0.02 0.6 - 0.02 0.06 - -
Quadratic summation - 0.22 0.46 - 0.22 0.93 0.20 0.77
Combined standard uncertainty of Dy, 0.51 0.96 0.79
Expanded uncertainty (k = 2) 1.02 1.92 1.58

" At 20 °C and 101.325 kPa, ""combined uncertainty of the production ¥ / e
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Reference conditions for all the results presented
here were: temperature of 200 °C and a pressure of
101.325 Pa (1013 mbar). It was assumed that the hu-
midity in the ionization chamber is the same as that in
the ambient room air and the ionization current was
corrected for humidity.

Evaluation of absorbed dose
uncertainty for the proton beam

Standard relative uncertainties of Dy, , were esti-
mated for the reference depth in water and for clinical
proton beam based on chamber calibration in °Co
gamma radiation. Values for s, ;. in proton beams are
derived from the proton beam quality specified by R,
given by eq. (13)

s

C
=a+bRreS+R— (13)

res

w,air

wherearea=1.137, b=-4.3-10",andc=1.84- 10°[5].

Uncertainty budget for absorbed dose determi-
nation in proton beam using NE 2571 chamber is given
in tab. 2.

Estimated relative standard uncertainties of ab-
sorbed dose in water at the reference depth for clinical
proton beam based on a chamber calibration in °Co
gamma radiation are given in tab. 3. Expanded uncer-
tainty is also given. All data are applied for Farmer
ionization chamber type NE 2571.

Type A uncertainties were evaluated by statisti-
cal analysis of series of 90 observations. Type A com-
ponent of uncertainty is a measure of the repeatability

of a result under constant conditions and can be as-
sumed to have a normal probability distribution [18].

Type B uncertainties were evaluated using
BIPM and OMH intercomparison results, previous
measurement data, manufacturer’s specifications,
data provided in calibration and other certificates, un-
certainties assigned to reference data found in pub-
lished documents.

Both types of evaluation are based on probabil-
ity distributions, and the uncertainty components re-
sulting from either type are quantified by variances or
standard deviations.

The normal probability distribution (Laplace-Gauss
distribution ) was assumed for all correction factors and
quantities for which Type A uncertainties were stated. For
uncertainty components evaluated as Type B we assumed
rectangular distribution

The combined standard uncertainty of the output
quantity, u(y), is derived by the summation in quadra-
ture of all Type A and Type B standard uncertainties
due to the input parameters. It is generally a standard
deviation with a normal probability distribution unless
one component dominates the combined effect of all
other contributions. The uncertainty of measurand y
is calculated using expression [18]

ui(J/):(d.&.Ci j[ClJ (14)
ivisor )\ y

where x; — input quantity, ¢; — sensitivity coefficient, y
output quantity, divisor has the value of 3" for rectan-
gular and 1 for normal distribution.

Table 2. Uncertainty budget for absorbed dose determination in proton beam using NE 2571 chamber
Quantity Value ux [%] ug [%]

Physical constants
Dry air density (0 0C, 1013 mbar) [kg/m’] 1.2930 - 0.01
(ten / P)w.c 1.1122 - 0.14
Sw.air (calculated) 0.143 — 1.10
Wadle [J/C] 34.23 - 0.50

Correction factors
(total perturbation facion) pe 0.9900 - 0.30
Ddis 0.9870 - 0.40
Pwall 1.0000 - 0.80
Peel 1.0030 - 0.40
kps (PMMA sleeve) 0.9994 0.08 0.50
kyr (phantom window) 0.9996 - 0.01
k, (recombination losses) 1.0016 0.08 0.80
Kkeiee (electrometer calibration factor) 1.0000 — 0.20
fepol (polarity effects) 1.0000 0.02 0.30
o, (humidity) 0.9970 - 0.03

Measurements
v (chamber volume, ionometric method) [em’] 0.6875 0.22 0.50
Quadratic summation - 0.25 1.95
Combined uncertainty 1.97%
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Table 3. Estimated relative standard uncertainties of absorbed dose in water for linical proton beam based

on *Co calibration

Source of uncertainty up [%] ug [%]
Nb.wo (chafr,})lber calibration factor obtained in 0.20 0.77
Co reference beam)
k1 (correction for reference conditions) 0.08 0.60
Influence factors 0.40
ki (radial non-uniformity of the user’s beam) 0.03 0.40
kan (axial non-uniformity of the user’s beam) 0.03 0' 40
SCD (source to chamber distance) 0.03 :
Position in phantom 0.01 0.50
Depth in water 0.08 0.60
Absorbed dose in proton beam 0.25 1.95
Long-term stability of the dosimeter - 0.10
Electrometer reading 0.02 0.40
kq (beam quality correction ) — 0.40
Quadratic summation
Combined uncertainty: 2.51% 0.35 2.49
Expanded uncertainty: 5.02% (k=2)

Under standard conditions (0 °C and 1013
mbar), the density of dry air (p,;,) is 1.29299 kg/m’
Practically, the value of 1.2930 kg/m? was adopted.
Assuming that variation shows a rectangular distribu-
tion, the uncertainty obtained is 0.01% [14, 20]. This
uncertainty is included in the calculation of the air
mass m.

The recombination losses are related to the
strength of the irradiation field. We obtained correc-
tion factor for recombination losses k, by using the
dual voltage measurement technique (normal chamber
operating voltage and half of this value). The value of
k,was obtained as mean value of 25 repeated measure-
ments under the same geometrical and irradiating con-
ditions. The uncertainty of Type B, evaluated from ex-
perimental data was higher due to uncertainties of
additional voltage divider.

The correction factor for the front face of the wa-
ter phantom made of PMMA (kpf) is taken from the
BIPM references and its value is taken to be 0.9996.
[19,20] The front face of the water phantom is made of
PMMA and is 0.476 g/cm? in thickness. The uncer-
tainty is 0.01% by Type B evaluation method. For
APMMA we adopted the value of 1.19 g/cm? [20].

For non-waterproof chambers a waterproofing
sleeve should be used, made of PMMA (0.5 mm in
thickness) . The air gap between the chamber wall and
the waterproofing sleeve of 0.25 mm is sufficient to al-
low the air pressure in the chamber to equilibrate. The
same waterproofing sleeve that was used for calibra-
tion of the user’s ionization chamber should also be
used for reference dosimetry. Standard chamber ND
1006 is waterproof but we usually used waterproofing
sleeve made in BIPM workshop for our own chamber.
The same material, design, and thickness were used
for making waterproofing sleeve in our phantom man-
ufactured by workshop of Institute of Oncology and
Radiology from Belgrade, Serbia. We decided to use
our own correction factor obtained indirectly using

ND 1006 performing 90 repeated measurements of ab-
sorbed dose in water at the reference depth with
waterproofing sleeve and series of 90 repeated mea-
surements without it.

The correction factor for humidity &, was taken
from BIPM conditions and its value of 0.9970 was
adopted. The corresponding uncertainty of 0.03%, is
evaluated by Type B only.

According to the available literature the value of
W, /e=34.23 J/C and a standard uncertainty of 0.4%
are recommended for proton dosimetry [5, 21-22].

Special attention was paid to evaluate the correc-
tion for the perturbation. The results of measurements
for cylindrical ionization chambers show relative per-
turbation effects that are limited to 0.5-1%, resulting in
perturbation correction factors that are larger than
unity compared with an NE2571 ionization chamber.
The central electrode perturbation correction factor
for an aluminum electrode in a Farmer-type geometry
was found to be unity within the experimental uncer-
tainties [23-25].

Uncertainties evaluated as Type B and associ-
ated to Sw,air Wair/e9 Pcavs Pdis> Pwall> and Pee A€ taken
from published documents [5, 23-27].

CONCLUSIONS

Proton therapy is associated with significant
benefits in terms of normal tissue sparing and radiation
dose distribution. Currently, proton therapy centers
designed specifically for treatment of cancer patients
exist in most regions of the United States, as well as
several areas in Europe and Asia. The metrological
significance of proton therapy must be considered.
Accurate determination of proton dose and penetra-
tion range is critical in proton therapy. The main chal-
lenge of proton therapy is to measure the precise depth
dose in water. In this study, we have considered the
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pure metrological model for uncertainty evaluation of
absorbed dose in water measured by cylindrical ion-
ization chambers in 65 MeV clinical proton beam. In
this work, we relied on the experiences we have had in
legal metrology and international intercomparisons.

Several major problems then arise: the measured
quantity is given for a finite volume and not at a point;
the sensitive medium differs, in most cases, from the
medium of interest; all the other components of the de-
tector, such as external walls, perturb the field of ioniz-
ing radiation impinging the sensitive volume. All these
effects must be corrected for, using experimental proce-
dures or calculation. For protons the situation is more
complicated, because there the contribution from low
energy 0-electrons is much higher than in case of pri-
mary electrons. Due to the complexity of the interac-
tions and phenomena considered, the experimental de-
termination of correction factors involved in the use of
ionization chambers is not always possible or precise,
and the interpretation of some experiments is far from
being straightforward. This is the reason why we used
Monte Carlo code to estimate the value of some correc-
tion factors simulating interactions of radiation with
matter. Application of Monte Carlo is well known and
progressively accepted by metrologists.

For estimation of wall correction factor we ap-
plied traditional linear extrapolation method although
this correction to zero wall thickness is an over-correc-
tion because the mean centre of electron production is
somewhere in the wall and the radiation which inter-
acts at this depth is not attenuated by the total wall
thickness. This method must be replaced by more pre-
cise MC simulations to investigate the influence of
non-elastic nuclear interactions on depth dose data and
for quantifying perturbation correction factors for ion-
ization chambers.

We strongly recommend the application of nu-
merical simulation. Nevertheless, the codes have to be
applied with special care in the field of metrology, as
the evaluation of type B uncertainties resulting from
the models used and from the cross section databases
are not obvious.

Through the above discussion, the cavity ioniza-
tion chamber has been defined for its measurement pa-
rameters and determined for its physical constants and
correction factors. Thus, the absolute measurement of
the absorbed dose to water in proton beam can be per-
formed. According to the ISO GUM analysis method,
the expanded uncertainty of absorbed dose determina-
tion is 5.02%, while, expanded uncertainty of calibra-
tion factor obtained in NMI is 1.58%. This measure-
ment system has the capabilities to provide the
calibration traceability of absorbed dose to water in
proton beam in Serbia.

Metrology of clinical proton beam must be im-
proved. This enforces the need for the availability of
metrological standards and methods more adapted to
the actual clinical conditions and expressed in quanti-

ties as close as possible to the quantities used by the
medical physicists in clinical practice.
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Becna CTACUh JOKWh, Anekcangap JOBPOCAB/BEBUR, Ilerap BEJINYEB

INPOLIEHA AIICOPLOBAHE TO3E Y IIPOTOHCKOJ TEPAIINIU

Ycneman pagroTepanujcki TpeTMaH 3aBUCU Off IPOLIeHe arncopOoBaHe f[03€e KOJ MalyjeHTa u
MoryhHOCTH iehrHICaHha METPOJIOIIKIX KapaKTepPUCTIKA TEPaHjCKOT cHona. PagnoTepanmja 3axTeBa ga
ce TYMOpY HCIIOpYYH J1o3a ofipeheHa ca MpOIIMpEeHOM MEpPHOM HecurypHoirhy mMamoM of +5%. On
MOCEOHOT je 3Havaja CMambehe MEPHE HECUTYPHOCTH MTPH KaTOpalyji TEPaNujcKOT CHONa Kao U IPUMEHa
CBHUX PEJIEBAaHTHUX KOPEKIMOHMX (paKTOpa KOJ jOHM3AIMOHE KoMope. AncopOoBaHy A03Y Y BOIU CMO
onpebuBanm jOHOMETPHUjCKOM METOJIOM JIOK je KanmOpaluja u3BpiieHa y peepeHTHOM CHOMy KoOaiTa.
KombuHOBaHa cTaHgapgHa MepHa HECUTYPHOCT IIpOpavyHaTe alcopOoBaHe 03¢ Y BOIAH Y CHOITY MPOTOHA
eHepryje 65 MeV je 1.97% nok je moOujeHa mpolmpeHa MepHa HECUTYPHOCT ofipebuBama 103 y CHOIY
ucror kBanureta 5,02 %. MeTop 3a npolieHy MepHe HECUTYPHOCTH je pa3BHjeH Y OKBUPY MOTpebda mpojekTa
TECJIA.

Kmwyune peuu: iipoitionu, aiicopbosarna 003a, iiepaiiuja, mepHa HeCUuZypHOCI



