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1. INTRODUCTION 

The proton therapy has a number of important advantages over· 
conventional radiation therapy with 1-rays and electrons. Realization 
of these advantages requires higher precision of proton beam dosimetry 

. and dose field and target overlapping. Various types of accelerators 
used for proton therapy with different energy, time structure and spatial 
beam distributions lead to various;dosimetry methods. 
· In 'view of rapidly increasing nu~ber of accelerators used for· ra~ 

diation therapy with heavy charged particles international dosimetry 
protocols were elaborated for uniformity in beams calibrations. There 
exist "Protocol for Heavy Charged Particle Beam Dosimetry" written 
by Task Group of the AAPM ( American Association of Physicists 
in Medicine) [1] and "Code of Practice for Clinical Proton Dosimet~y" · 
elaborated by ECHED working group ( European Clinical Heavy 
Particles Dosimetry Group) [2]. These protocols make recommenda
tions for the determination of absorbed dose to tissue and for measure-

. ment accuracy. 
A six-compartment clinico-physical facility for radiation therapy· 

with proton, negative pion and neut~on beams was realized at the JINR 
phasotron after its conversio~. The clinico-physical facility consists of 
several medical.channels: three theiapeuti« proton beaxns with energies 
from 100 to 660 MeV; a negative pion beam with energy up to 80 MeV;. 
a therapeutic neutron beam with the mean energy about 350 MeV and ' 
a therapeutic 1-unit with the. 6°Co source. 

This paper describes a method for determination of the dose rate ab~ 
sorbed by ti'ssue for medical proton beams on a basis of clinical dosime
ter calibration with the 6°Co j~source, the main parameters of de
tectors used for measurements of spatial dose distributions, results of 

.. ion recombination correction factors in air thimble ionization chambers 
measurements. 

2. MEASUREMENTS OF ABSORBED DOSE RATE FOR 
THERAPEUTIC PROTON BEAMS AT JINR PHASOTRON IN 

DUBNA 

For absorbed dose rate measurements of therapeutic proton beams 
we use the KD-27012 clinical dosimeters with thimble air ionization 
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chambers VAK~251 ,(volume50 mm3 ) andVAK-253 (volume1.5 cm3
) 

with air-equivalent walls. .. . · . . 
Dosimeter calibration was made with the 6°Co so~rce of the thera

peutic -y-,unit, placed in one ofthe cabins of our· clinico-physical facility. 
The 60Co source was calibrated ag~nst the primary standard -of th; 
Prague Institu'te of Radiation Dosimetry. The accuracy of the -y-unit 
calibration is 1.3% (one standard deviation) [3]. 

Using the -y-unit as a calibrat~d stand for ionization chambers of 
our clinicai"dosimeters was described iri [4] ~and pra~tically coincided 
with recommendationS from: [2]. . 

. For the KD-27012 dosimeter we obtained the exposure· calibration 
factor for the 6°Co source Nx: tR/reading]. The air kerma calibration 
fa~torin the 6?Co field' Nk [Gy/readi~g] rna}' be obtained from the 
exposure calibration factor. Nx: . · ·. · · ·· · · 

The absorbed dose catibration factor for the proton beams Acal may 
be obtain~d froni the c8librittion' oHh~ ionization chamber in the 6°Co 
source using the relations:' • . 

· -A~al Nk *Cp. Nx *(Wair/e)1 /(l-g)*Cv . 
The proton conversion factor Cp ·m~y be obtained rlsing th(dormu-

_laefrom[2]: .. ' ... •· ,, ,:. . .·.· . . . 

where 

Cp-:- Awall * [(S/ p)~ifrsuejp * k' 

~~~ * ((~en/P):j~1h .. 
·. ((L/ p)::';~11h . ' 

{: 

For our dosi~eter we use the f~llowing ~oefficients from [2] arid [4:]: 
. Awall . 0.99 ± 0.01 .~ th~ factor that takes into account the ab~ 

sorption.and scattering of -y-rays produced in the ioni~ation chambe~. 
walls;. 

[(S/ p)~ii~uejp ,~theratio ofthe ~~s stopping ~wersof tissue to 
air for the proton beam - may .be obtained from [6]. 'Fo~ proton en~r
gies 50 - 1000 MeV this ratio vari~s vecy little and may be.·u~ed a8 a 
constant value- 1.136 ± 0.016 (1.4 %); . . . . 

~~:··: ;:~,;~::~:;~:~,:j)1 
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(1· _:g) :.. correCtion t<'>: b~e~sstrahhing in·~ air in. the 60 Co ~ : 
. bealll: ( g := O.Op3); . · , · ' .··• 

.. · (Woirfe)p . .. 35:2eV ( 4·:o%) . (W~ir/~)1 : 33.:97eV:(0.2%) 
- the average energy required to. produce an ion pair per unit charge in 
dry air for the 1-rays and protons [2]; .. . . . 

·, [(PenfP)~i~11h .. 1.0221 (1%) :- the.~atio<lth~ mean ~~sen-. 
ergy absorption coefficients of chamber wall material to ~;tir f()r, /:-rays 
for ·our. ionization ~hambersfr()m [ 4]; .· · , :, , : . . . • . , ' .. ': : ; , : .· : · 

~·.,. .. '·" ':' <; .~; -. ~ ·~ ~:> _..- . /·;·. ·- .. ~{ ._-.~_-: . -: -,·~.:. ,:·.t. . . : 

[ ( L I p)~i~11]1 .=:= 1.oo16 (1 %); t11~ ratio pf the~eail restri~ted colli
sion mass stopping powers of chamber w_all ~ateria:l ~o airfC>r·,Y..:rays [4]: 

1 " < • i • • • .1 ~· ; - ' 

For the VAK-253 chambe~ k ~ l.0.49 (as co~ pared with k' ~ :0.993 for 
A-150 TE plasti~[2]), the prot~n ~onversio~ f~~tor from:y~;ay~'.··cP = 
1, 18 and the calibrated conversion factor from dosimeter seal~ in "roent
gen/min" units to absorb~d dose' rate iri."Gy /min" is Acal- 0.0104 
[Gy/min /"roentgen/min'lj. So; for.the KD-27012 dosimete~, calibrated 
at the 60Co ·,~·so~rce iri exposuredoseuriits the reading·"JOO·roent
gen/min" corresponds to 1.04 Gyjmln. The full estimated,uncertainty 
for our dosimeter calibration is 4,7% (one standa~d deviation). 

3. DETECTORS FOR SPATIAL DOSE DIS'!'RIBUTION 
MEASUREMENT 

The miniatui~ _se~iconductor.silicon·detectors are usually used for 
spatial dose distribution measurements of our beams. The small size 
of the sensitive' v~lume makes it ·~o~sible to measure ~p~tial distribu
tions for beams with high dose gradi!mts: The s~nsibility of the silicon 
det~ctors is l04 timeshigher than that of an ionization ~hamber with 
the same volume (the energy for electron-hole pair production is ~ 10 
times smaller than that for production of an ion pair in the. air and 
t~e derisity of Si'is 103 higher tha.Idhe densityof air). The pulse from 
silicon detectors is shorter· than 'that:froril the: air ionization· chamber 

. and this' allows one to use them with com}niter'contrcilled systems. 
In our measurements we use'lithiuffi::.afifted·silicon detectors with 

a volume of several mm3 and commercially available diodes KD-208 
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and KD-209. The sensitive volume of these diodes has a form of 1 mm 
diameter by 0.2 mm -thick disc. Such a small detector size per~its one 
to use them for measurement of narrow beams wi~h diameters up to 
several mm .. 

But the sillcon dete~tors cannot beused for absolute dose measure
ments because their sensibility decreases during irradiation because of 
radiation damages of the silicon crystal and its temperature instability .. 
For absolute dosimetric measurements diamond detectors may b~ used 
.after their calibration. 

The diamond detector consists of a diamond crystal with sensitive 
volume from 1 to 5 mm3 i 0.1 - 0.4 mm thick, a preamplifier placed near 
the crystal and a· current mea.Suring device. The diamond detector 
has high sensitivity; high spatial accuracy ·o~I~g to its smiUisize, high 
. radiation firmness and good. tissue equivalence [7,8]. 

The spatial dose distribution measurements. for proton' beams may 
be distorted because of. energy dependence of_ sensitivity of different 
types ofdetectors to protons. . . . • .· . 

But for protons, despite the fact that the vall1es of 413} / dx strongly 
change with energy, their detector materi8l-to-tissue ratios in a wide 
'range of energies vary very little (Fig.1) and these dependences do not 
lead to significant distortion of spatial dose distributions. The distor-
:tion may be visible only with silicon detectors for·low .energy protons, 
i.e. iri Bragg peak region. For' a modified Bra,gg peak and for beams 
with ~ ~ide shape of the Bragg :pealdhese "distortions must be insignif~ 
icant. 

For high levels of dose .rat~. IIleasur~ments with i~nization cham
bers there may be the distortion caused by ion recombinations in gas 
vvithin the ch~ber volume. Fig.2 sh~~s the depth-dose distributions 
measured with silicon, diamond·detectors arid with an, air ionization 
chamber for two levels of dose rate. All distributions .were normalized 
at the point with minimal depth of water. Whereas for ~low .. dose rate 
these distributions practically coincide, for high level of dose rate they 
have some discrepancy caused by ion recombination. 

The spatial dose rate distribution measurements are computer-cont
rolled. The device "ISODOSEGRAPH" [9] is intended for automatic 

·measurements of dose field in the water bath· or in air. The electrome
chanical system can move a sinall. deteCtor in. three perpendicular di-
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rections. -The accuracy of each coordinate measuring is 0.1 mm. The 
result ofmeasurement is a_ beam profile or isodose maps .. ·: 

Another system for beam profile measurements is a diode line scan
ner [10]. Ifc~msists of 28 silicon diodes pla~ed in line and isintended 
for measuring a beam profile.in air. , . : .. · · ·· ' 

Recently we have constructed a systemfrom:silicon diodes.~f cross
like configuration. This system allows dose field measurements in hori

.. ·. zontal and vertical platis. simultarieousl_y .. 

4.CORRECTION FOR ION RECOMBINATION. IN AIR 
THIMBLE IONIZATION CHAMBERS· 

The need for saturation corrections for an _ionization chamber in 
proton beam measurements is'caused by its higher value for beams with 
pulse time structure than ·for continuous-radiation: The time.structure 
of the phasotron external proton beam consists. of 40 ps 'long, pulses 
with a frequency of 250 Hz, the calibration !-field has.a continuous 
value of the dose rate. Different time structure of the proton beam and 
the calibrated ')'-fieid may lead to errors i~chamb~rcalibrations. 

The charg~ collect~on ·efficiency f (f = : cha~ge collected / charge 

. prod~ced)(or s~turation •~6efficien~ K~at . 1/ /}.depends on th~ 
configuration ofthe chamber,nature of the gas within, the rate of charge 
production. within the' effec.ti~e volu~e a~d t·h~ ele·ct~ic. field strength . 
A nuillber of papers [11 - 15] desc:~ibed experience of charge collection 
for different types of chamber and for different types' of radiation. 

·· E~trapolation · methods' are usually, used for the determination of 
.the collection efficiency f..On~ can obtain f frmn. plots ofthe c~rrent 
from ,th~ champer ~e~sus the voltaie by 'extrapolating the curves to the 
ordinate to repre~ent. infinite applied polarizing voltage . 
· For continuous radiation the c·ollection efficiency of ionization cham-

bers ~ay b~, writteri 11~; .. : ' ·' . ·. :.. •.. . . · · ·, . · ·· ~ . ":. · · 

where 

. . . :·1 .. •., 

f 1 
Ksat 

]_:~ -0-'' : . ~ 

q - is the volume rate of charge formation in the chamber, 
V - is the collection voltage, 
s,t- are the parameters determined from the configuration 

of the chamber a.n:d the nature of the gas within. 
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K:tat for PROTON· BEAM 
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The col!ection efficiency c:>f ionization chambers for. pulsed radiation 
:IS: 

where r is the ch~rge produ~ed per unit of~olume per pulse. [11] .. 
· · · · tr · ·· ' · · · 

·For the values V when V << 1 this formula may be transform,ed 
to 

J-1-.E:_ :- . 2v· · 

This approximation gives an accuracy 'of 5%. for f ;::::: 0~8 and 0:5% 
for f;::::: 0.95 [11]. . · . · 

By plotting the current from -the .chamber versus the reciprocal of 

the voltage ~·for pulsed ;adiatio~ a~d the reciprocal of the voltage 
1; '"' :·' .. '.• . . ···: ' . ' ' . ,•' . •' 

square y-i fo~ conti!luous'radiation, t~e_true'.ioniza~i()~ cuiTent may 
be obtained by extrapolation of the curves'to infinite applied polarizing 
voltage. ' ' ' ' '" ' '' ·.· ' . ' ' : ,. ' . . 

The quantiti~s •_'Ksat.for ~i~ thimble·i~niz~tion.chambers.VAK-251 
and· VAK-253 were. measured withthe : 6?C~ ·:·')t-'~ol1~cea(the ~her
apeutic ')'-unit' and witli '{proton, beam' ~ith 'meari energy of • 200 
Me y and in the Bragg' ~eak f~r differ~ritdos~ rate~. Ionization current 
was measured by theVA;J~18 dosimeter; ~hich allows one to decrease 
collection voltage fib~ s't~ndardU ~-250 V down tb U ::=: 5o V. The 
ionization chambers ,were placed in air on the proton beatn axis. The 
proton bep,m was mo~itored by'a !mnillei'plate'transmission ionization 
chamber located' at the. ~ritranc~ of the: pr~ton beam to the treatment 

" ~ " ' . ~ : "' ~ . . - . ' . ' . ' . . 

room. :.. . ,. , , .· . , , 
The .values. of J( sat were calculated from extr,~polation of piots of 

the ·current from the ionization chamber versus the recip~6cal of the 1 . . . . 
voltage too Cv ---+ 0 )for.pulsed beams a.n1 versusthe r~ciprocal of 

the voltage square to 0 ( th. :---7 0) for contirmous radiation. . 
Typical dependences for pulsed and continuous radiation are plotted 

in Figs .. 3 and 4 (left). The solid lines in these pictures are a'linear 
regression (least square fit) of those data from which we can determine 
the values of Ksai . Thedependences of Ksat versus dose rate for 
pulsed and continuous radiation aie plotted in Figs. 3 and 4 (right). 
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The results ·of Ksat measurement for the VAK-253 ionization 
chamber with continuous radiation ·are in good agreement with the 
data for the same'chamber from-[15]. 

From the comparison of the values of Ksat for pulsed and con
tinuous radiation we can see that . for pulsed beams from the JINR 
phasotron recombinatiori is approximately tell times higher than that 
for continuous radiation. Thus, a: co~rection·for ion recombinati?n for 
proton beams must be taken into account. 

· . ..,J.' . . ,. . . . . 

It 1s found that the error of JINR phasotron proton beams dosimetry 
is ab()ut 5%~ This accuracy meets the international requirements for 
the therapeutic proton beams. 
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KoBapx 11. HAP· 

, Jl:03H1.ieTpH51 MeAHD;HHCKHX llpoTOHHbiX ll}"IKOB ( 

.illHI OIDIH 

B · pa6oTe. onHCHBaeTC51 MeTOAHKa onpeAeJI 

MO~OCTH ITOrJIOID;eHHOH A03bl B ITpoTOHHhiX ny 

AOlHMeTpa B llOJie' y-H3JI}"IeHH51 60Co, npHBOA5ITI 

,zieTeKTOpoB, HCnOJII>3yeMbiX AJI51 H3MepeHHii np< 

npeAeJieHHii, A3Hbl pe3yJibTaTbl H3MepeHHiinonp; 

· B B03AYmRHX HOHH33D;HOHHbiX KaMe pax. B D;eJIOl 

pHqecKHX H3MepeHHH Ha npoTOHHbiX nyqKaX COC 

· BeTCTBYeT MeX<AyHaJ)OJlHbiM_TDeOOB3HIHIM.JUHI...! . . 
nyqKOB. 
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