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This tentative document is intended to clarify the basi¢ relations
which allow one to deduce the absorbed dose in water from the measure-
ments obtained with an ionization chamber calibrated in terms of
exposure in free air. The analysis is based on work done at the Bureau
International des Poids et Mesures (BIPM) concerning the determination
of exposure (Allisy 1967, Boutillon and Niatel 1973) and the determina-
tion of absorbed dose (Boutillon and Niatel 1979). We suppose that the
walls of the ionization chamber are made of a single water-equivalent
material and that their thickness is sufficient to ensure electronic equili-
brium for the radiation used in the exposure calibration.

The relevant energy ranges are those considered in Reports 14 apd
21 (ICRU 1969, 1972). Table 1 gives the symbols and definitions of the

main quantities used. Table 2 shows schematically the various steps leading
to the absorbed dose conversion factors Cp and Cj .

Table 1

List of symbols

DW Absorbed dose at the reference point in the undisturbed water
phantom (in the absence of the ionization chamber).
E /m Mass energy imparted to the air in the :cavify. It is the quotient
a of Eg b here Eg is th imparted by ionizing radiati
a by m, where E, is the energy imparted by ionizing radiation
to the air filling the chamber cavity and m the mass of the air
in this cavity.

(Eq/m)_ Mass energy imparted to the air in an ideal cavity. It is the limit
o !
of Eq/m when the real cavity, supposed to be walled by the
phantom material, tends to an ideal Bragg-Gray cavity which
does not disturb the electron fluence in the phantom. The position
of this ideal cavity is assumed to be at the center of the real
cavity.
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wd

Mass ionization charge. It is the quotient of the ionization charge
by the mass of air in the cavity (it is assumed that Jg is corrected
for leakage charge, water vapor in air and loss of ionization due
to recombination).

Air kerma at the reference point in the undisturbed water phantom.
Water kerma at the reference point in the undisturbed water phantom.

Exposure meter reading corrected for temperature, pressure, humidity,
leakage and lack of saturation voltage.

Exposure calibration factor given by a standardizing laboratory
for 49Co gamma rays.

Perturbation correction which should be applied to the mass energy
E,/m imparted to the air in the cavity to obtain the mass ener
a P Y ay
(Eq/m), imparted to the air in an ideal cavity. The subscript wa
recalls that the perturbation is due to the insertion of an air cavity
in a water phantom. The symbols (F’yvq)"}, and (de)E refer fo
photon and electron beams, respectively.

H
Exposure in free air at the reference point, in the absence of the
ionization chamber.

Exposure at the reference point in the undisturbed water phantom.

Sensitivity of the exposure meter defined by the relation

«=J /M.

For Ja' M and N the following subscripts are used:

T P

ch refers to the cavity chamber calibrated in terms of exposure in free air

C

U

and used subsequently to obtain the absorbed dose in water,

refers to the calibration conditions,

refers to the user's conditions.
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Table 2

Diagram showing the relations involved in the derivation of CE and C)

(The numbers under the arrows refer to the corresponding sections in the text)
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1. The exposure calibration factor N and parameters involved

The exposure in free air at the reference point P is supposed to be
determined in a 60Co gamma-ray beam with the exposure standard S of
the national standard laboratory. Let (X,), be the value obtained.

The chamber CH to be calibrated is placed, with its center at P, in the
same beam as S and the reading obtained after correction is called M
The exposure calibration factor N}, o of chamber CH is defined as

x,),
N = & i (1)

ch,c
! ch,c

ch,c*

Because of the use which is normally made of the factor N} c !
a more explicit knowledge of the parameters entering it is needed. Let us
first assume that chamber CH is a primary chamber, which requires that
the correction factors for the determination of exposure are known.
The value of the exposure in free air as measured by chamber CH should be

(Ben ) | o —
(xa)ch B (Jc')ch,c (fen Q)W (ch')c (Gi,!Ki)ch’c ! @

!

where (Ja)ch ¢ is the mass ionization charge collected in chamber CH
r
under calibration, corrected as indicated in Table 1,

Hen/p is the mass energy absorption coefficient, with subscripts a
for air and w for water (or water equivalent wall material)*;
subscript ¢ refers to the calibration radiation,

s_W is the mean ratio of the restricted mass stopping power of the wall
®  material to that of air for the electrons crossing the cavity, with
the same meaning as above for subscript ¢,

(n K.) is the product of the chamber correction factors under
"' 'Yeh,e cqlibration conditions<(Boutillon’ and Niatel 1973,
Niatel et al. 1975); thus more explicitly

wo—

A = K K
(li‘ Ki)ch,c st rn Kan Kwall !
where
st corrects for scattering of the chamber stem,

Km for radial non-uniformity of the beam,

* If the scattered radiation in the incident beam is sufficiently low,
the ratio of the w . /¢ 's can be taken equal to the mean of the ratios

for the 1.17 and 1,33 MeV photons.



Kan for axial non-uniformity of the beam,

Kwall is the product of the corrections concerning the chamber
walls (for the BIPM flat chambers we have
Kwall = Kgi KQEP Kse whic.h includes.wall attenuation .
Kqt + @ reduction Ke-pp of this attenuation due fo the position
of the mean center of electron production and wall scattering

Kee)e
From (1) we get (X, ) ch c Nch c + Which is equal to (X )ch

given by (2), and since fhe mass ionization (Ja)ch c can be qssumed to be

proportional to the exposure meter reading Mch cr i.e. (Ja)ch c O(Mch c 7
we have ! !
(Len /7)) _
N = g 5, 1K, : 3
ch, o (Pan/P7,, (Swa), (1] ')ch,c 3)

Cc

2. Remarks concerning the use of the exposure calibration factor

Before giving explicit expressions for the absorbed dose conversion
factors Cg and Cy, it may be worth considering a frequent application of
Nch,c' To measure the absorbed dose in water in the user's beam (the nature
of the radiation concerned has not to be specified at the moment), the cali-
brated chamber CH is placed in a water phantom and the reading M
is obtained. In many cases (e.g. for electrons, high-energy photons),
the calibration factor Ngp o is in fact used only to derive from (3) the
sensitivity of of the instrument. Hence the mass ionization charge which
is defined as

(Jg)

ch,u

ch,u = MChlU

is actually calculated by
(Wen /07, ] “
/C (H’en/ﬁ’ )q (S=Wq) (ﬁ )

c i i'ch,c

Jg)

= Mch,u Nch

ch,u

This is a rather laborious method for merely obtaining the mass ionization
charge. Measurement of the cavity volume v together with an electrical
calibration of the exposure meter, giving r in terms of coulombs per
division, would seem a more straightforward way. The required sensitivity &
(in terms of C kg~! per division) is simply equal to r/vp , where p is
the air density at the time of the electrical calibration. Thus we do not
need the quantity (I I K )ch which depends on the chamber and also
on the calibration condl’rlons (source chamber distance, for instance).
In fact, the evaluation of (lil Ki)ch c is generally made in a rather
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approximate way by using a traditional numerical value (0.985) for many
different circumstances. Besides, if the nature of the wall material is not
clearly indicated, it mc:f| happen that the factors

[(E‘Len/? hw / (Wen /9 g . and ]/(S:WC')C are omitted, thus assuming

implicitly that the walls are air equivalent, as pointed out by Nahum and
Greening (1977) and some other authors.

3. Derivation ofCE qnd CA

The absorbed dose in water D,, can be obtained by assuming that
the chamber CH can be regarded as a Bragg-Gray cavity (see paragraph
2.2.2 in ICRU 1969 and paragraph 6.2.3 in ICRU 1972). Since the real
cavity is of finite size, a perturbation correction p,,, (defined in Table 1)*
has to be applied to the mass energy E_/m imparted to the air in the cavity.
For an ideal cavity we have

(Eq/m), = (Eg/m) p, = (Jd)ch,u (W/e) p . +

where W is the mean energy expended in air per ion pair formed and e
is the electronic charge. The other symbols are explained in Table 1.,

By application of the Bragg-Gray principle, we obtain for the
absorbed dose in water

D, = Eq/m)_ (5,5), = Ua)gy, , W/e) Gya), P,

ch,u

From (4) and (6) we have
(Men/9) (Swq) p
Dw - Mch,u Nch,c (He /59 )W o — 2 _\év—
en a c ( wq) (‘ [K )

C,. i i Ch,C

"

woomr e

According to the current definitions of the absorbed dose conversion factors
for photons and electrons C+ and CE , we have

D =Mhu'Ncth}\’

w ch, 7

Dw - Mch,u Nch,cCE

In fact, an additional correction must be added for the displacement
of water by the chamber stem. For the sake of simplicity, however,
it is omitted in the following equations.

(5)

(8)

(9)



* %

* % %

For water equivalent wall material we can write

] ((en2), ] Guddy  ®uway  w
A (ben/?) (5. ) (TTK) e '

a s, A K,
= c Wa% i iTeh,c

- (en/?), ] Guwady  Pwade  w
C. = AAS
E e G, MKy

"ch,c

Cc

Actually, the Cg values given in paragraph 6.2.3 of Report 21
(ICRU 1972) are calculated by assuming implicitly that the walls are
air equivalent. In this case the expression for Cg reduces to

c = (Pwale  w

E ('SWG U

Ciky

I"'ch,c

(10)*

(17 bis)***

This form.of Cg is equivalent to the one given in ICRU 1972 (footnote 4,

p. 43) as
— H
CE = A Sw,g Pw’g. W/e ’
where A replaces (HK;)—; . However, the ICRU factor A does not
ch,c

include all correction: factors K. needed for exposure determination,
but only the wall attenuation factor.

The symbol ?Wa (as in Appendix A in ICRU 1969) is used here since
there is @ continuous energy distribution of photons inside the phantom.
Note that from the definitions of (Eq/m)o and Py given in Table 1,
(Pwq)E includes the correction currently called perturbation correction
(Harder 1968) as well as another one which is closely related to the
usual displacement correction (Dutreix and Dutreix 1966, Hettinger

et al. 1967).

The symbol (U K’i)ch,c is used here instead of (m Ki)ch,c since

the material of the chamber wall is different. Likewise (p\l/vq)E replaces

(pwa)E because the perturbation correction includes an additional factor

to account for the insertion of the air-equivalent wall in the water phantom.



4. Alternative derivation of CR (only for photon energies close to

the energy of the calibration radiation)

In paragraph 2.2.1 of Report 14 (ICRU 1969) another method
is used for evaluating C5 which is quite different from the one given
above. It is only applicable to a photon energy range for which the concept
of exposure is valid from an experimental point of view.

In this method it is assumed that the exposure X, in the undisturbed
water phantom can be obtained from the reading M ch,u of the chamber
placed in the phantom with its center at the reference pomt The relation
is wriften as

X =M N d, (12)

w ch,u ‘ch,c

where d is a rather complex factor which will be studied in more detail
in Section 5.

The exposure X,, is related to the air kerma K, in the undisturbed
water phantom by the relation

X, = K (1-g)e/W, (13)

where g4 is the fraction of electron energy which is lost to bremstrahlung
in air. ‘

The air kerma K_ and the water kerma K,, are respectively
proportional to the values of the mass energy-transfer coefficients

(W4, /R )q and (H’fr7?)w averaged for the photon energy fluence spectrum

in the phantom. Equation (13) can be written in the form

. (Mg, /0) (1= go)d~
K = [ | W a9
(P"l'l’ e)w u
which corresponds to
(Bte/p)
K, = X, LA g | (15)
(Pen/P )y d

Finally, the absorbed dose in water, DW =b KW is expressed by
H’tr; ) W M N b d (P“tr;())w W
w w (m e ch,u ch,c (m) e

U a U

. (16)



from which C)\ is obtained as

(P"“': J )w W
e

Cy = bd
A (Fen/P),

(17)

u
At first sight, this expression (equation 2.8 in ICRU 1969) seems

to be different from (10). However, it is possible to show that they are
equivalent (see section 6).

5. Analysis of the parameters entering into the factor d

It is not a straightforward matter to write explicitly the relation
between the mass ionization charge Jop, measured in the water phantom
and the exposure in water X, . We have tried to do it in the derivation
below which is based on the BIPM analysis (Boutillon and Niatel 1979).

It supposes that the chamber involved is a flat chamber of the BIPM type.

Let us first remind some basic relations given in Boutillon (1979) for deter-
mining the absorbed dose in water D,, from ionometric measurements. For this
purpose we write the Bragg-Gray relation as

D, = (Eq/m) (wa)y Gwa), - (18)

A

The perturbation correction (pwa)A (Eq /m) /(E /m) is obtained
by means of the following two equations whlch express (E /m) and
(Eq/m) in terms of the kerma in water K of the prlmcury radiation
(inciden’r on the phantom) at the reference point

Ea/m). = Ky Fo /() - (19)
Eq/m = KwpeW” F/(?Wd,)ﬁ, (20)

The expressions for Fg and F can be found in Boutillon (1979).

They include terms taklng into account the influence on the energy dissipated
by electrons, of the variation with depth in the phantom of the primary
radiation fluence and of the scattered radiation fluence. The factor e
corrects for the absence of primary radiation attenuation in the cavity,

where p' is the linear attenuation coefficient of the wall material for the
primary radiation and v is the thickness of each half cavity.

From (19) and (20) we have

(b, ). =t F_/F. (21)

WCIA
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We shall now relate X, to (Ja)ch,u by means of (15) and (20). With

Boutillon (1979) we call R the ratio of the kerma in water of the scattered
radiation K, . and of the primary radiation Kwp at the reference point in
the phentom, i.e.

R = Kws/Kwp . | (22)

Since K =K + K , (20) may be written as
w wp ws

M

e /m = Uy, /o) = K eF R () 23)

Substituting (23) into (15) yields

(H"I'I’;? )W eP'IU E
(Ja)ch v Cw | Y— = 24)
: (Fen/p)y 1, (14R) (B
By taking into account (4) we finally obtain _
ten/?),] [Fen/p)y] (Gwa), (1+R)EY
Xw B Mch v Nch c = = -(25)
e | /), | | )y | Guede PR

By comparing (25) with (12) we find _

(Fen/p) ] [(Fen/P) ] Gue), (1+R) e7F
d = S-S » (26)

(Fen/0)g | | (Fe/78),, | Gwa)g F(GTK)

C U rC

This expression is much more complicated than those currently used
for evaluating d. In fact, it seems’that there has been often some confusion
between d and A. Furthermore, in the literature the symbol A has several
meanings, namely

a) A= (KWG”);:],C ) » 27)

as in ICRU (1972), where only the so-called wall attenuation factor
is taken into account;

) (Fen/P), - 1 1
b) A = 700, (Fwa)s (Kwall)ch,c , (28)

(NACP 1978), in which the lack of air equivalence of the wall material
is corrected for, but the Ki's different from qu“ are ignored;



11

c) the complete expression (Henry 1979)
(Ben/f), N T
A = {:'('pm Cwa), (L] Ki)ch,c . (29)
c

The Appendix gives numerical values of d and of different A's
for the BIPM chamber when the quantity concerned is the absorbed dose
in graphite.

6. Comparison of the two expressions of Cy

Two different expressions for Cy have been given above as (10)
and (17) which result from the methods of derivation given in sections 3

and 4.

It is possible to compare these expressions by means of (26). We must
also calculate b which should be introduced in (17), i.e.

DW DW
b = T n - (30)
w wp

From (6) and (19) we obtain

D, = Ea/m (o), = Ko Fov )

which gives
b = F,/(1 +R).

Substituting now b and d into (17), we obtain after simplification

"o -4l l:(t’“en/?)w] "Guddy w

Cy = £ e - = . (33)
F (Ben/?) 5 — e
o e ( Wc')c ([it Ki) ch,c
Since Fg o WU F is the perturbation correction (p,,,), given by (21),
we conclude that (33) is in fact identical to (10). A

Conclusion

We recall that the purpose of this paper is limited to presenting
some of our reflections on the difficult problem of determining absorbed
dose in water, not to give any definite solution. Even under the simpli-
fying assumption of a perfect water equivalence for the chamber walls,
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a rigorous determination of Cg and C3 is not a straightforward matter
because of the many parameters entering into these factors. The situation
is still more complicated for the chambers presently available since

they often consist of a mixture of materials. Further experimental work
on these subjects, as carried out for instance by Henry (1979), is highly
desirable.

It should be noted that whereas the direct measurement of the
sensitivity of (section 2) could shorten somewhat the way to obtain DW ’

the determination of the stopping-power ratio (?wa)u and of the pertur-

bation correction p,,, corresponding to the real experimental conditions
remains a difficult problem. Further theoretical and experimental studies
are needed to improve the present situation.
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éﬁpendix

To give an idea of the numerical difference between d and A,
let us consider the case of the absorbed dose in graphite (instead of
the absorbed dose in water for which we have not yet made the calcu-
lations). The following values concern the BIPM graphite cavity chamber
which is cylindrical (pill-box type) and has the following dimensions:

digme e outside 5.05cm
rameier inside 4.50 cm
] outside 1.07 cm
height inside 0.52 cm
. diameter 4,10 cm
collecting plate {thickness 0.11 ecm
collecting volume 6.787 cm3
front wall thickness 0.273 cm, i.e. 0.506 ¢ em™2,

The calibration conditions are: !

- = Co gamma rays,
- source-chamber distance 1.12 m
- beam diameter at reference plane =10 cm.

The conditions for measurements of absorbed dose in graphite are:

source-chamber distance ITm

beam size (at the middle of

penumbra) 10 cm x 10 cm
measurement depth 2.8lcm, i.e. 5.018 g cm™2
diameter 29.7 cm

graphite phqm‘om thickness 18.8 cm

contribution of scattered radiation in the incident beam
(in terms of energy fluence) ~ 18%.

Further details can be found in Boutillon and Niatel (1973) and Boutillon (1979).

The factors entering in (26) which gives d (for graphite instead of
water) are

[(V‘en/?)ca/( Fen/¢ )a:' = 1.001 5 (values taken from Hubbell ]?77)'
c

where the subscript ca refers to carbon.



14

| [(m) /W)ca] = 0.998,

u

II'

w

ca,aly / Sea,a), = 1.0102/1.0078 = 1.002 4*,

1+R = 1.2703,

WY /e (Puly JF. = 0.988 9/1.274 = 0.77,
= 0.998 3.

Then d (for graphite) = 0,986, Let us compare d to the different values
of A (eq. 27 to 29) calculated for the BIPM graphite cavity chamber:

A = (KW°||) -] c " 0.996 4,

>
o

- [men/é)w/ uen/m] o, o)y (Kwallgp, o = 09902,

= [wen/e ca/(pven/e) ] S, (HK) = 0.992 1.

>
|

(ﬂ

We can give also two other numerical values:

a) b (from eq. 30) for the same measurement depth (= 5 g cm-z)

in graphite, is equal to 1.003,

b) (C))cCl (from eq. 10 or 33) in the same conditions, using the value
W/e = 33.85 eV given in ICRU (1979).

1

(Cy),, = 0.866 radR™" or 33.55 Gy/C kg .

¥ The mean ratios of the restricted stopping powers of carbon and air
are calculated according to Berger and Seltzer (1964) with their values
for the mean excitation energies (Icq =78.0eV, Ia =86.8 eV).
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