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Introduction

The ionization chamber is the most widely used
type of dosimeter for precise measurements
They are commercially available in a variety of
designs for different applications

If the ion-collecting gas volume is precisely
known the chamber is an absolute dosimeter

This is not usually practicable outside of national
standards laboratories, as there are advantages to
working with dosimeters having calibrations
traceable to such a laboratory

Free-air ion chamber

The objective is to measure all the ionization
produced by collision interactions in air by the
electrons resulting from x-ray interactions in a known
air mass, which is related to exposure

There are different designs of free-air chambers used
in standardization laboratories in different countries,
some cylindrical and some plane-parallel in geometry
First consider the plane-parallel type, used at the NBS
in calibrating cavity ion chambers for constant x-ray-
tube potentials from 50 to 300 kV

Free-air ion chamber
Typical standard free-air ionization chamber (Wyckoff-Atix)
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Main components: Pb shielding box, diaphragm, plates parallel to the beam

« Guard electrodes (G), and a set of wires provide a uniform electric field
« The ionization for an exposure measurement is produced by electrons

originating from volume V; the measured ionization is collected from V*

Free-air ion chamber
X1oy% E i > ’/’\\;. s Plastic tube

—=_ gl 7=~ 7 ==

Y
% bremsstrahlung ey
'

7 €

excess ionization

The exposure at the aperture (point P) must be corrected upward
by the air attenuation between P and the midpoint P” in V
Correction for contribution due to scatter and bremsstrahlung x-
rays; typical correction ~0.003

— aplastic tube method: the plastic is completely coated with conducting
graphite, and biased at half of the potential of the HV plate to minimize
field distortion; measurements with and without the tube




Electric field distortion in
parallel-plate chamber

« Parallel-plate free-air chambers must have a uniform
electric field between the plates, to assure that the
dimensions of the ion-collection volume V” and the
length of the volume V are accurately known

« In addition to the graded-potential guard wires:

a. all the plates must be parallel to each other and to the
beam axis, which must be perpendicular to the front and
back boundaries of the volume V',

b. the collector and guard plates must be coplanar, and

c. the collector has to be kept at the same electrical potential
as the guards (usually at ground)

Electric field distortion in
parallel plate chamber

Effect of collector (C)
misalignment with guards (G);
condition b is not satisfied

Effect of collector plate surface
potential being higher (~ +1 V)
than guard plates; condition ¢ is
not satisfied

Both cases of E-field distortion result in uncertainty in
definition of collection volume air mass
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_ ) Novel free -air chamber designs
Novel free-air chamber designs R s
« Variable-length free-air chamber (Attix) CEEBE RS
A A A A ray beam where it crosses the
consists of two telescoping cylinders with the x- fixed central plane cannot
ray beam passing along their axis through holes at reach the walls in any direction
the centers of the two flat ends lonization measurement Q is
« The ions formed throughout the chamber are e beed ot o8
llected on an off-center telescoping metal rod LG volume is
2 e - . A ping ! expanded by a length AL (as
correcting for ion recombination as necessary much as 2-fold), while keeping
« The chamber shell is operated at high potential B aeiidplans andithe
; 7 o defining aperture fixed relative
(e.g., £5000 V) and is enclosed in a Pb-lined box 1o the xeray source; a second
to keep out scattered x rays measurement Q, is then made
The difference Q,-Q, is due to
electrons originating in V;
(b) CHAMBER EXTENDED
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Novel free-air chamber designs
« If Ay is the aperture area, the exposure at the aperture

_ 9 Qle“x(l+f +f,)
CpAA
» Parameters: X' is the distance from the aperture to the central
plane of the chamber; f; is a correction due to excess charge
(scattered and bremsstrahlung x-rays); f, is the fraction lost
due to electrons being stopped by the collecting rod
» The advantages of variable-length design over conventional:
1. No dependence of the measurement upon CPE
2. No need for electric field uniformity, or concerns over field distortions

3. The air mass can be defined more accurately, depending only on the length of
the collecting volume AL

(C/kg)

Novel free-air chamber designs

* Free-air chambers are practical mainly with x-rays
generated at energies between 10 and 300 keV

« At higher energies the range of the secondary
electrons in air becomes so great that the size of the
chamber becomes prohibitively large (e.g., 1m3
volume between plates for 500 keV)

Joyet suggested employing a longitudinal magnetic
field in a conventional free-air chamber to bend
electron paths into spirals and thus prevent their
striking the walls even for x-rays of up to 50 MeV
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Novel free-air chamber designs

Parallel-plate free-air chamber with magnetic field and solid air-equivalent filters

« As photons are increased in energy, the secondary electrons produced in
Compton and pair-production become more forward directed

« The maximum side-directed (90°) component of the secondary-electron
energy resulting from 50-MeV photons is only about 3 MeV

« Itisnotreally a free-air chamber: to produce CPE in the collecting volume
need a thick layer of solid “air-equivalent” material upstream to build up an
equilibrium population of electrons passing through the ion-collecting region

Cavity ionization chambers

Cavity ionization chambers basically consist of a solid
envelope surrounding a gas- (usually air-) filled cavity in
which an electric field is established to collect the ions
formed by radiation

They offer the following advantages:

1. They can be made very compact, even for high-energy use, since
the range of the secondary electrons in the solid wall material is
only ~1073 as great as in atmospheric air

2. They can measure multidirectional radiation fields, while free-air
chambers require nearly monodirectional beams aligned to pass
perpendicularly through the aperture

3. Through the application of cavity theory, the absorbed dose can
be determined in any material of which the cavity wall is made
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PRSI Thimble-type chambers
Cavity ionization chambers e
Spherlgal or cylindrical chambers having gas volumes of 0.1

4. Cavity chambers are capable of great variety in design, to permit dose -3cm {ire the most Eommonforms of Ca\”ty‘ lon ?hambers

measurements of charged particles and neutrons, as well as photons. C_onventlonally such thlrr}bl.e chamb_ers are irradiated at

Free-air chambers are designed exclusively for x rays, mainly below 300 right a}ngles to the stem axis in monodlrectlopal bea_ms

keV, and are not suited for modification for other kinds of radiation The high voltage (HV), usually +200-500V, is applied to the
5. Gas cavities can be designed to be thin and flat to measure the dose at phan’tlbfl’ wall, wit thg Collectt.orl connected to the electrometer

the surface of a phantom and its variation as a function of depth, or can Input at or near ground potentia

be made very small to function as a probe to sample to dose at various MONODIRECTONAL BEAM

points in a medium under irradiation waLL
6. Collected charge can be measured in real time by connecting the GUARD ELECTRODE

chamber to an electrometer, or the chamber can be operated without K\, GAs FLOW

cables if it is a condenser-type cavity chamber Y6

ELECTAOMETER<—
o2y + covvecron”
R . y S
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Fully guarded chambers

The insulator arrangement exemplifies a fully
guarded ion chamber, where electric
current leaking through (or across the
surface of) the HV insulator is intercepted
by a grounded guard electrode (“guard
ring”) that extends completely through the
insulator assembly in the stem

< Guard electrode: 1) prevents leakage current from reaching the
collector (no potential difference between collector and guard
electrode); 2) defines electric field distribution and therefore
collection volume

« The insulator-and-guard assembly is covered by an overhanging
lip of the chamber wall helping to avoid instabilities caused by
charge collection on the insulator surfaces

« lon chamber requires three-terminal cable (e.g., triax cable)

GUARD ELECTRODE
overhangin\g lip

e
e
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HV INSULATOR

Condenser-type chambers

== Sensitive
 Ban volume
radidn Capacitor plates

A thimble chamber (sensitive volume on the right) operating without
external connections while being irradiated

The chamber electrodes are connected in parallel with a capacitor, built
into the stem of the chamber

The reading is obtained as a difference between potentials before and after
irradiation: AQ=Q,-Q,=C(P;-P,)
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Chamber wall thickness

For dose measurements in fields of photons or neutrons
under CPE or TCPE conditions, thimble chamber walls
should be made

a) thick enough to keep out of the cavity any charged particles that
originate outside of the wall, and simultaneously

b) thin enough to provide at the cavity an equilibrium charged-particle
fluence and spectrum that is fully characteristic of the photon or
neutron interactions taking place in the wall material

Cavity theory together with CPE or TCPE condition is used
to find the dose in the medium of interest

For measurements of the absorbed dose in a charged-particle
field, the volume must be small, and the chamber wall must
be thin, relative to the range of the incident particles

Chamber wall material

« Since air is a medium for the definition of exposure and is a
convenient ion-chamber gas, chamber wall is often made of
“air-equivalent” materials. Air equivalence requires

— the matching of its mean mass energy-absorption coefficient to that of
air for the photon spectrum present

— the corresponding matching of the mean mass collision stopping
powers for the secondary-electron spectrum

< Both conditions can be satisfied in Compton energy range

< In the range of photoelectric effect, its Z-dependence is much
stronger than that of mass-collision stopping power

— the second requirement is disregarded

« Chamber-wall air equivalence with respect to photons is

provided by the effective atomic number Z (for air ~7.8)
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Chamber wall material Flat cavity chambers

+ Inathimble chamber wall serves as an electrode Flat Cf’“’”Y chambe.rs have several advantages:

* Various plastics employed as ion-chamber wall materials are Rl bl Tsed for onelonboth walls cause
generally insulators; hence application of a conducting layer min attenuation or scattering of incident electrons or soft x-rays
on the inside surface is needed 2. The gas layer can be as thin as ~ 0.5 mm, allowing sampling

- Some special materials (A-150 tissue-equivalent plastic) are with good resolution, especially in regions of high dose gradients
made volumetrically conducting by incorporation of graphite 3. The thickness of the gas layer can be made variable, allowing
during manufacture extrapolation of the ionization per unit gas-layer thickness to 0
The ion collecting rod in a chamber should be made of the — This in effect removes the influence of perturbation due to the presence of a finite

* Reell 2 L L g cavity in a phantom
Zamle “_1?]“?”;" as the wall if pﬁss'b:f' a?] cavity theonﬁs dofnot 4. The dose at the surface of a phantom can be measured by

& Wf'th ] omogene(:us Wah'me G il g B Ees extrapolation, and the buildup vs. depth can be observed by
area of the rod often relaxes this requirement adding thin sheets of phantom medium over the entrance foil
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Flat cavity chambers Flat cavity chambers

eleciromerer « Guarded flat chambers can be viewed as plane
Scrofch through Graphite,  Collecting capacitors having a capacitance proportional to the

_ Guard Ring "‘“"’“Gmpm area of the collecting volume (a), and inversely

== Miofols proportional to the plate separation (s)
T S * A simple measurement of the chamber’s
Leod screened by capacitance can provide a check on the mechanical
Top Foil Removed Part Section through Chamber dEtermlnatlon Of the COIIecung VOIume

+ lonization chamber for dosimetry of fast-electron beams C= AQ =8 85X10—14 E

+ Theguard electrode serves primarily to provide a uniform electric field - AP - S

+ The radius of the collecting volume is defined by the collecting-electrode where the numerical constant has units of F/cm
radius plus the half-width of the insulating scratch or groove around it
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Flat cavity chambers
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« Commercially available flat chambers are commonly designed with a thin foil
entrance wall, but a thick conducting back wall comprising both the collecting
and the guard electrodes

* When placed in y-ray beam, Compton electrons are knocked out of the back
electrode, leading to measured current difference at opposite polarities; the
true ion current may be obtained as the average of the currents at +HV

« The effect is most pronounced for a small plate separation and a thin front wall

Flat cavity chambers
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« Extracameral ionization collected from air spaces outside of the designated
collecting volume, may arise from faulty design of any type of ion chamber,
but is more likely to affect flat chambers

« Bare wire in (a) and (b) presents a problem due to local air ionization
contributing to the total collected current
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Transmission monitor chamber Charge and current measurements
WsLahG mum » The typical order of magnitude of charge or current to
[LEAF SPRING contact - - -
be measured from ionization chambers can be
eeEtBeS e ;[ :\;E.,.____L_ o ﬁ;; F—cisie o estimated from the fact that an exposure of 1 R
A L essns generates a charge of ~3 x 10" C in 1 cm3 of room-
wsw o couion temperature air at a pressure of 1 atm
. - o  In most practical cases, ion currents are very small, in
+ Used to monitor radiation beam output (for example, in linac) the range 10°6 to 104 A, their measurement requires
« HV electrode_shc_)uld be larger in diameter than the ion careful technique and appropriate instrumentation
collector, which in turn should c0\_/e_r the whole beam area_ - Conducting a measurement with an ionization
» The collector electrode can be split into quadrants to monitor chamber requires a high-voltage power supply and an
52570 L S electrometer
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Charge and current measurements

or o for 8, Operational-amplifier
| tor (o) electrometer circuit for
measurements of
charge (a) with
capacitor, or current (b)
high-ohm resistor

lon
chamber

Pg Electrometer
reading

C; - input circuit
capacitance
« Gain of the operation amplifier is typically 10, thus for small
potential P;, appearing in response to charge flow of Q, the
output terminal reading Po= 10°Pi
+ The value of charge collected from the ion chamber Q=CP,,
allowing for accurate measurement of even small charge

Atmospheric corrections: air density

» The charge or current collected from an ion chamber
in a given field of radiation depends on the mass and
type of gas in the chamber

« If, as is most often the case, the chamber volume is
open to the ambient atmosphere and is allowed to
reach temperature equilibrium with its surrounding,
the air density inside can be calculated from

273 P-0.3783P,
273+T(°C) 760

P = Poe0 |:
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Atmospheric corrections: air density

» The barometric pressure P, temperature T, and water-
vapor pressure P, all should be measured by suitable
instruments located in the same room as the ion
chamber

» T should be measured to within +0.2°C at a location
near the chamber, allowing adequate time for
temperature equilibrium after the chamber is placed in
position

» P should be measured to within £0.5 torr

» P, should be determined within about +1.3 torr,
through a measurement of RH within £7%

Atmospheric corrections: effect
of humidity

+ In practical ionization measurements the presence of
humidity in the air is often ignored because the
effect of humidity on W /e is such that it works in
opposition to the density change when correcting the
observed ionization to the value that would result if
the chamber contained dry air at 22°C, 760 torr

« For dry air exposed to x-rays or other low-LET
radiation the value of (W /e) =33.97 J/C
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Atmospheric corrections: effect Atmospheric correction of an
of humidity exposure-calibrated ion chamber
IR WY - W Je),is less, the - The calibration of ion chambers in terms of x- and y-ray

ratio is a non-linear with P,

» pand m of gas in the chamber
under constant V-T-P decrease
with increasing humidity

» These opposite trends result in
almost flat ionization ratio
Q,/Q, of 1.0028 + 0.0003 over
the range 15-75% RH

05 10
Relative Portial Pressure of Water Vapor (%!

exposure is provided by standardization laboratories

 The exposure calibration factor of a chamber for a
specified quality of x or y radiation is given as

in which X is the free-space exposure at the point
occupied by the center of the chamber, and M is the
charge collected from the chamber as a result of that
exposure, normalized to 22°C and 760 torr
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Atmospheric correction of an
exposure-calibrated ion chamber

* M is normalized to 760 torr and 22°C by the calibrating
laboratory through application of the equation

273+T(°C
v | 760 278+T(€)
P 273+22

where M’ is the charge measured under the existing
calibration conditions, and M is the corrected value to
be divided into the exposure X to give the calibration
factor Ny

Relationship of ionization to
absorbed dose in an ion chamber

» The ionization Q produced in any gas is
related to the absorbed dose D in the gas by
p- 2 W
oV e
where each quantity refers to the gas under
the actual conditions of the measurement
« If humid air occupies the chamber, then Q is
the charge produced in the chamber, and p
is the density of the humid air
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lon-chamber saturation and
ionic recombination

» The absorbed dose deposited in a gas by ionizing
radiation is proportional to the charge Q produced in
the gas

« In practice the charge Q" that is collected by the
biased electrode in the chamber and measured by the
electrometer is less than Q, due to recombination of
positive and negative ions within the gas

» An ion chamber is said to be saturated to the degree
that such ionic recombination is absent

lon-chamber saturation and
ionic recombination

[Tewsumm 1 * Increasing the ion-collecting

' potential applied to the chamber
generally reduces recombination and
asymptotically approaches saturation
It is not possible to increase the
applied potential indefinitely to
eliminate recombination altogether,
because of the onset of either

af- 4§ 4
s |

{‘ 1 a) electrical breakdown of insulators, or
J

o | Collection efficiency
s/ QR

b) gas multiplication, in which the free
electrons gain enough kinetic energy
from the electrical field to ionize the next
atom they encounter in the gas

QLX—“J L

.2 8 4 8 76
Potential (Arbitrary Units)
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= f binati Electric field strength vs.
€S OT recompination
yp chamber geometry
« Initial or columnar recombination: occurs when ions .
formed in the same charged-particle track recombine; 1. Neglecting edge effects, plane-parallel chambers have
. ) uniform field strength throughout the chamber volume.
generally independent of dose or dose rate For an applied potential P, and a distance between the
— is most likely for densely ionized (high-LET particles) tracks plates d:
— may be important for electron tracks in high-pressure gases (a)
(>> 1 atm), with low collecting fields (<100 V/cm) a
* General or volume recombination: ions from different P=100V E(x) = P/d
tracks encounter each other on their way to the X=50V/em  d=2em
collecting electrodes; it is dose-rate-dependent — I
(different equations for continues vs pulsed beams)
39 41

Electric field strength vs.
chamber geometry

2. Cylindrical chamber geometry can be characterized in
terms of the radius of the outer electrode a; the radius of
the inner electrode b; the field strength E(r) at radius r; and
the applied potential P

Electric field strength vs.

chamber geometry
3. Spherical geometry the field at radius r is given by

Pab
r’(a-b)

The weakening of the electric field throughout a large part of
the volume in cylindrical and spherical chambers, compared to
plane chambers of the same electrode separation, requires a
higher value of potential P to produce the same ion-collection
efficiency

E(r)=

42
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Theory of volume recombination
for constant dose rate

» The theory is developed for electronegative gases
» The general equation for the charge-collection
efficiency f = Q’/Q for constant dose rate in a
continuous radiation field is
1
1+&7
in any ion chamber containing electronegative gas
(e.g., air), and where f> 0.7
» Parameter & depends on the chamber geometry

Theory of volume recombination
for constant dose rate

« For plane-parallel chambers
_[e da_ da
ek, P T Mp
where m = a gas constant, 36.7 V 12 cm2 esu/2 for air at STP,
d = plate separation (cm), g = Q/vt (esu/cm3s),
P =applied potential (V),
o = recombination coefficient (cm3/s),
e = electron charge = 4.8032 x 1019 esu,
k, and k,= mobilities of positive and negative ions (cm?/Vs),
v = volume of ion chamber (cm?3), and
t = irradiation duration, assumed > the ion-transit time of ~1 ms
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Theory of volume recombination
for constant dose rate

« The equation for f reduces to
1 1 ¢
ez

! Q PZ

» Measuring 1/Q” at
several values of P
and extrapolating to
1/P2=0can find a
correction for general
recombination

Theory of volume recombination
for constant dose rate
« For cylindrical chambers:

[(a-b)ky ] Va

P

écyl =m

* For spherical chambers

[(a_b) KSDh i|2 \/a

12
Koo = {E(E +1+ 9)}
P 3\b a

gsph =m
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Initial (columnar) recombination

« In case volume recombination is negligible and only initial
recombination remains (significant for high-LET particles),
theory predicts for an electronegative gas that (here ¢’ is a
constant and P is the applied potential)

1 1 ¢

—=—+

Q QP

« Extrapolation to 1/P = 0 yields 1/Q

» Charge Q can be determined for
initial recombination with either
pulsed or continuous radiation, or
for general recombination with
pulsed radiation only

Pulsed radiation

* The pulses are assumed to be short compared to the
ion transit time (~ 103 s), and the repetition rate
must be slow enough so ions can clear out between
pulses

« For the case where many pulses occur during the
ion transit time, one can approximate by using the
continuous radiation theory of ionic recombination,
referred to the time-averaged value for g in
expression for &

« If pulses are very long compared to the transit time,
continuous radiation theory applies

48
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Pulsed radiation

» Collected fraction for short pulses
1
f ==In(1+u)
u
where
_ale pd?
k,+k, P
in which p is the initial charge density of positive or
negative ions created by a pulse of radiation (esu/cm?), d is
the electrode spacing

« For cylindrical or spherical chambers, d is to be replaced
by (a—b)Kqy or (a— b)Kgy, respectively

Pulsed radiation

» Measuring the charges
collected at two values of
applied potential can yield an
accurate value f for pulsed
radiation

» The AAPM protocols TG-21
and TG-51 has provided a
graph of P;,,=1/f at the given
chamber voltage P,, as a
function of the charge ratio
Q’,/Q’, observed when the
voltage is halved to P, = P,/2

PorQIQ=1/f

Puisd Scomaing
Boom

Toetnioss Radiotor
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lonization, excitation, and W lonization, excitation, and W
» Charged particles depositing energy in a medium
produce both ionizations and excitations of atoms > IEzE W GEITal B8 Gl fffr a gas
» The energy going into excitation decreases the : Lq;alc\t/;latlonz I03r a\r} elstct_r . dstopplpg thlf’ L
ionization efficiency of a charged particle 86V, (vs.413¢ °_ Bl e_Xpe"men ally)
» The mean energy spent by a charged particle of initial LRSI e ) neludedlinthelenergy
) ay p_ y ; 9 . p . imparted as absorbed dose: ionization E;,
energy T, in producing each ion pair is higher than the excitation E... and sub-excitation E
jonization potential of an atom. It is defined as: & *
T0 E; 62% of W | Direct energy deposition
W= ﬁ E. |20%of W | Direct energy deposition, less effect than E;
where N is the expectation value of the number of ion E. [18%0fW | No biological effect, goes into gas heating
pairs produced by a particle stopping in the medium
52 53
lonization, excitation, and W
' ’ Summary
primm—m s S e — o « Free-air and cavity ionization chambers
o P evier Mo wer M « Measurements of small charges and currents require
A isa 164 o6 s 0 sensitive equipment and care
[ Saks 0998  Chamber gas mass has to be known with high
e s o accuracy: chamber design, electric field distribution,
[T R corrections for P.T,V
» Measured W, (for electrons) and W, (for a-particles) : CO”ec“.on gfflClency_correctlons foionie .
S - - . recombinations (continuous and pulsed radiation)
» The ionization efficiency is lower in the molecular gases, .
which have more excitation modes than the noble gases + lonization energy
» Values for a-particles are close to those for electrons
54 55




