
G. Hartmann
German Cancer Research Center (DKFZ) & EFOMP

g.hartmann@dkfz.de

School on Medical Physics for Radiation Therapy: 

Dosimetry and Treatment Planning for 
Basic and Advanced Applications

Miramare, Trieste, Italy, 25 March - 5 April 2019

Dosimetry of small photon 
beams (TRS 483)





Content:

(1) Introduction: Characteristics of small field

(2) TRS 483 Code of Practice: The two-steps-approach:
• The machine specific reference (msr) field
• Transition to clinical fields smaller than the (msr) field 

(3) Reference dosimetry traceable to PSDL for the 
machine specific reference field

(4) Relative dosimetry for clinical small fields

(5) Suitable detectors for relative dosimetry



In radiotherapy it is essential that the dose delivered to the patient be 
known accurately so that patients receive the correct amount of radiation.

The key for that is a consistent reference dosimetry which

• is traceable to primary standards 

• enables common procedures to be followed.

For conventional radiotherapy this has been achieved by universally adopted 
codes of practice,

for instance by IAEA TRS 398:

o ow,Q Q D,w,Q Q,Q  D M N k



However, recent developments in radiotherapy have resulted in a more 
frequent use of small static photon beams

• stereotactic radiotherapy
• stereotactic body radiotherapy

• stereotactic radiosurgery using 
circular collimators  for narrow beams

• intensity modulated radiotherapy.





At the same time, dosimetrical errors have become considerably larger than 
with conventional beams, because:

• The well known reference field size of 10 cm x 10 cm for beam 
calibration cannot be realized in some machines;

• The measurement procedures for determination of absorbed dose to 
water in small fields are not standardized. 

Accidents have really occurred owing to the use

• of methods that are appropriate for large fields but not for small fields

• particularly of detectors appropriate for large fields but not for small 
fields



Influence of the size of the detector

Das et al., Med Phys 35 (2008) 206-215

detector size



Facing this problem, an IAEA & AAPM working group published in 2008 a formalism 
for the dosimetry of small and composite fields known as TRS 483.

This Code of Practice (also already Alfonso et al. 2008) 
introduced the following concept consisting of a 

separation into two steps:



o ow,Q Q D,w,Q Q,Q  D M N k

machine specific reference field
fmsr

Step 1:

10 cm x 10 cm reference field
fref





machine specific reference field
fmsr

Step 2:

relative dosimetry

clinical field
fclin



Some words on the characteristics of small fields

If a field is to be considered as a small field, at least one of the following
three physical conditions should be fulfilled for an external photon :

1) There is a loss of lateral charged particle equilibrium (=LCPE) 
on the beam axis 

• Loss of LCPE in photon beams occurs if the radius is smaller than the maximum 
range of secondary electrons.

• A practical parameter for that is the LCPE range rLCPE.

It is defined as the minimum radius of a circular photon field for which at the 
centre of the field

collision kerma in water = absorbed dose to water

• rLCPE can be expressed as a function of the quality parameter TPR20,10



2) There is partial occlusion of the primary photon source by the collimater

penumbra regions reduced intensity

isocenter 

distance

extended 

source



3) The size of the detector is large compared to the beam size

While the first two conditions are beam related, this third condition is detector
related for a given field size.

detector size



Definition of field size

There are two possibilities:

1. The geometrical field size is defined as the geometrical projection of the 
collimator opening by the radiation source on a plane perpendicular to the axis of 
the beam;

2. The irradiation field size is defined by the area in a plane perpendicular to the 
radiation beam axis defined by a specified isodose line.

An example is at the 50% level.  
This is called the Full Width at Half Maximum FWHM

TRS 483 advises that for small field dosimetry 

• field size is reported as the FWHM of the field

• This field size definition is also used for the detector perturbations and associated 
correction factors  as a function of field size.



TRS 483 Step1:     Formalism

Subscript notation used  throughout in TRS 483:

Well known TRS 398 notation used  
for the reference dosismetry:  00 Q,QQw,D,QQw, kNMD 

TRS 483 notation used 
for the same purpose:  

refrefref fff kNMD
0ref0refref Q,QQw,D,QQw, 

Now we need the application of this formalism for the machine specific reference
field fmsr



machine specific reference field
fmsr

Step 1:

10 cm x 10 cm reference field
fref

   
refrefmsr f,ffff kNMD msr

0msr0

msr

msrmsr Q,QQ,wD,QQw,  
refrefref fff kNMD

0ref0refref Q,QQw,D,QQw, 



TRS 483 Step1: Machine specific reference (msr) dosimetry
Formalism

This is the main formula in TRS 483 for the msr dosimetry:

   
refrefmsr f,ffff kNMD msr

0msr0

msr

msrmsr Q,QQ,wD,QQw, 

chamber calibration factor valid for 
conventional reference conditions!!



There are three alternative  situations and formulations:

1) A chamber calibration factor in the msr field is directly available

2) The chamber is calibrated for a conventional reference field, 
a generic beam quality correction factor for the msr field is available

3) The chamber is calibrated for a conventional reference field, 
a generic beam quality correction factor for the msr field is not available

 
msrmsr fff NMD

0

msr

msrmsr Q,wD,QQw, 

   
refrefrefmsr f,fffff kkNMD msr

msr00

msr

msrmsr QQQ,QQ,wD,QQw, 

(very rarely, not addressed here)

   
refrefmsr f,ffff kNMD msr

0msr0

msr

msrmsr Q,QQ,wD,QQw, 



TRS 483 Step1:
Code of Practice for reference dosimetry of 

machine specific reference fields fmsr

• Dosimetry equipment: Ionization chambers 

• Phantoms            (same  recommendations as in TRS 398)

• Reference conditions

• Machine specific determination of absorbed dose to water:

• Determination when the conventional fref (10 x 10 cm2) can be realized

• Determination when the conventional fref cannot be realized

• Measurement in plastic water substitute phantoms



Code of Practice for reference dosimetry of 
machine specific reference fields fmsr

Dosimetry equipment

For the msr field it is advised to use an ionization chamber calibrated in terms of 
absorbed dose to water.

The size restriction on an ionization chamber for msr dosimetry is that the outer 
boundaries of the detector are at least a lateral charged particle distance rLCPE away 
from the field edges (at 50% absorbed dose level).

For small fields with equivalent square field size equal to or larger than 6 cm × 6 cm, 
Farmer type chambers or other reference class chambers such as those listed in the 
Table 1 used. 

For small fields with equivalent square field size smaller than 6 cm × 6 cm, smaller 
ionization chambers such as those listed in Table 2 are used to ensure that the outer 
edges of the detector volume are at least a distance rLCPE away from the field edges.







Code of Practice for reference dosimetry of 
machine specific reference fields fmsr

Reference conditions

Reference conditions are machine dependent:

1. In high energy photon beams (general)

2. In high energy photon beams on cyberknife machines

3. In high energy photon beams on tomotherapy machines

4. On Gamma Knife machines 











Code of Practice for reference dosimetry of 
machine specific reference fields fmsr

Machine specific determination of absorbed dose to water
when the conventional fref (10 x 10 cm2) can be realized

   
refrefmsr f,ffff kNMD msr

0msr0

msr

msrmsr Q,QQ,wD,QQw, Basic formula:



If the conventional reference field fref = 10 cm × 10 cm can be established 
at the machine, then:

• fmsr will be replaced by fref

• beam quality Qmsr will be replaced by Q. 

    Q

ffff kNMkNMD refrefrefref  wD,Q,QQ,wD,QQw, 00msr

Tables for kQ:

For machines with flattening filter (WFF):                         Table 12  of  TRS 483

For flattening filter free machines  (FFF):                           Table 13

For the Gamma Knife: Table 14



(continued)



(continued)





Machine specific determination of absorbed dose to water
when the conventional fref (10 x 10 cm2) cannot be realized

Basic formula:

However, based on current knowledge and uncertainty estimates, it can 
be assumed that:

However, the question remains:

Which radiation quality Q has to taken??

Remember: 
A 10 x 10 cm2 field cannot be realized, however it would be required to 
determine TPR20,10(10)

   
refrefrefmsr f,fffff kkNMD msr

msr00

msr

msrmsr QQQ,QQ,wD,QQw, 

1reff,fk msr

msrQQ

   
refrefmsr ffff kNMD

00

msr

msrmsr Q,QQ,wD,QQw, 
WFF machines:     Table 12  of  TRS 483

FFF machines:        Table 13



o ow,Q Q D,w,Q Q,Q  D M N k

machine specific reference field
fmsr

TRS 483 Step 1:



Two further steps are required to arrive at Q:

1. Determination of an equivalent square msr field size, denoted as S
(see TRS 483, Table 15, 16 and 17

2. Experimental determination of TPR20,10(10)

The beam quality index Q = TPR20,10(10) 
for the hypothetical conventional reference 
field 10 cm × 10 cm is then obtained by:

 
   

 Sc

ScSTPR
TPR ,

,





101

10
10

1020

1020

where c = (16.15 ± 0.12) × 10−3

TPR20,10(S)





Code of Practice for reference dosimetry of 
machine specific reference fields fmsr

Measurement in plastic water substitute phantoms

For some treatment units, the use of water phantoms for reference dosimetry is
possible but highly inconvenient, and therefore plastic water substitute phantoms may
be necessary.

Today, there are well appropriate plastic materials:

• polymethylmethacrylate (PMMA) (Lucite)

• acrylonitrile butadiene styrene (ABS)

• Solid Water® (Sun Nuclear Corp., Melbourne, FL)

TRS 483 gives a methodology for use of plastic water substitute phantoms that
complements the dosimetry in the reference conditions.

       
plastic,wf,ff

plastic.eq

f

ref

f kkNzMzD refrefmsr

msr

msr

0msr0

msr

msrmsr QQ,QQ,wD,QQw, 

Modified basic formula:



TRS 483 Step 2:

A full dosimetrical characterization of small fields for clinical use requires not 
only the calibration of the beam under reference conditions (= step 1) 
but also the determination of: 

• field output factors, necessary for the calculation of monitor units or 
treatment time

• central axis percentage depth dose (PDD) distributions

• tissue phantom ratios (TPR) or tissue maximum ratios (TMR)

• lateral beam profiles. 

TRS 483 also provides a guide for measurements of field output factors and 
lateral beam profiles. The main aim is:

msr

msr
D f

Qw,
clin

clin
D f

Qw,

??



machine specific reference field
fmsr

Step 2:    Relative dosimetry

relative dosimetry

clinical field
fclin



Step 2: Relative dosimetry
Formalism for the field output factor

Definition of  the field 
output factor   as 
relative dose:

msr

msr

clin

clinmsrclin

msrclin D

D
,

, f

Qw,

f

Qw,ff

QQ 

 is derived as:
msr

msr

clin

clinmsrclin

msrclin M

M
,

, f

Q

f

Qff

QQ 

msr

msr

msrclin

msrclin

clin

clin
DD ,

,

f

Qw,

ff

QQ

f

Qw, 

output 
correction 

factor

Introduction of  a field output factor  :

??

This is valid  only if 
• the reading of the detector, M is directly proportional to the absorbed dose D to water
• the proportionality factor remains constant between fmsr and fclin.

Otherwise msrclin

msrclinmsr

msr

clin

clinmsrclin

msrclin

,

,

,

, k
M

M
ff

QQf

Q

f

Qff

QQ 



Step 2: Relative dosimetry: Formalism

The output correction factor                 can be determined  as: msrclin

msrclin

,

,k ff

QQ

msr

msr

msr

msr

clin

clin

clin

clinmsrclin

msrclin

DD

DD
k ,

, f

Qdet,
f

Qw,

f

Qdet,
f

Qw,ff

QQ 

detD is the absorbed dose in the 
detector medium averaged 
over the detector volume 

Methods  for determination of                      as:

• a directly measured value
• an experimental generic value 
• a Monte Carlo calculated generic value

msrclin

msrclin

,

,k ff

QQ



Step 2: Relative dosimetry: Formalism

The output correction factor                 can also be expressed by the response of a detectormsrclin

msrclin

,

,k ff

QQ

rel

ff

QQ Rk msrclin

msrclin

,

, 1

msrclin RRR rel

D

M
R 

The response R of a detectors is 
generally defined  as:

Substituting                    into                                              yields:
msr

msr

clin

clinmsrclin

msrclin D

D
,

, f

Qw,

f

Qw,ff

QQ RMD 

clin

msr,

,
R

R

M

M

msr

msr

clin

clinmsrclin

msrclin


f

Q

f

Qff

QQ

or, using



Three examples for the output correction factor msrclin

msrclin

,

,k ff

QQ

Under-response



Three examples for the output correction factor msrclin

msrclin

,

,k ff

QQ

over-response

under-response



Three examples for the output correction factor msrclin

msrclin

,

,k ff

QQ

over-response



Three examples for the output correction factor msrclin

msrclin

,

,k ff

QQ
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A Monte Carlo Study on the PTW 60019 
MicroDiamond Detector

Günther H. Hartmann & Klemens Zink
(Med Phys, conditionally accepted)



Step 2: Relative dosimetry
Suitable detectors

Ideally, a detector should have a constant response  which means Rrel = 1: 

However, there is no ideal detector with a constant response for measurements in small 
fields.

For the determination of both field output factors and lateral beam profiles, the use of two 
or preferably three different types of suitable detectors is therefore advised.

Thus redundancy in the results can provide more confidence and assurance that no 
significant dosimetry errors are being made. 

An example could be a combination of detectors with correction factors above and below 
unity (so that the product of these factors is close to one):

small air filled ionization chamber, radiochromic film      &      unshielded diode

diamond, liquid ion chamber                                                &      organic scintillator.



Suitable detectors 

Again it must be emphasized that no ideal detector exists for measurements in 
small fields.

For this reason, in contrast to the situation for reference dosimetry, it is not 
possible to advise using a particular type of detector for particular relative 
measurements. 

A wide range of detectors is described in the literature:

• vented air and liquid ionization chambers

• silicon diodes

• diamond detectors

• plastic and organic scintillators

• radiographic and radiochromic films

• metal oxide semiconductor field-effect transistors (MOSFETs)

• thermoluminescent dosimeters (TLDs)

• optically stimulated luminescence detectors (OSLDs)

• radio photoluminescence glass rods

• alanine



Suitable detectors 

If a suitable detector for the entire range of field sizes from fmsr to fclin is not available, it is 
advised to use an ionization chamber down to such a field size where the typical under-
response of ionization chambers  not yet sets in.

Such a field size is called the intermediate field, fint.

The intermediate field should be as small as possible but without small field conditions.  
A typical field size is 5 cm x 5 cm.

Following this,  one can use a suitable small field detector such as a diode only for 
measurements in smaller fields, thereby limiting the effect of the energy dependence.

Using this intermediate field method (IFM), the field output factor is obtained by:

 
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Summary

The TRS 483 CoP advises to apply the two-steps-approach:
- Standard dosimetry at the msr field traceable to PSDL
- Relative dosimetry down to clinical fields using 

suitable detectors 

Required                  values for the msr dosimetry are made 
available in TRS 483 for a variety of ionization chambers and 
machines

A variety of detectors and their response characteristics suitable 
for relative dosimetry are described.

Using the intermediate field method (IFM), one can overcome 
the problem of response changes which applies at any detector.
In particular one can avoid the considerably increasing under-
response of ionization chambers at very small field sizes.

 
reff,fk msr

0msr Q,Q


