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i THE PRIMARY EXPOSURE STANDARD OF ENEA FOR MEDIUM ENERGY 
' X-RAY: CHARACTERISTICS AND MEASUREMENTS PROCEDURES 
\ Riassunto - Nell'ambito dei programma dell'Enea, il Laboratorio di Metrologia dclle Ra 

'. diazioni Ionizzanti, ha, come compito principale, lo sviluppo dei mezzi e delle procedure 
J spcrimentali per la realizzazione dei Campioni Primari delle principali grandezze dosime 

»; triche utilizzate in campo radioprotezionistico, industrial e sanitario. 
: In questo lapporto vengono descritte le caratteristiche e le procedure di misura di una ca-
,! mera ad aria libera che costituisce uno dei Campioni Primari messi a punto nel Laborato-
i no e che è utilizzata per la misura assoluta dell'esposizione dovuta a radiazione X con 
,' energia compresa fra 40 keV e 150 keV circa. 
'.; Sono inoltre riportati anche i risultati di alcuni confronti intemazionali efTcttuati con al-
( ' cuni Laboratori metrologici europei. 
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, X-RAY: CHARACTERISTICS AND MEASUREMENTS PROCEDURES ££/ 
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! The main features of an X-ray facility for the production of radiation between 40 W and 
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THE PRIMARY EXPOSURE STANDARD OF ENEA FOR MEDIUM ENERGY 
X-RAY: CHARACTERISTICS AND MEASUREMENT PROCEDURES 

R.F. Laitano and M.P. Toni 
Laboratorio di Metrologia delle Radiazioni Ionizzanti 

ENEA, CRE Casaccia - c.p. 2400 ROMA 

1 - Introduction 
In the frame of the scientific programs of the ENEA, 

the Laboratorio di Metrologia delle Radiazioni Ionizzanti has, 
as main task, to develop and mantain the Primary Standards of 
the ionizing radiation quantities relevant to radioprol^cl: i on, 
industry and medicine. 

This report describes the characteristics of a free-
air chamber which is one of the ENEA Primary Standards and 
which allows absolute exposure determination for X rays whose 
mean energy ranges from 40 keV to 150 keV about. 

2 - Freer-air chambers characteristics 
The free-air chamber set up at ENEA is a cylindrical 

chamber designed by Attix /l/. 
On principle, the design of this free-air chamber 

should allow an accuracy in exposure measurement better than 



that typical of the parallel-plate free-air chambers. In the 
conventional parallel-plate chambers (Fig. 1) the air volume 

VOLTAGE-DIVIDING 
RESISTOR 

Fig. 1 - Parallel-plate free-air ionization chamber scheme, 

considered for the exposure measurement is given by the conic 
frustum, V, which is defined by the area, A, of the entrance 
diaphragm and by the length, L, of the collecting electrode. 
If the lines of electric field between the collecting and 
hight-voltage electrodes were perpendicular to both electro
des the air volume should be given by V = A • L. 

Since in practice electrical field distortion is pre 
sent at the ends of the electrodes, an electric guard system, 
G, is generally associated to such chambers to minimize this 
effect. 

However, it is always necessary to introduce a cor
rection factor to take into account any residual field distor_ 
tion effect. 

The Attix-type chamber (Fig. 2) differs in geometry 
and in operation from the parallel-plate free-air chambers. 
The detailed characteristics of this chamber are described in 
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COLLECTOR -
EXTENDED CHAMBER (b) 

Fig. 2 - The ENEA cylindrical free-air chamber in collapsed 
(a) and extended (b) configuration. 
P is the reference point at the exit of the chamber. 
diaphragm. 

the original work of Attix /.I/. It is however worthwhile to 
recall here some generalities of this instrument because of 
its limited diffusion, as far as we know. With respect to the 
cylindrical geometry of this chamber, the advantages and di-
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sadvantages of such configuration are widely discussed else
where /2/. 

The electrodes of the chamber are two telescoping a-
luminum cylinders, which can be independently displaced along 
their axis so that the midplane of the chamber remains fixed 
respect to the diaphragm plane. The cylinder displacement is 
realized by a; locating mechanism which locks each half chamber 
in accurately known positions. The length of the chamber can 
be varied between 30 cm and 60 cm about. 

An off-centre aluminum rod collects substantially all 
the ionization produced in the chamber. At one end of the rod, 
a slide contact, inside a grounded electrostatic shield, leads 
to the charge measuring system. 

Two grounded guard rings around the insulators through 
which the collecting rod passes at each end, eliminate the lea 
kage of current across the high-voltage insulators to the rod. 

However a supplementary guard ring system at each 
end of the chamber (see detail in fig. 2) was added to avoid 
some instability problems /3/.' 

The measurement procedure is based on a subtraction 
method: two readings are taken of the ionization a!nd the dif
ference is used to determine the X-ray exposure. 

The first measurement is done with the chamber in its 
collapsed condition (fig. 2a). In this case the ionization can 
be split into two contributions J and J produced in the vo-

Pi. LJ 

lûmes A and.B, respectively .i*If each half of the chamber is 
then moved by equal amounts (AL/2) about the plane of symme
try (fig. 2b) , .a ;larger .ionization will be observed. This can 
be thought, as • consisting of the ionizations JI>'..JJL and J pro 
duced in the volumes A,'., B 1 and V respectively. 
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'••' Äs it can be realistically assumed /!/ that 
(J + J ) = (J' + J'), the ionization in the reference volume, 
V, results : 

J v - ( j ; + J B + v - ( JA + v " ' ( i ) 

therefore J is just the difference between the ionization 
measured after the chamber is extended and that measured be
fore extension. ' ' • . . • • • . 

TABLE I 
v > I 

Free-air chamber dimensions 

Internal diamter (D) = 30 cm 
Collecting electrode diamter (d ) = 0,95 cm 

• : • C ' . ' . ' • 

Distance between the collecting electro 
de and the chamber axis (r) - 7 cm 
Distance between the reference point and 
the center of the chamber volume (d) =40,3 cm 
Diaphragm area (A) . =0,7866+0,1$ cm' 
Usual ,.linear displacement (AL) = 7,99+0,1% cm 

The chamber lenght is such that charge particle equj^ 
librium is realized in the volume V for photon energy up to 
300. key -about.. >•'•' , ' ' '• - 'i 

Volume V is'simply determined by> the knowledge o f the 
cylinder displacement AL, and not'by the lines of electric 
field, whose possible variations at''the 'boundaries of the cham 
• b.er do not influence, in this chamber, the value of V. 

As a result, this chamber does not require any ,cor-
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rection factor for field inhomogeneity, which represents, in 
the conventional free-air chambers, an important source of 
uncertainty /4/. 

The relevant dimensions of the free-air chamber are 
reported in Table I. >. _. " '- .. 

3 - Irradiation facilities 
A Philips MG 420 system is used for X-ray production. 

Fig. 3 - Photograph of the free-air chamber with the irradia
tion system. 
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The metal-ceramic X-ray tube (Müller type) has a berillium' 
window whose thickness is 2,2 mm about. The high tension va
ries between 30 kV and 400 kV. A potential divider is associa. 
ted to the generator to control the actual voltage at the ends 
of the tube. By this device and an additional electronic mains 
stabilizer the X-ray output deviations can be mantained within 
_+ 0,2%. Output variations are taken into account by means of a 
monitor transmission chamber whose electrodes are made by My
lar foils coated by aluminum and graphite so that its energy 
dependence results less than _+ 2% in the energy range of inte
rest. The system of collimators and field shaping diaphragms 
is shown in Fig. 3. 

50-

4 
T 
2 0 R(cm) 

Fig. 4 - Percentage fractional reduction of the beam intensity 
as function of the radial distance (R) from the beam 
axis at 100 cm from the focus. 
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The beam size at 100 cm distance from the focus is 
10 cm about in diameter. Beam homogeneity, as measured by means 

3 of an ionization chamber whose volume was about 0,2 cm , resul_ 
ted to be better than 0,2% within 5 cm beam diameter at 1.00 cm 
from the focus (Fig. 4). 

The free-air chamber and the beam collimators are a£ 
curately aligned along the beam axis by means of optical and 
radiographic procedures. To this purpose the free-air chamber 
support allows fine position adjustments by both translations 
and rotations of the chamber. 

The trolley on which the free-air chamber is instal
led can be moved on its guiding track longitudinally and tran 
sversally to the beam axis, thus allowing primary and seconda 
ry standards to be alternatively positioned at the same point 
of the X-ray beam (Fig. 3). 

The displacement of the trolley can be reproduced 
with an accuracy better than 0,01 mm by means of a combined 
electronic-optical distance meter. Particular care was taken 
to maintain the trolley and the free-air chamber firmly ali
gned to the beam axis along the usual displacement range of 
the chamber (i.e. up to 3 m from the tube focus)', since even 
small misalignments of the chamber axis with respect 'to 
beam axis determines appreciable variations in the measu
red exposure. 

The X-ray filters are fitted in a rotating wheel 
which is remotelly controlled and turned by means of pneumatic-
circuit (Fig. 3). 

A similar circuit controls the X-ray shutter. 
The filter materials used for I1VL determinations wore 

characterized by a purity better than 99,9% and their thickness 



TABLE II 

Conditions of measurement at ENEA LMRI 

Focus-chamber (reference diaphragm plane) distance 
Beam diameter at the defining reference diaphragm plane 
Inherent filtration 

100 cm about 
10 cm about 
2.2 mm Beryllium 

X-ray tube voltage (kV) 
X-ray tube current (mA) 
added filtration (mm) 
first HVL (mm) 

, -1 -1, exposure rate (C-kg -s ) 
(approximate value) 

-1 exposure rate (R • min ) 
(approximate value) 
air attenuation coefficient , 
V (cm - 1) 

100 135 180 
6 10 10 

3,575 Al 0 28 Cu+1,75 Al 0 51 Cu+1,10 Al 1 ,59 Cu 
3,99 Al 0,50 Cu 1 ,00 Cu 2,5 

1,9 1 0 ~ 5 2 ,7 1 0 ~ 5 4,2 1 0 - 5 5,5 

4,2 6,3 9 ,8 1 

-4 3,78 10 -4 2,39 10 -4 2,07 10 1,71 

at T,P reference conditions in Table IV. 
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was known within 0,01 mm. These filters were positioned half
way between the X-ray tube focus and the free-air chamber re
ference plane to obtain HVL values independent of the irradia 
ted absorber surface /4/. 

The X-ray qualities and other experimental parameters 
relevant to the present measurements are reported in Table II. 

4 - Charge measuring system 
The ionization current of both free-air chamber and 

monitor chamber is measured by identical charge measuring sy
stems whose accuracy is about + 0,2%. The measurement of char; 
ge is completely automatic and is based on a MOSFET charge 

5 amplifier (gain about 10 ) with a feedback standard capacitor. 
All experimental data are processed by a microcomputer online 
with. the current integrator. Details on this system will be 
published elsewhere. 

5 - Absolute exposure measurement 
The exposure rate is given by: 

AV - AV C E c X = • • • IT . • k . ( 2 ) At p•A-AL l l 

where (AV /At) and (AV /At) are the rates of change of. poten-c E . . i 
tial on the capacitor, C, under condition of collapsed and ex 
tended chamber, respectively. A is the diaphragm area, AL is 
the change in length of the chamber (Tab. I) and p is the air 
density at the reference conditions (Tab. IV). 

The exposure rate X is referred to the reference point 
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P (Fig. 2). 
All the correction factors are included in the 

duct ir. k. and. are listed in Table IV. 
The uncertainties associated to each parameter 

expression (2) are reported in Table V. 

5.1 - Correction factors 
The correction factors necessary for the absolute ex

posure determination /2/ where evaluated taking into account 
the peculiarity of our free-air chamber and the physical ef
fects below described. 

Lack of Saturation 
Part of ionization produced in the free-air chamber 

is lost by ion recombination even at relatively high collec
ting voltages. The correction factor for lack of saturation 
is given by: 

K = I/I (3) 
s S 

where I is the measured ionization current at a given collec
ting voltage V and I is the ionization current at complete sa 
turatior.i conditions. 

To determine I , the ionization current was measured s 
at each quality and for exposure rates ranging from 0.7 R/min 

2 and 13 R/min. The 1/1 values were plotted versus 1/V andl/V", 
to consider both initial /5/ and general /6/ recombination re
spectively. The chamber voltage V was varied from ± 1000 V to 
_+ 6000 V. 

At exposure rates lower than 1 R/min, the .1/1, 1/V) 
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plot gives a straight line so confirming a predominant presen 
ce of initial recombination. At higher rates a straight line 

2 is obtained by the (l/I, I/V") plot, with a linear correlation 
coefficient better than that corresponding to the (l/I, T/V) 
plot. This corresponds to a more pronounced effect of volume 
recombination. Actually volume recombination cannot be exclu
ded also at exposure rates lower than 1 R/min as well as ini
tial recombination is likely to be present, to some extent, at 
exposure rates also much higher than 1 R/min. 

According to Niatel analysis /I/ it should be possi
ble, in a parallel-plate free-air chamber, to determine the 
separate contributions of initial and volume recombination. In 
the present measurements this analysis is not yet applied to 
our free<-air chamber because of its different geometry (Fig.2), 
but an attempt to extend the Niatel results to our particular 
chamber is in course. 

On the basis of our experimental results, we used dif 
ferent values of K according to the exposure rate. For expo
sure rates not much greater than 1 R/min the saturation cur
rent I was determined by extrapolation of —• to — = 0. For 
higher rates, I was determined by extrapolation of — to -r?= 0. S IV1-

The values of K„, relevant to the exposure rates used in this 
work (Table II), are reported in Table IV. 

Electron losses and X-ray scattering 
Part of the ionization considered in the exposure d£ 

finition is lost since a fraction of electrons is stopped in 
the chamber walls and not in air. 

This electron loss is in part.compensated by the ad
ditional ionization due to the secondary photons scattered in 
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the air volume of the chamber. On the other hand this charge 
must not be taken into account in the exposure measurement. 

A correction factor. K., , is then introduced to cor 
1, g ~ 

rect for both these unwanted effects: 

K = 1 0 ° (4) l,g 100+F -F, g l 

where F is the percentage gain of ionization due to the scat
tered photons and F.. is the percentage ionization loss becau
se of the electrons stopped in the chamber walls whose distan 
ce from the beam axis is 15 cm. 

For our particular chamber, F must take into account 
also the electron losses due to the shadow effect of the col
lecting electrode (Fig. 2). This electrode subtends an angle 
of 7,6° at a distance of 7 cm from the beam axis. Therefore a 
fraction of electrons is stopped on the collecting rod before 
spending all their energy in air. 

The overall percentage loss of charge was determined 
as : 

• = a (7,6) + b (360-7,6) ( 5 } 

1 360 

' • . . ' « 

where a and b are the percentage ionization losses, without 
considering the electrode shadow effect, respectively for a 
chamber radius of 7 cm and 15 cm. The values a and b were de
termined using some results of Attix et al. /8/ which have 
been adapted to our experimental conditions. 

The percentage ionization gain, F , was determined 
considering again the collecting electrode shadow effecl:. Hy 
the same considerations as for !•'., , the expression of F re-

. . J- - . K 
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suits : 

a' (7,6) + b' (360-7f6) ( ß ) 

g " 360 

where a' and b' are now the percentage ionization gains at the 
same geometry conditions considered for F . The a' and b' va
lues were determined, for our chamber, from the data reported 
in the NBS Handbook 64 / 9 / ) . 

In Table III the values of both F and F, are given 
for each X-ray qyality. The overall correction factor K d£ 
terminations are reported in Table IV. 

T a b l e I I I 

q u a l i t y F^o) F C#) 
% 

1 0 , 0 0 3 0 , 5 1 

2 0 , 0 8 0 , 4 4 

3 0 , 1 6 0 , 4 2 

4 0 , 3 3 0 , 3 6 

Beam Attenuation in air 
To determine the exposure at the reference point, P, 

(Fig. 2), the air attenuation between this point and the cen
ter of the chamber volume must be considered. This is made by 
a correction factor: 

I '* :' , 
° y d • •. • • , 

K = —- = e H (7) 
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where I o is the ionization at the reference point 
I is the measured ionization 
V is the air attenuation coefficient 
d is the distance between the reference point and the 

center of the chamber volume (Table I). 
The air attenuation coefficients,y, were experimen

tally determined at the four X-ray qualities of Table II. Sin 
ce each half of our chamber may be positioned independently of 
the other, while the chamber diaphragm remains fixed, a firsb 
reading, 1 ^ was taken with the front half of the chamber in 
its fully extended position and the rear half in its collapsed 
position (Fig. 5a). 

Fig. 5 - Free-air chamber displacement scheme for the delermi 
nation of air attenuation coefficient, p. 
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A second reading, I , was taken with the front half in its cojL 
lapsed position and the rear half in its fully extended posi
tion so that the center of the chamber volume was displaced 
by a distance AL = 15,02 cm (Fig. 5b). 

The air attenuation coefficient is given by: 

à l" ( vv ( 8 ) 

The values of y are reported in Table II and the cor 
responding values of k are reported in Table IV. 

a 

Stray radiation 
The lead walls of the free-air chamber shielding box 

are 3 mm thick on the side and about 45 mm thick on the cham
ber front. To measure the effect of stray radiation penetra
ting the chamber through its walls, the chamber diaphragm wa=; 
shielded by a lead block 45 mm thick. In this condition the re 
sponse of the chamber irradiated at the four X-ray qualities 
resulted to be similar within the statistical uncertainties, 
to the response without radiation. 

Therefore the correction factor for stray radiation, 
k , was put equal to 1 ,000 _+ 0 ,06%. 

Temperature, Pressure and Humidity 
The temperature in the irradiation room is controlled 

and the largest excursions are within _+ 0,3°C in a day. 
The corrections for ambient conditions different from 

the standard reference conditions (Table IV) are made by the n 

sual correcting factor K . 
À further correction, K . for humidity is required as 

H 



TABLE IV 
Correction factors to be applied to the ENEA free-air chamber 

Correction factors X-ray qualities 
100 kV 135 kV 180 kV 250 kV 

k (scattered radiation + » lg , + n , 0,994 0,996,, 0,997,, 0,999., electron loss) 9 4 4 7 
K (air attenuation) 1,015 1,010 1,008 1,007 
a 

k" (saturation) 1,001 1,002 1,002,. 1,003 
s 5 
* k (trasmission through the w , , , , . • 1,000 1,000 1,000 1,000 

chamber walls) 
•ir. k. l,010 o 1,008, 1,007„ 1,009„ 
i i ' 8 ' 4 9 .' . 7 

Voltage applied to the chamber +_ 5000 V 

Polarity effect 1,000 +_ 0,06% 

p: air density (kg m ) 1,204 (at reference conditions) 

The values of the correction factors kj p (temperature and pressure) and kj-j (h 
midity) were determined according to ambient conditions.Reference conditions 
re T = 293.15 K and P = 101,325 kPa. 

The correction factors marked by asterisk are experimentally determined. 
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water vapor is always present in ambient air and the. exposure 
is defined from the ionization of air free of other extraneous 
components. 

An analysis on the humidity effect on the ionization 
in air was'made in the past by Barnard et al. /10/ but it re
sulted non satisfactory at the light of subsequent experiments 
/ll/. More recent works, reported in the CCEMRI (I) Report 
(1977) /12/ gave more consistent results on this effect. The 
correction k is then determined for the free-air chamber from H 
the experimental data in réf. /12/. 

TABLE V 
* Uncertainties (%) associated to the parameters used for 

the exposure determination (see Table IV and F,q. 2) 

AK 
i . s 

AK a AK s AK 
w 

Av AI Ap AK TP Û K H 

0 , 1 5 0 , 1 0 , 1 0 , 0 6 0 , 1 0 , 3 0 , 0 2 0 , 1 5 0 , 0 5 

Square root of quadratic sum: 0,41 
Linear sum : 1,03 

* 95^ confidence level 

Intercomparisons 
In February 1983 the ENEA free-air chamber was compa

red against the free-air chambers of the OMH (Hungary) and the 
BEV (Austria). 

The comparison took place at the OFZS austrian re-
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search center where the ENEA transfer chamber was taken. The 
deviations in this comparison which is described elsewhere 
/13/ are summarized in Table VI. 

TABLE VI 
Results of the comparison among the ENEA, OMH, BEV 

free-air chambers 

Quality 
100 kV 135 kV 180 kV 250 kV 

X 
ENEA 

X 
OMH 
" ENEA 
X 
BEV 

1,001 0,998 1,000,. 1,002 à 4 5 3 

1,002 4 l,003o 1,003 1,008 

Some of the correction factors used in this intercom 
parison /13/ were slightly changed in the present work, due 
to the different experimental conditions, i.e. exposure rate 
and beam geometry) adopted in the present measurements. 

At present time, the ENEA free-air chamber is being 
used for absolute exposure determinations of the ISO medium 
energy X-ray qualities /14/. To this purpose the correction 
factors specific of that qualities have been determined. 

For the low exposure rate ISO radiations, our free-
air chamber is particularly suitable, as. its variable volume 
allows a sensitivity higher than that of the conventional pa
rallel-plate free-air chambers. 
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