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Chapter 1. Introduction
In 2013 IAEA published guidelines for development, validation and routine control of
industrial radiation processes:
IAEA Radiation Technology Series - 4
The aim of this training module is to supplement these guidelines with illustrated
examples in order to facilitate the implementation of international standards and a quality
management system. Radiation processing is an evolving technology, and this material
also covers emerging areas such as environmental applications.
This training module was finalized during the consultancy meeting held on 17 – 21
February 2014 at IAEA Headquarters, Vienna, Austria.
Contributors:
P.G. Benny (bennypg@yahoo.com)
B. Croonenborghs (bcroonenborghs@eu.sterigenics.com)
I. Kałuska (iwona.kaluska@yahoo.com)
A. Kovács (akovacs.iki@gmail.com)
C.D. Negut (c.d.negut@gmail.com)
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Chapter 2. Radiation Processing

Radiation Processing
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Irradiation Process
Irradiation consists of exposing a product to ionizing radiation in
order to preserve, modify or improve its characteristics.
The amount of energy absorbed by the material depends on its
mass, composition, and presentation to the radiation field.
Radiation (gamma, e-beam, X-ray) at typical energies for
radiation processing does not induce radioactivity in the
products exposed to them.
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Quantities of Interest
• absorbed dose, D – quantity of ionizing radiation energy
imparted per unit mass of a specific material
*SI unit – gray (Gy), 1 Gy = 1 J/kg
*usually is given as absorbed dose in water
• absorbed dose rate, Ḋ – absorbed dose in a material per
incremental time interval
*SI unit – Gy/s
• dose uniformity ratio, D.U.R. – ratio of maximum to minimum
absorbed dose within the irradiation container
International Commission on Radiation Units and Measurements, Inc. (ICRU)
http://www.icru.org/
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Effects of Ionizing Radiation
Ionizing radiation can modify physical, chemical and
biological properties of the irradiated materials by:
• free radicals production
• breaking of chemical bonds
• producing new chemical bonds and cross-linkage
between macromolecules
Radiation Processing
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Main components of irradiation facilities
• Radiation source
• Biological shield
• Product transport system
• Control and safety equipment
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Gamma irradiators

• Sources:
60Co - average photon energy: 1.25 MeV & half-life: 5.27 y
*used in all industrial radiation processing facilities

137Cs

– photon energy: 661.7 keV & half-life: 30.1 y

*used in small, self-contained dry storage irradiators, for irradiation of blood and insect
sterilization

• Gamma irradiators classified according to IAEA:
– self-contained irradiators: categories I and III

*designed for research and applications that need low doses (such as blood irradiation
or sterilization of insects)
*samples limited to 1 – 5 l

– panoramic irradiators: categories II and IV
*designed for full commercial scale irradiation
*several containers are typically irradiated simultaneously
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Research gamma irradiators
a

b

Self-contained gamma irradiators: a) GC-5000 (BRIT, India); b) Gammacell (Nordion, Canada)
Radiation Processing
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Industrial facility
• Pilot and industrial facilities:
o irradiation room (concrete shield: 1.5 – 2 m thickness)
o radiation source (dry or wet shielding)

Industrial gamma irradiator
Radiation Processing
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E-beam irradiators
• Classification by electron energy
– low energy, 80 keV – 1 MeV

*maximum range of penetration: 60 mg/cm2
*applications: surface curing of thin films, lamination, production of antistatic,
antifogging films, wood surface coating, surface sterilization of a pharmaceutical
component

– medium energy, 1 – 5 MeV

*typical penetration depths in unit density material: 5 – 20 mm
*applications: cross-linking, polymer rheology modification, color enhancement of
gemstones, sterilization of medical products and food irradiation

– high energy, 5 – 10 MeV

*maximum range of penetration: 50 cm at 10 MeV for 0.15 g/cm3 product density
*applications: medical product sterilization, cross-linking, food irradiation for
disinfestation and shelf-life extension, wastewater treatment, polymer rheology
modification, color enhancement of gemstones
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Low energy accelerators
• Electrocurtain type
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High energy accelerator
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X-ray irradiators
• Classification by: electron beam properties (initial
electron energy, energy spectrum, acceleration
principle), EB/X-ray converter, conveyor systems
• Characteristics:
• high penetration
• low efficiency of EB/X-ray conversion
• broad energy spectrum

Radiation Processing
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X-ray irradiators

Radiation Processing
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Principal Industrial Applications
• sterilization of health care products
• irradiation of food and agricultural products
(disinfestation, shelf life extension, sprout inhibition,
pest control, and sterilization)
• materials modification (polymerization, polymer
cross-linking, gemstone colorization, power
semiconductors)
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New Applications
• environmental remediation
• synthesis of advanced materials and products
(nanoscale radiation engineering of advanced
materials for potential biomedical applications;
radiation synthesis of stimuli-responsive membranes,
hydrogels and adsorbents for separation purposes)
• decontamination of artifacts
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Gemstone colorization

Effect of gamma (Co-60) irradiation on the colour of agate

http://en.wikipedia.org/wiki/Gemstone_irradiation
http://www.gemologyonline.com/treatment.html
http://www.minsocam.org/msa/collectors_corner/arc/gemxray.htm
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Chapter 3. Dosimetry Systems
Methods, Application, Selection Criteria

Dosimetry Systems
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BACKGROUND
•

In radiation processing (sterilization, food irradiation, etc.), validation and process
control depend on the measurement of absorbed dose.

•

Measurements of absorbed dose shall be performed using a dosimetry system or
systems having a known level of accuracy and precision.

•

The calibration of each dosimetry system shall be traceable to an appropriate
national standard.

Dosimetry Systems
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Validation and process control
To assure that
- the necessary (biological, chemical, physical) effect is achieved
and
- the radiation technology is performed safely
⇓
the RELATIONSHIP between
machine parameters
(like dwell time, position of source rack, electron energy and current, conveyor speed,
scanning width and homogeneity, etc.)

and
absorbed dose and dose distribution in the product

have to be measured and controlled with suitable dosimetry
systems.
Dosimetry Systems
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Dosimetry requirements
•

In most radiation processing applications, absorbed dose should be measured
in product by means of specific dosimetry systems (having similar radiation
absorption characteristics).

•

Dosimetry – as part of the total quality system - provides quality assurance and
documentation that the irradiation procedure has been carried out according to
specifications.

•

Accurate, traceable dose measurements provide independent, inexpensive
means for quality control in radiation processing.

Dosimetry Systems
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Dosimetry systems used in
radiation processing applications
•

Main fields of application (ISO 11137):
- process definition;
- installation qualification;
- operational qualification;
- performance qualification;
- process control;

•

Dosimetry provides documentation in the processes, if
- the measurement is traceable to a national standard,
- the uncertainty of the system is known.

•

Applied systems:
- reference and routine systems;

Dosimetry Systems
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Classification of Dosimetry Systems
a./ Based on metrological properties (E 2628 – 09, ASTM Standard):
Type I:
- dosimeter of high metrological quality; its response is affected by individual
influence quantities in a well defined way so, that it can be expressed in terms of
independent correction factors: Fricke, dichromate, ceric-cerous sulphate, ECB,
alanine/EPR.

Type II:
- dosimeter, its response is affected by influence quantities in a complex way –
cannot be expressed in terms of independent correction factors: routine calorimeter,
cellulose triacetate (CTA), Sunna, Perspex, FWT, B3, TLD, etc.
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Classification of Dosimetry Systems
b./ Based on field of application:
- Reference standard systems (type I);
Used to calibrate dosimeters for routine use, therefore high
metrological qualities, low uncertainty and traceability to
appropriate national or international standards are needed.
± 3 % (k = 2);

- Routine systems (type II);
Used for routine absorbed dose measurements (i.e. dose
mapping and process monitoring). Traceability to national or
international standards is needed.
± 6 % (k = 2);
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Classification of Dosimetry Systems
c./ Chemical and physical methods of dosimetry:
•

Chemical methods of dosimetry:
Liquid systems:
- Aqueous dosimetry systems: Fricke, dichromate, ceric-cerous;
- Organic dosimetry system: ethanol-monochlorobenzene solution;
Solid systems: CTA, Perspex, radiochromic films (FWT, B3-GEX), GafChromic, Sunna,
Alanine - EPR;

•

Physical methods of dosimetry:
Calorimeters: primary standard systems and routine calorimeters;

Dosimetry Systems
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Selection criteria
Quality control has to be based on the assurance that the process was carried
out within prescribed dose limits.
↓
This requires proper use and selection of dosimetry system.
↓
Selection criteria: More than one system may be needed
- according to the process to be controlled (i.e.: gamma, electron, X- ray, dose
mapping, routine control, ⇒ dose range);
- according to dosimeter characteristics;
(dose range, dose rate, energy dependence, cost, reproducibility, resolution,
stability, etc);
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Selection criteria

•

Determination of absorbed dose in product specific dosimeter systems;

•

The radiation absorption characteristics of the product and the dosimeter
material should be similar in terms of atomic number;
⇓
absorbed dose is material dependent.
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Dosimetry principles
Dose measurements depend on various methods (e.g.):
- Temperature increase (calorimeters);
- Colour change (Perspex, radiochromic systems);
- Free radical concentration (alanine);
- Conductivity change (ECB, aqueous-alanine solution);
- Radiation chemical oxidation (Fricke);
- Radiation chemical reduction (dichromate, ceric-cerous);
- Optically stimulated luminescence (Sunna);

Dosimetry Systems
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Dosimetry systems in radiation processing
Primary standard systems:
- Dosimeter of the highest metrological quality, established
and maintained as an absorbed dose standard by a national
or international standards organization for calibration of
radiation environments (fields);
- Application is based on measurement of basic physical quantities (ionization current
and temperature);
- Most common systems: ionization chambers, calorimeters; (primary standard
laboratories: e.g. National Physical Laboratory, UK);
- No calibration is needed;
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Dosimetry systems in radiation processing
Reference standard systems:
- Dosimeter of high metrological quality used as a standard to provide
measurements traceable to measurements made by primary standard
systems;
- These systems require calibration and are used to calibrate radiation
environments and routine dosimeters;
- Solid phase dosimetry systems :
alanine (pellet, rod, film);

- Liquid phase dosimetry systems :

Fricke solution;
potassium dichromate solution;
ethanol-monochlorobenzene solution;
ceric-cerous solution;

- Calorimeters;
Dosimetry Systems
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Alanine Dosimetry (ISO/ASTM 51607)
- EPR analysis: measures free radical
concentration;
- Dose range: 10 Gy – 100 kGy;
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FRICKE Dosimetry (ASTM E 1026)
Radiation-induced oxidation of ferrous ions, Fe(II),
to ferric ions, Fe(III), in acidic-aqueous solution:
G(Fe3+) = 1.61 x 10-6 mol/J;
Dose (Gy) = 2.74 x 102 x ∆ O.D. (25 oC).
Dose range: 30 – 400 Gy.
Spectrophotometric read-out at 304 nm.
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Dichromate Dosimetry (ISO/ASTM 51401)
- Colour change measured by spectrophotometry

(440 nm);

- Dose range: 10 – 50 kGy;
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Ceric sulphate (or ceric-cerous sulphate)
dosimeter (ISO/ASTM 51205)
Radiolytic reduction of the ceric ions (Ce4+) to cerous ions (Ce3+)
in an aqueous - acidic solution.
1. Ceric sulphate solution:
Spectrophotometric read-out: 320 nm.
Dose range: 1- 200 kGy;

2. Ceric – cerous solution:
Potentiometric read-out.
Dose range: 0.5 - 5 / 5 – 50 kGy;
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ECB Dosimetry (ISO/ASTM 51538)
- Chemical titration – reference
system:
G(HCl) = 0.6x10-6 mol/J.
Dose range: 0.05 – 100 kGy;

- Oscillometry – routine system:
non-destructive analytical method:
re-evaluation is possible years later;
Dose range: 1 – 200 kGy;
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Dosimetry systems in radiation processing
Transfer standard systems:
-

Intermediary system with high metrological qualities, suitable for transferring dose
information from an accredited/standard laboratory to an irradiation facility to
establish traceability (comparing absorbed dose measurements) ⇒ dosimetry
intercomparison exercise;

-

These systems require calibration;

-

Dosimetry systems:
- alanine;
- ethanol-monochlorobenzene (ECB);
- potassium dichromate;
- ceric-cerous.
Dosimetry Systems
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Dosimetry systems in radiation processing
Routine systems:
-

Dosimetry systems used in radiation processing facilities for absorbed dose
mapping and process monitoring.
Systems, capable of giving reproducible signals.
These systems require calibration.
Dosimeter systems:
-

Fricke solution;
Undyed systems (CTA, PVC);
Perspex (red-, amber-);
Radiochromic films
(FWT, B3 - Gex, Gafchromic, Sunna);
- ECB, ceric-cerous solutions;
- Routine calorimeters (water, graphite, polystyrene);
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Systems based on optical absorption measurement
Perspex dosimetry (ISO/ASTM 51276)
Colour change - spectrophotometry;
Dose range: 1 – 50 kGy;
Post irradiation change of signal;
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Systems based on optical absorption measurement
Radiochromic films (ISO/ASTM 51275)
Spectrophotometric readout;
GEX(B3)

FWT

Gafchromic

Dose range, kGy: 3 – 130
3 – 130
0.01 - 40
Wavelength, nm: 554
510, 605
670, 633, 580, 400
Stability:heat treatment after irradiation; packaging (UV);

Dosimetry Systems

43

Systems based on conductivity evaluation

•

Aqueous – alanine solution
(1 – 100 kGy);

•

Polyaniline based polymer
composites (5 – 150 kGy)
(in research phase);
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Systems based on fluorescent measurement
(Sunna dosimeter)
Principles:

o Colour centers (F-, M-, N-, R
centers) form due to ionizing
radiation;

Net Fluorescence for Sunna 0399-20 Dosimeter
Percent Transmission
or Intensity

o LiF dispersed uniformly in PE (1 cm
x 3 cm x 0.4 cm);
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o Red, green or IR OSL or UV
absorption used for dosimetry;
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The Sunna dosimeter
Application possibilities:
1000

o Evaluation of UV absorbance: (5
– 100 kGy);

900
800

Net Signal (fsu)

o Evaluation of green OSL :
(200 Gy – 250 kGy);

700
600
500
400
300
200
100
0

o Evaluation of IR OSL :
(10 Gy – 10 kGy);
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Systems based on optical absorption
Tetrazolium salts:
Compound:

Product λmax.

tetrazolium violet (TV)
tetrazolium red (TTC)
tetrazolium blue (TB)
nitro blue tetrazolium (NBT)

525 nm
490 nm
520 nm
522 and 612 nm

Dose range:
0.01 – 30 kGy
0.01 – 100 kGy
0.01 – 10 kGy
0.01 – 25 kGy

- heterocyclic organic compounds, which upon irradiation yield highly coloured water
insoluble formazans due to radiolytic reduction.
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Routine calorimeters (ISO/ASTM 51631)
Energy range:
•
•

1.5 - 4 MeV
4 - 10 MeV

Dose range:
- graphite (1.5 – 15 kGy), water,
polystyrene (3 – 40 kGy);

Application:
- calibration, routine dose measurements;

Dosimetry Systems
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Dosimetry systems in present practice
Dosimeter
system

Method of analysis

Useful dose range,
Gy

Nominal precision
limits

References

Fricke solution

UV – spectro-photometry

3x10 – 4x102

1%

ASTM E 1026

Ceric – cerous
sulphate

UV – spectro-photometry

103 – 106

3%

ISO/ASTM 51205

Potassium
dichromate

UV – spectro-photometry

5x103 – 4x104

1%

ISO/ASTM 51401

Ethanol-monochlorobenzene

Titration,or HF
oscillometry

4x102 –3x105

3%

ISO/ASTM 51538

Alanine

EPR spectrometry

1 – 105

0.5 %

ISO/ASTM 51607

Perspex systems

VIS – spectro-photometry

103 – 5x104

4%

ISO/ASTM 51276

FWT film

VIS – spectro-photometry

103 - 105

3%

ISO/ASTM 51275

B 3 film

VIS – spectro-photometry

103 - 105

3%

ISO/ASTM 51275

Cellulose
triacetate

UV – spectro-photometry

104 - 106

3%

ISO/ASTM 51650

Calorimetry

Resistance/temperature

1.5x103 – 5x104

2%

ISO/ASTM 51631
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Environmental effects on dosimetry systems
Dosimeter

Humidity

Dose rate
(Gy s-1)

*Irradiation temp.
coeff., (oC-1)

Alanine

yes

< 108

+ 0.15 %

Dichromate

no

0.7 – 5x102

- 0.2 %

Ceric-cerous

no

< 106

conc. dep.

ECB

no

< 108

+ 0.05 %

Calorimeters

no

< 108

-

Perspex

yes

< 105

+1%

FWT

yes

< 1013

+ 0.2 %

B3

yes

< 1013

+ 0.3 %

Sunna

no

< 1013

+ 0.2 %

* near ambient temperature
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Environmental Protection Technologies
• Industrial and municipal waste water treatment;
• Drinking water treatment;
• Flue gas treatment;
• Sludge decontamination;
• Medical waste;
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Dosimetry in Flow Systems
(Waste) Water Systems
•

Temperature measurement before and after irradiation;

•

EPR measurement of non-soluble additives (BaSO4);

•

Methylene blue bleaching;

•

Radiation induced decomposition of CCl4;

•

Aqueous-alanine solutions - conductivity measurements;

•

Thermoluminescence of sand.
Dosimetry Systems
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Chapter 4. Uncertainty of
Dosimetry Systems
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Uncertainty
• Uncertainty of measurement =
parameter, associated with the results of a measurement, that
characterizes the dispersion of values that could be reasonably
be attributed to the measurand
Evaluation of measurement data — Guide to the expression of uncertainty
in measurement

Uncertainty of Dosimetry Systems

57

Uncertainties
• Dosimetry used in the development, validation and process
control of the irradiation process shall have:
1. traceability to national or international standards
2. known level of uncertainty
• Dosimetry systems must be able to measure absorbed doses
within specified limits. The uncertainty is associated with the
measured value – the measured value has little meaning
without this consideration.
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Uncertainties

The result of a (dose) measurement is only an approximation
or estimate of the (dose) value and it is complete only when
accompanied by a quantitative statement of its uncertainty:

Absorbed dose = 27.40 ± 0.55 kGy

Uncertainty of Dosimetry Systems

59

Uncertainties
•

The uncertainty of the result of a measurement consists of several
components, which have to be investigated from calibration to routine
use.

•

Types of uncertainties:

1.
2.

evaluated by statistical methods – A type (random) (e.g. standard
deviation of the mean) – related mainly to precision (i.e. reproducibility)
of the dosimeter response.
evaluated by other means (based on scientific judgement, e.g. previous
experimental data) – B type (non-random, systematic) – related mainly to
calibration (accuracy).
Systematic errors e.g. instrumental errors (bandwidth, absorption peak
or shoulder, calibration curve „transfer”), irradiation conditions different
from calibration conditions.
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Uncertainties
• When analyzing a dosimetry measurement the overall
dosimeter uncertainty has to be calculated/estimated at a
specific confidence level by combining all sources of
uncertainties.
• A and B can be combined if they do not depend on each
other.
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Estimation of uncertainties
1. Uncertainties in preparing the calibration function
•

uncertainty in calibration doses;

•

uncertainty due to fit of calibration function;

•

uncertainty due to environmental influence factors.

2. Uncertainty in use of dosimeters
•

uncertainty due to dosimeter to dosimeter scatter;

•

uncertainty due to variation in plant environmental conditions;

•

uncertainty due to instability of dosimeter reading;

•

uncertainty due to instability of instrumentation.
Uncertainty of Dosimetry Systems
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Chapter 5. Calibration and Traceability
of Dosimetry Systems
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Factors Affecting Dosimeter Uncertainty
1.

Irradiation conditions are different from calibration
conditions:
- temperature, dose rate, relative humidity, energy
spectrum, irradiation geometry, etc.

2.

Storage conditions:
- before and after irradiation;

3.

Instrumental errors:
- absorbance and wavelength scale, scattered light, transfer
of calibration curve from one instrument to another one,
etc.
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Accuracy and Precision
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Accuracy and Precision
Accuracy:
In dosimetry it is associated primarily with a quantity,
which can be directly traceable to a primary standard system
– at calibration.
Precision:
It represents a measure of reproducibility of signal
response of the dosimeter (standard deviation/square root of
number of measurements).
Calibration / Traceability of Dosimetry Systems
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Aim of Calibration
Determine relationship between
response of a dosimeter and absorbed dose.
Influence factors:
- dose rate
- temperature
- storage (time, conditions)
- humidity
- light
Minimize effects of influence factors
by optimum calibration conditions.
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Calibration of Equipment
• All measurement equipment must be calibrated and be
traceable to national/international standards.
• Certain measurement equipment cannot be calibrated (e.g.
signal amplitude from an EPR spectrometer)
therefore
⇓
• The stability of the equipment has to be demonstrated by the
use of measurement standards (e.g. stable EPR spin
standards).
Calibration / Traceability of Dosimetry Systems
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Calibration of Equipment
- Spectrophotometer:
absorbance and wavelength scale with calibrated optical filters;
- Thickness gauge:
calibrated gauge blocks;
-Thermometers:
calibrated thermometers;
- Resistance measurement (Ohm-meter for routine calorimeters):
calibrated reference resistor;
- Hygrometers:
saturated salt solutions;
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Calibration of Dosimeters
• Irradiation of dosimeters
• Measurement of dosimeters (with calibrated instrument)
• Generation of calibration curve or response function
• Initial calibration verification, and periodically confirmation of
validity
• Traceability chain

Calibration / Traceability of Dosimetry Systems
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Calibration of Dosimeters
Dose range:
Larger dose range than intended use;
- Number of dose points (at least 4 dosimeters at each point) :
Dose range less than one decade: 5 points (at least)
- arithmetically (10 - 20 - 30 - 40 - 50 kGy);
Dose range greater than one decade: 5 points (at least) per decade
- geometrically (1 - 1.5 - 2.3 - 3.4 - 5.1 - 7.6 - 11.4 - 17 - 26 - 38 - 58 - 87
kGy);
- Batch calibration:
Each new batch must be calibrated;
Don’t use manufacturers` calibration curve - unless verified;
- Post irradiation stability: to control!
Calibration / Traceability of Dosimetry Systems
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Calibration of Dosimeters
- Primary standard dosimeters:
not required;
- Reference standard dosimeters:
by national or accredited laboratories;
- Transfer standard dosimeters:
according to class distinction requirements;
- Routine dosimeters:
in a calibration facility or in-plant;
Calibration / Traceability of Dosimetry Systems
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Irradiation of Dosimeters
1. Irradiation at a calibration facility
Irradiation of dosimeters in the reference radiation field of a calibration
laboratory (or of an in-house calibration facility) followed by “calibration
verification” in the irradiation plant.
a./ advantages
- easy to obtain full dose range;
- irradiation to accurately known doses under controlled and
documented conditions;
b./ disadvantages:
- different conditions from real use (uncertainties);
- transport of dosimeters (pre- and post-irradiation storage effects uncertainties);
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Calibration at a Calibration Facility
Calibration facility
Calibration holder
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Irradiation of Dosimeters
2. Irradiation in plant
Routine dosimeters are irradiated together with reference or transfer standard
dosimeters in “calibration phantoms” in the irradiation plant.
a./ advantages:
- calibration and production conditions are similar
(environmental conditions);
b./ disadvantages:
- difficult to obtain full dose range in certain plants;
c./ care must be taken:
- to ensure that all dosimeters irradiated together receive the same
absorbed dose

Calibration / Traceability of Dosimetry Systems
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Gamma Irradiation Phantom
- To be placed in a region
of low dose gradient;
- The effect of irradiation
temperature on the reference
dosimeters must be considered:
Teff = Tmin + 2/3 (Tmax - Tmin);
- Use of temperature labels;
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Electron Beam Phantom
- It is irradiated separately,
not in e.g. dummy product;
- Specific location on the depth
dose curve should be chosen;

The effect of irradiation temperature
should be evaluated by using the peak
irradiation temperature
Calibration / Traceability of Dosimetry Systems
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Calibration Verification
- Calibration curves prepared for routine dosimeters in a
calibration facility (or in-house calibration facility) must be
verified for the actual conditions of use in the production
irradiation facility;
- Routine dosimeters have to be irradiated together with
reference or transfer standard dosimeters to at least three
different absorbed doses;
- Absorbed dose results originating from the two types (transfer
and routine) of dosimeters must be analyzed with respect to
any systematic trends for potential corrections if needed.
Calibration / Traceability of Dosimetry Systems
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Analysis
1. Analysis of dosimeters
- use of calibrated instrumentation;
- time of analysis after irradiation (potential changes of
dosimeter response after irradiation);
2. Analysis of calibration data
- mean response and sample standard deviation;
- calculation of coefficient of variation;
3. Preparation of calibration curve
- signal = f(dose);
- evaluation of mathematical expression (e.g. calculation of
"percentage residuals") to select best fit.
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Examination of Residuals
•

Select the mathematical expression for the dose=f(signal) relationship
(e.g. lowest order polynomial);

•

Determine the coefficients of the polynomial (use individual dosimeter
points);

•

Calculate the dose for each calibrated dosimeter;

•

Calculate "percentage residuals":
((Dcalculated – Ddelivered) / Ddelivered) x 100

•

Plot "percentage residuals" against dose and examine data for any
systematic trends;

Calibration / Traceability of Dosimetry Systems

80

EXAMINATION OF RESIDUALS (example)
Calibration curve and function

Percentage residual

↓

↓
AH 4th order

y = -1,6466E-07x 4 + 5,3813E-05x 3 - 8,2926E-03x 2 + 8,5069E01x - 7,1433E-03
R2 = 9,9999E-01
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Importance of Traceability
The ability to show that a measurement is consistent with
the appropriate national or international standards
through an unbroken chain of comparison

(primary standard lab. → secondary standard lab. → routine lab.)
(verification is needed)

Calibration / Traceability of Dosimetry Systems
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NPL – National Physical Laboratory
RISO - Risø High Dose Reference
Laboratory (now belonging to
Technical University of Denmark)
EB – electron beam

Calibration / Traceability of Dosimetry Systems
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Chapter 6. Quality Management
System (QMS) Establishment

QMS Establishment
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Elements of QMS
Introduction
Any irradiation plant, even if it does not perform radiation sterilization, can document
the radiation process according to ISO 11137 that gives requirements for
development, validation and routine control of a radiation process.
Other relevant standards for quality management systems are:
• ISO 9001:2008 (for any products);
• ISO 13485:2003 (for medical devices);
• Good Manufacturing Practice (for medicinal products);
• ISO 22000:2005 (for foodstuff);
• Requirements for Validation and Routine Control, A Code of Practise (for tissue
allografts); http://www-pub.iaea.org/MTCD/publications/PDF/Pub1307_web.pdf.
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Quality is brought about by following in the daily work
procedures that are designed to prevent the occurrence of
deficiencies in the work. There are perhaps two guiding
principles to be followed in the design and use of quality
management system:
•

Write what you do, and then do what you have
written;

•

Record what has been done.

QMS Establishment
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QMS
The QMS documentation usually includes the following:
•
•
•
•
•
•
•
•
•

Quality policy and its objectives;
Quality manual;
Documented procedures;
Work instructions;
Forms;
Quality plans;
Specifications;
External documents;
Records.
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Quality Manual
•

•

A Quality Manual is unique to each organization. Guidance for development of the
manual is found in ISO/TR 10013 - Guidelines for quality management system,
documentation, ISO, Switzerland (2001)
It can be limited to include the description of the entire quality management
system including all required procedures, and the content is then:
o Title and scope;
o Table of contents;
o Review approval and revision;
o Quality Policy and Objectives;
o Organizational structure;
o References;
o Description of the quality management system, including procedures and
interaction of processes;
o Appendices (information supportive to the manual).
QMS Establishment
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Quality Manual
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QMS Procedures
The irradiation plant does not need to have a complete quality management system (QMS)
as described in ISO 9001, but only the elements that are required to control the radiation
process [§1.2.2. Note in ISO 11137-1].

•
•
•
•
•
•

•

The documentation of this elements concerns:
Procedures for development, validation, routine control and product release;
Procedures for control of documents and records [§4.2.3 Control of documents & §4.2.4
Control of records in ISO 9001 and ISO 13485];
Procedures for purchasing [§7.4 Purchasing in ISO 13485];
Procedures for identification and traceability of product [§7.5.3 Identification and
traceability in ISO 13485];
Procedures for control of nonconforming product and for correction, corrective action
and preventive action [§8.3 and §8.5.2 in ISO 13485];
Procedures for calibration and control of all equipment, including instrumentation for test
purposes, used to meet the requirements of ISO 11137-1 [§7.6 Control of monitoring and
measuring devices in ISO 13485];
Procedures for maintenance [§6.3 Infrastructure in ISO 13485].
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QMS Procedures
•

For a quality management system complying with ISO 9001 the
organisation that operates the irradiation plant shall have documented
procedures for: control of documents, control of records, internal audit,
control of non-conforming product, corrective and preventive actions.

•

For a quality management system complying with ISO 13485 the
organisation that operates the irradiation plant shall have documented
procedures for: control of document, control of records, design and
development of medical devices (if applicable), purchasing, control of
monitoring and measuring devices, feedback (if the organization put on
the market medical devices), internal audit, control of non-conforming
product, analysis of data, implementation of advisory notes (if applicable),
corrective and preventive actions.
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Procedures
•

Procedures describe in general form activities that shall be carried out and it is
important to describe who is responsible for the function and what records should
be generated.

The content of a procedure should include:
– Purpose and scope;
– The controls that must be applied;
– Authority and responsibilities;
– Description of the work that shall be performed;
– Documents and records that must be used;
– Equipment, materials and supplies that are needed for the task.
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Procedures
The Quality Manager should control all issues of procedures and
specifications. Each procedure document should be identified and numbered
with revision status. Reviews of procedures and quality documents should be
carried out at regular intervals. The master copies of the documents may be
kept on disc with a hard copy kept in the office file. A list of holders of each
document and the latest issue date can be also kept in the file with the office
master copy.
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Work Instructions
•

Work instructions describe the detailed tasks that shall be carried out to
complete the activity and gives details of how to perform and record these
tasks.

In other words what is to be done,
by whom and when.
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Forms

• Forms are documents used to record data. The form becomes
a record when data are entered.
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Control of Documents and Records
• All quality related documents shall be controlled to ensure
that essential information and any subsequent changes are
available to those personnel involved in the company
operation and processes.

QMS Establishment
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The Control Means to Establish
and Follow the Rules for:
• Review and approval of documents for adequacy prior to issue;
• Review and update as necessary and re-approve documents;
• Ensure that changes and the current revision status of documents are
identified;
• Ensure that relevant versions of applicable documents are available at
points of use;
• Ensure that documents remain legible and are clearly identified;
• Ensure that external documents are identified and their distribution
controlled;
• Prevent unintended use of obsolete documents.
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Records
• All records must be signed by the person who made the
record. In case of electronic records, the identity of the
person can be traced through password access, and a record
of any changes made should be available through the use of,
for example, an audit trail table in a database.
• All records must be stored in a manner that ensures that they
are not destroyed, for example, by fire.
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Purchasing
•

For an irradiation plant, the purchasing requirements concern only few
categories of supplies: supplies for dosimetry (including dosimeters,
equipment, calibration and maintenance services), supplies for the
irradiator (spare parts, gamma sources, services) and other supplies
directly related to the irradiation process (radiation indicators, labels,
environment control, etc.)

•

The supplies that are purchased must be specified.

A procedure should ensure that purchased product conforms to the
specifications. Suppliers must be selected based on their ability to supply
products in accordance with the specifications of the irradiation plant.
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Traceability
Traceability has two meanings:
• Traceability of the results of a measurement. This concerns
mainly the dosimetric measurement.
• Traceability of the product and/or process refers to the ability
to trace the product through the process, i.e. storage,
handling and irradiation [see ISO 9000 definition].
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Traceability of the Products
•

Traceability of the products is achieved by establishing an univocal
relationship between a certain product and the stage of the processing at
a certain moment of time. This can be done with an electronic tracking
system (using barcodes) or by designing a system of records that follows
the product path in the facility. For example, in a product tracking record
can be clearly identified the product (name, batch no, manufacturer, etc.),
the process stage (storage, loading, irradiation, etc.), the person
responsible for completion of stage and any inspections made to the
product or process. The measures established for tracing the product and
process shall be written in a procedure.
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Calibration
•

•

•

•

Detailed requirements for calibration and control of measuring equipment are
given in ISO 10012 Measurement management systems, Requirements for
measurement processes and measuring equipment, ISO, Switzerland (2003).
The instrumentation in a radiation processing facility includes dosimetry
equipment, timers, equipment for monitoring the irradiation parameters and
auxiliary systems.
The requirement for the verification of the accuracy and precision of the
instrumentation used to control, indicate or record of the irradiation process
concerns mainly the dosimetry. The absorbed dose is not the only but the most
important parameter that allows the release of the irradiated product. There are
many standards describing the use and calibration of different dosimetric systems.
All the arrangements for the control and calibration of measuring equipment
should be written in procedures. Recalibration may be included in the same
procedure.
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Non-conforming Product
•

A non-conforming product or process is product or a process applied to a
product, which does not conform to requirements. The primary criteria
used to establish that a product is non-conforming are related to the
intended use of the product. For example, a non-sterile product fails to
meet the main criteria for the intended use and is a non-conforming
product. A broken primary package makes the product non-sterile and
therefore non-conforming. An over-irradiated product is sterile but fails
the maximum dose criteria: The product is unsafe or its safety is uncertain
(depending how deep was the testing for maximum dose) and this means
the product is non-conforming.
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Non-conforming Product
• The procedures for control of product designated as nonconforming and for correction, corrective action and
preventive actions should refer both to the “tangible product”
as defined in ISO 11137-1 and to the “irradiation process”. For
example, in case of a process interruption the product may be
conforming with all the criteria but the process is nonconforming. The delay in delivery of the products to the
customer can be a non-conformity of the irradiation service
for the contract irradiator.
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Non-conforming Product
•

•

•

•

•

Product identified as potentially having received a non-conforming treatment during
the irradiation process shall be isolated from other product until any investigation into
the apparent non-conformance has been completed and the product is cleared.
Potential non-conforming products may be identified through the process parameters,
results of routine dosimetry measurements or evident damages indicating the process
was not correct.
Subsequent investigations then can focus on the suspected non-conformance. If
indeed a non-conformance is confirmed, then the customer may authorise particular
routes of action to be taken.
That could be disposal of the product or release under some concession (subject to
further examination by the customer’s own personnel, for example). If the process
delivered a dose below the required dose, then a further irradiation may be scheduled
to give an appropriate “top-up” dose. All such investigations and actions shall be
recorded.
The investigations should identify whether any corrective action should be taken.
Corrective action is designed to prevent (or at least reduce the frequency of) a
recurrence of such a problem following the same or similar circumstances arising in
the future.
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When a Non-conformance Is Identified
There Are Two Kinds of Actions:
o To apply a correction (repair action) that will eliminate the
effects of the non-conformance (repair the damage);
o To apply a corrective action that will eliminate the cause,
and will avoid the recurrence of the same nonconformance.
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Preventive Action
• It is also possible to undertake preventive action. For
example, regular maintenance can eliminate the
causes, or reduce the frequency, of potential nonconformances before they actually happen in order
to prevent their occurrence.
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Internal Audit
Internal audit is a systematic, independent and documented process with
the purpose to verify that you are really doing what you have written and
the records what has been done can really prove this. (If something is not
written down – it never happened!).
• Internal audits should be performed in such way that each area of the
organization and each process identified by the organization as being
important for its operation will be audited at least once in a certain period
of time (often but not necessarily one year). Top management should be
aware of the audit program and should approve it.
• Detailed guidance on the performance of the audit and requirements for
the qualification of the audit team are available in ISO 19011.
•
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Internal Audit
Each audit should have an Audit plan, formally agreed by both parties.
Responsibilities should be defined in the audit procedure. Beside other
forms and records (audit plan, questionnaire/checklist, meeting records,
nonconformity report/action plan) the findings, conclusions and
recommendations of the audit should be summarized in an Audit report.
The results of the audits, including the follow up corrections, corrective or
preventive actions and their efficacy should be analyzed periodically.
• The top management of the organization may decide to use the internal
audit as a management tool: different departments can audit each other
and this will give to the personnel a better understanding of the entire
activity of organization and will be much easier to conciliate the
disagreements.
•
•
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ISO 9001
•

Quality management systems – Requirements, ISO, Switzerland (2008)



EN ISO 9001:2008 promotes the adoption of a process approach when
developing, implementing and improving the effectiveness of the quality
management system, to enhance customer satisfaction by meeting
customer requirements.



Customers play a significant role in defining requirements as inputs.
Monitoring of customer satisfaction requires the evaluation of information
relating to customer perception as to whether the organization has met
the customer requirements.
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ISO 13485
Medical devices, Quality management systems, Requirements for regulatory
purposes, ISO, Switzerland (2012)


This Standard specifies requirement for a quality management system
where an organization needs to demonstrate its ability to provide medical
devices and related services that consistently meet customer
requirements and regulatory requirements applicable to medical devices
and related services.



The primary objective of this Standards is to facilitate harmonized medical
device regulatory requirements for quality management systems. As a
result, it includes some particular requirements for medical devices and
excludes some of the requirements of ISO 9001:2008 that are not
appropriate as a regulatory requirements. Because of these exclusions,
organizations whose quality management systems conform to this
Standard cannot claim conformity to ISO 9001 unless their quality
management systems conform to all the requirement of ISO 9001.
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GMP
• Quality assurance in development, manufacture and contol of
medicinal products.
• EUDRALEX - EUROPEAN UNION GOOD MANUFACTURING
PRACTICE, The rules governing medicinal products in the
European Union, Guidelines 4 GMP,
http://ec.europa.eu/enterprise/sectors/pharmaceuticals/documents/eudralex/vol
4/index_en.htm
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ISO 13485 (§ 4.2.3 Control of documents)


A documented procedure shall be established to define the controls
needed
 To review and approve documents for adequacy prior to issue,
 To review and update as necessary and re-approve documents,
 To ensure that changes and the current revision status of documents
are identified,
 To ensure that relevant versions of applicable documents are available
at points of use,
 To ensure that documents remain legible and readily identifiable,
 To ensure that documents of external origin are identified and their
distribution controlled, and
 To prevent the unintended use of obsolete documents, and to apply
suitable identification to them if they are retained for any purpose.
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ISO 13485 (§ 4.2.4 Control of records)




A documented procedure shall be established to define the controls
needed for the identification, storage, protection, retrieval, retention time
and disposition of records
The organization shall retain the records for a period of time at least
equivalent to the life time of medical device as defined by the
organization, but not less than two years from the date of product release
by the organization or as specified by relevant regulatory requirements.
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ISO 19011:2011 Auditing
• A critical part of the implementation of a management
system, these guidelines cover auditing principles, audit
activities and development of suitable criteria for auditor
competence.
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Chapter 7. Validation Process:
IQ, OQ, PQ

Validation Process: IQ, OQ, PQ
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Irradiator Specification

Operational Qualification
(OQ)

Installation Qualification
(IQ) + Software validation
Demonstrate irradiator
specifications are met
(installation in accordance with
agreed upon specifications
between vendor and operator
of the irradiator)

Gamma
No dosimetry
Examples: sources installed,
Source rack moves properly,
conveyance

E-beam
Characterisation of beam

Schematic Overview

Characterize dose delivery of the
Irradiator under baseline conditions:
Dose magnitude, distribution and reproducibility

Performance Qualification
(PQ)
Establish process for irradiation
of product within
predescribed limits

Gamma
1)
2)
3)
4)

Fully loaded irradiator with single density
Mixed densities in the irradiator
Incomplete load configurations
Process interruptions

Process specification

E-beam
1)
2)
3)
4)

Validation Process: IQ, OQ, PQ

Surface dose profile
Dose distribution (3 dimensions)
Dose versus process parameters
Process interruptions
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Installation Qualification (IQ)
of an electron beam irradiator
Characterisation of the electron beam
 Position and shape of the beam spot (ensure product surface is covered)
 Electron energy
 Scan width and uniformity

Involve dosimetry

 Beam current
Methods in
ISO/ASTM 51649
Note: beam profile needs to be characterised at multiple distances from the conveyor

Validation Process: IQ, OQ, PQ
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EXAMPLE: Beam width characterisation
77 cm
electrons

59 cm

Setpoint
60 cm width

32 cm

Mark with pen at distance 25 cm (so peak not related to dose delivery)
Validation Process: IQ, OQ, PQ
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EXAMPLE: Beam spot characterisation
(Direction of product travel)

Marks made with a pen on the dosimeter strip (so peaks not related to dose)

electrons

77 cm

32 cm

0 cm equals a
beam that is
aligned with the
vertical axis
Validation Process: IQ, OQ, PQ
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EXAMPLE E-Beam energy measurement
electrons

Aluminum wedge

B3 dosimeter
Based on descending slope e-beam energy can be calculated (ISO /ASTM 51649)
Validation Process: IQ, OQ, PQ
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Operational Qualification of a Gamma Irradiator
1) “Standard operating conditions” i.e. Irradiator filled to design capacity with a
material of homogeneous density
Dose distribution study
 At least 2 different runs, each with a different density (“low” and “high”)
 At least 3 irradiation containers in each run
 3-dimensional dosimeter grid
DUR as function of density (compare with specification)
Min and Max dose zone identified as function of density
Dose magnitude study (scalability with timer setting or conveyor speed)
Dose rate as function of density (throughput, compare with specification)
Variability of dose delivery
2) “At or beyond Standard operating conditions” of the irradiator
Impact of density mixing on dose magnitude and distribution
In the same run or even in the same irradiation container
Incompletely filled irradiation containers
Process interruptions

Validation Process: IQ, OQ, PQ

Compare results
with those of 1)
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Impact of density mixing on
dose magnitude and distribution

...

...

Low density (or empty as worst case) followed by high density
Dose map at least their interfase

Validation Process: IQ, OQ, PQ
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Incompletely filled irradiation containers

Partially filled irradiation container
Dose map their interfase

Validation Process: IQ, OQ, PQ
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Process interruption study
in a gamma irradiator
 Cycle source between fully up and fully down (multiple times)
 Single material of a homogeneous density is typically sufficient
 Irradiation containers adjacent to the source plane (various positions might be needed)
 Response of dosimeter might be influenced by fractionated exposure

Validation Process: IQ, OQ, PQ
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Operational Qualification of e-beam irradiator
For all pathways (including single – double sided exposure, different beam energy)
1) “Standard operating conditions” i.e. Irradiator filled to design capacity with a
material of homogeneous density
Surface dose map
Demonstrate whole surface is effectively irradiated
Dose distribution study
 At least 1 density
 At least 3 irradiation containers for each density
 3-dimensional dosimeter grid
DUR (as function of density)
Min and Max dose zone identified as function of density
Dose magnitude study (scalability with process parameters)
Variability of dose delivery
2) “At or beyond Standard operating conditions” of the irradiator
Edge effects

Product irradiated as a single entity

Process interruption study
All scenarios for interruption need to be included in the test program
Validation Process: IQ, OQ, PQ
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EXAMPLE: Dose versus
process
parameters at an
electron beam facility

Validation Process: IQ, OQ, PQ
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EXAMPLE: Dose magnitude and distribution
in homogeneous material (2-sided exposure)

40cm high 0.15 g/cc stack of homogeneous material
10 MeV electron beam
Irradiation from 2 sides
Validation Process: IQ, OQ, PQ
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EXAMPLE: Dose magnitude and distribution
in homogeneous material (1-sided exposure)

0.15 g/cc stack of homogeneous material
10 MeV electron beam
1-sided irradiation
Validation Process: IQ, OQ, PQ
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Process interruption study in e-beam irradiator






Location closest to the scanhorn
1-dimensional dosimeter strip in direction of product conveyance
Response of dosimeter might be influenced by fractionated exposure
Test all possible sources of interruptions e.g. accelerator, conveyor, safety, electrical
Irradiation parameters at the extremes of operating conditions e.g. highest speed
EXAMPLE: Accelerator interruption at maximum of
conveyor speed

Validation Process: IQ, OQ, PQ
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Performance Qualification, GOAL
Determining dose delivery characteristics to product in a defined load configuration and
for a specified process flow
Acceptance criteria
 Minimum and maximum dose zone determined
 Variation of dose delivery characterized
 Process capability for meeting specified dose range is assessed
 Process monitoring practice established

Validation Process: IQ, OQ, PQ
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Performance Qualification, METHOD
Select a Product Load Configuration and a Process Flow based on
• Product Dose Requirements
• Irradiator Operational Qualification
• Processing Efficiency
Select a Performance Qualification dosimeter grid based on
• Operational Qualification Dose Distribution Characteristics
• Additional Locations to Account for Product Heterogeneity
• Product Load Configuration / Orientation (partial fill of irradiation container)
• Consideration of Routine Monitoring Practices
Write protocol and get it approved by all parties
Execute
Analyse data
Write report and get it approved by all parties
Validation Process: IQ, OQ, PQ
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Process specification
The process specification includes
 Description of packaged product (dimensions, weight, orientation in shipper) and
acceptable variations
 Loading pattern(s) in the irradiation container
 Conveyor path, process flow including lead / trail product if required
 Setpoints and tolerances on irradiator parameters
 Dose range of the product
 Temperature restrictions
 Restrictions on time between end of manufacturing and completion of irradiation
 Process monitoring position, monitoring frequency and acceptance criteria
 Any required re-orientation for multiple exposure

Validation Process: IQ, OQ, PQ
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References:
- IAEA Guidelines for development, validation and routine control of industrial radiation
processes
- ASTM 51649 Practice for dosimetry in an electron beam facility for radiation
processing at energies between 300 keV and 25 MeV
- ASTM 2303 Standard guide for absorbed dose mapping in radiation processing
facilities
- AAMI TIR 29 Guide for process characterization and control in radiation sterilization
of medical devices
- ISO 11137 series

Validation Process: IQ, OQ, PQ
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Chapter 8. Routine Process Control

Routine Process Control
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Radiation Processing Facility
Qualified and experienced
personnel
Quality manual
(Procedures, work instructions)
Quality

Processing record
Products for irradiations
manufactured as per GMP
Adherence to regulatory
requirements, standards & guides

Routine Process Control
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•

Processing category

•

Product(s) covered by the specification

Dimension

•

Description of packaged product

Density

•

Loading pattern(s)
Conveyor path
Maximum acceptable dose

Orientation

•
•
•
•

Process
specification

Routine Process Control

Minimum required dose
Routine dosimeter monitoring position

•

Relationship between the dose at the monitoring
position and the minimum and maximum position

•

For gamma irradiators, timer setting / conveyor speed
shall be adjusted taking into account radionuclide
decay

•

For electron beam, the irradiation parameters and
acceptable limits

•

For products that support microbial growth, the
maximum interval of time between manufacture and
completion of irradiation

•

For product that is to be given multiple exposures to
the radiation field, any required re-orientation.
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Radiation Processing of Product
Receipt and inspection of the
product

Product storage

Routine dosimetry

Product processing

Product release

Post irradiation inspection

Routine Process Control
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Receipt and Inspection of the Product
The product that has been sent for irradiation is
validated for the process
The identity of the product matches the description in
the documentation (name, batch number)
External dimensions of package as per specified
acceptance criteria and properly sealed.

Check for

Packaging made of specified material
Any signs of damage or spoilt or wet on package
observed
Package over packed or bulged
The amount of material to be irradiated matches with
the amount described in the paperwork (purchase
orders or delivery note).
Weight of package as per specified acceptance criteria

If accepted
Routine Process Control

Paper work (customer order and order processing) traceable
to each consignment of product should be available.
Provide unique number identifying each product.
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Product Storage
Store un-irradiated product in an area
isolated from any irradiated product

Storage
condition

Provide physical separation between
un-irradiated and irradiated products
Keep storage conditions appropriate
for the product being irradiated
Pest control if required

Record the storage environment (if required) as a part of the
processing records for the product
Routine Process Control
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Product Processing
Scheduling the irradiator
Loading the product on the irradiator
system

Product processing
stages

Unloading the irradiated product from
the system
Final inspection – checking routine
dosimeters & stored process parameters
Separate any non-conforming products
Approval for release
Dispatch to the customer

Paper work traceable to each stage of processing for each consignment
of product through the irradiator should be available and signed off.
Routine Process Control
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Product Loading for Irradiation
Use approved loading configurations specified in approved and
documented procedures

Customer name

If required, place
identification labels
indicating

Unique number
Date of receiving the product
Date of completion of
Radiation processing
Reference number

If required, place radiation sensitive indicators
Routine Process Control
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Placement of Routine Dosimeters for
EB Irradiator
At predetermined routine
monitoring position
Place the routine
dosimeters
Dosimeters are typically placed
at the beginning and end of
each run of a particular
processing category.

Routine Process Control
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Check-list While Loading
Details on the package matches with that of
documents
Total number of packages matches with the
number specified in the document

Check for

Unique ID number on the label of the package
matches with the document
All the boxes are pasted with labels
All the boxes are provided with radiation
sensitive indicators (if required) and it is in
specified colour
Dosimeters are placed in the specified positions

Routine Process Control
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Placement of Routine Dosimeters for
Gamma Irradiator
At predetermined routine monitoring position

Place the routine
dosimeters

Dosimeters are typically placed at the beginning
and at the end of each run of a particular
processing category
The frequency should be sufficient to verify that the
process is in control
At least one dosimeter is always present in the
irradiator at all times

Routine Process Control
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Dosimeter Details
Unique ID of dosimeters

Record details of

Positions of dosimeters (including
irradiation container and/or package)

Date and time of irradiation

Routine Process Control
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Irradiation Process Control
Control and monitoring of process parameters

Routine product dosimetry

Important elements
of process control
Document process interruptions, if any

Product integrity

Routine Process Control
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Control & Monitor - Process Parameters for Electron Beam
Product
Characteristics

Process parameters
Set the processing
parameters as
established during
performance
qualification

Product loading
on conveyor belt
Irradiator
condition

• Size
• Bulk density
• Heterogeneity
• Loading pattern
• Product path
• Multi-sided exposure
• Number of passes
Beam Characteristics
• Beam energy
• Average beam current
• Pulse beam current

Operating
parameters

Routine dosimetry

Material handling
• Conveyor path
• Conveyor speed

Record & document process parameters

Beam dispersion
• Scan width
• Scan frequency

Routine Process Control
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Control & Monitor - Process Parameters for Gamma Irradiator

Process parameters
Set the processing
parameters as established
during performance
qualification

Product
characteristics

• Size,
• Bulk density
• Heterogeneity

Product loading

• Loading pattern

Irradiator
parameters

Source activity
Source geometry
Irradiation geometry
Process paths

• Source position

Operating
parameters

Routine dosimetry
Record & document process parameters
Routine Process Control

•
•
•
•

• Irradiation /
Dwell time
• Conveyor speed

Adjust for
radioactive
decay

• Product loading
configuration
• Movement of
containers
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Process Interruptions
cause of the interruption
Evaluate for
effect on the quality of
the product

Correct the cause of the interruption
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Post-irradiation Handling of Product
Irradiated product is unloaded from an
irradiator to a separate location from the one
which is used for un-irradiated product

Ensure that
Full trail of traceable records for the product
with unique identification labels
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Check While Unloading
Radiation sensitive indicators on all the
packages changed its colour after the
irradiation, if applicable
Dosimeters are retrieved from the irradiation
container
Check for

The retrieved dosimeters are kept in specified
locations
The unique ID on the unloaded packages
matches with the number in the document
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Record of Routine Dosimetry
Date and time for starting the irradiation
Date and time for ending the irradiation
Absorbed dose at routine monitoring position
Record
Name and signature of the person responsible for
measurement
Names and signatures of the person responsible
for verification and certification
Dosimetry report number
Routine Process Control
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Post-irradiation Inspection
Irradiation damage
Inspect the
product for
Machine damage

Dosimetry results

Routine Process Control

Compare with expected and
validated range (taking into account
of uncertainty)
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Product Release
Irradiated for specified irradiation period

After the approval as
conforming to the
requirements from
the record of

Product received specified irradiation dose
(from routine dosimetry results taking into
account of uncertainty)
All radiation sensitive indicators changed
colour, if applicable
Investigated for any non-conform product
and approval
The documents has been duly filled, signed
by operating personnel and quality control
officials

Routine Process Control

155

References
Guidelines for the Development, Validation and Routine Control of Industrial Radiation
Process.
IAEA Radiation Technology Series No.4 (2013)
ISO 11137:2006 “Sterilization of Healthcare Products – Radiation”
Part 1: Requirements for development, validation and routine control of a sterilization
process for medical devices
Part 3: Guidance on dosimetric aspects
Trends in Radiation Sterilization of Health Care Products. IAEA, STI/PUB/1313 (2008)
ISO/ASTM 51649 Standard Practice for Dosimetry in an Electron Beam Facility for
Radiation Processing at Energies Between 300 keV and 25 MeV
ISO/ASTM 51702 Standard Practice for Dosimetry in Gamma Irradiation Facilities for
Radiation Processing
ISO/ASTM 51261 Standard Guide for Selection and Calibration of Dosimetry Systems for
Radiation Processing
Routine Process Control

156

Chapter 9. Maintaining
Process Effectiveness

Maintaining Process Effectiveness

157

Maintaining process effectiveness
DEMONSTRATION OF CONTINUOUS EFFECTIVENESS

RECALIBRATION

MAINTENANCE

REQUALIFICATION

CHANGES AND RISK ASSESSMENT
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Demonstration of continuous
effectiveness
•

It will be needed:
o To monitor that initial properties of the product, established in
Product definition (ISO 11137 - 1, clause 7), are maintained within the
specified limits. This can be done by testing of the product before
irradiation. For radiation sterilization, the initial bioburden of the
product must be monitored and controlled;
o To monitor that the specified doses, established in Process definition
(ISO 11137 - 1, clause 8), still produces the desired output.
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Recalibration
•

Verification / recalibration of the instrumentation used to control, indicate or
record the irradiation process must be performed periodically.

•

For maintaining process effectiveness, it is important to establish a proper
verification / recalibration interval. For the dosimetry, this will depend on the
dosimetric method and instruments. At the beginning, information on the
characteristics of the dosimetric system is usually limited to what is supplied by
the manufacturer. For some general-purpose instruments, which may have a
significant contribution to the overall uncertainty of the measurements
(spectrophotometer, micrometer, thermometer, etc.), the guidance about the
recalibration intervals may be found in general laboratory standards and practices.
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Recalibration
•

In gamma irradiators employing electronic timers will need a regular verification (PC,
PLC); this can be included in the weekly or monthly maintenance of the irradiator.
When time is a critical parameter the checks and corrections should be done against
a calibrated timer.

•

At E-beam irradiators it is necessary to verify equipments monitoring and controlling
the beam parameters. Directions for the verification / recalibration interval of gauges
(such as voltmeter, ammeter, timer) should be given in the qualification report or
procedures of the irradiator. For usual equipments, the guidance can be found
elsewhere (yearly recalibration or metrological check – verification required by legal
metrology). Since the qualified condition of the irradiator should be maintained,
verification / recalibration of equipments should be part of irradiator requalification.
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Recalibration
•

For industrial purpose scales (that may be used to check the weight of the
product) an annual metrological verification should be enough. All other
equipments providing data for monitoring the operation of the irradiator
(pressure, vacuum, etc.) can affect the quality of the irradiation only in case of
failure of the equipment, but there are safety and maintenance requirements that
may require periodical verification / recalibration.

•

In case of failures in verification of the instrumentation or significant differences in
recalibration results, it should be investigated if the previous results of the
measurement were affecting the conformity of the products processed.
Corrections and corrective action may be needed.
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Maintenance

Corrective

Preventive
actions

Daily
inspection

Periodical tests

Maintaining Process Effectiveness

actions

Monitoring
operating
parameters

Routine
maintenance

General
maintenance
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Maintenance
•

•

It is important to establish a proper maintenance program for the prevention of malfunctions
that may lead to a non-conforming product. This includes not only the radiation source
equipment but also the product transport and handling equipment. Equipment malfunctions
may lead to damage of the product package and to under- or over-irradiation of the product
(the most common situations of non-conforming product).
Preventive maintenance is achieved by scheduling the replacement of some worn parts
before failure and usually is related to the number of working hours of the equipment.
o Personnel with appropriable level of skills and authority should perform regular
inspection of the irradiator. The inspection will consist mainly in checking of equipments
and observation of working equipment. Modern equipment has automatic monitoring
and recording of multiple parameters but this should not substitute the human skills.
The personnel performing this task should have the authority to stop the process, to
bring the case to the management and to ask for unscheduled maintenance;
o Periodical tests are included in the preventive maintenance if accompanied by servicing
(adjustments, tightening, lubricating, replacements etc.) recommended by the
manufacturer;
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Maintenance
o Monitoring of operating parameters may improve the efficiency of the
replacement of parts through the predictive maintenance. The remaining
number of working hours can be estimated for components with known
ageing/wearing behaviour or by the measurement of certain characteristics.
Most of the irradiators have means for recording the number of working hours
or other parameters (number of boxes, etc.). The difficulty for establishing a
proper system of predictive maintenance is given by the radiation effects,
especially in gamma facilities, where the source activity will not be the same
over the years. After a while, the irradiator will have its own history and the
prediction of the remaining number of working hours can be improved.
Corrective maintenance or "repair" is conducted to get the equipment
working again.
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Maintenance
o Routine maintenance comprises simple tasks, mechanical and electrical works,
for the care and replacement of minor components. Attention should be given
to the spare parts list provided by the manufacturer (it may need to be
improved) and to the spare parts supply. Routine maintenance is a good
candidate for “total productive maintenance”: the plant operators perform
much (sometimes all) of the routine maintenance tasks themselves. Plant
operators with mechanical and/or electrical background can perform routine
maintenance with a minimal specific training;
o General maintenance includes major repairs, modifications or upgrades. Since
few irradiators can afford to keep highly specialized maintenance personnel, it
has to be outsourced, usually to the manufacturer of the equipment.
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Requalification
•

ISO 11137-1 gives a set of comprehensive lists with reasons for requalification and
actions to be performed (tables A1 and A2 in ISO 11137-1). For all radiationprocessing applications, it is important to know that dose distribution may change
from several reasons:
o Changes to the radiation source: addition, removal, reconfiguration of isotope,
replacement of source cables, redesign of the source drive system, redesign of
the source rack system, accelerator mechanical alignment, steering or focusing
magnet systems, bending magnet systems, beam current monitoring system,
scanning magnet system;
o Changes to the product transport system: carrier/irradiation container
redesign, removal or relocation of overhead conveyor inside irradiation cell,
removal or relocation of stop units (product exchange units, units defining the
standing position of tote-boxes or carriers) in the critical product path or
outside of the critical product path, redesign that affects the source to product
distance, conveyor speed monitoring and/or control circuitry.
Maintaining Process Effectiveness

167

Requalification

•

Generally, the requalification will have two components:
o Verification of components, systems or instruments changed or
possibly affected by the change;
o Dosimetry measurements, including dose mapping.
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Requalification
•

The requalification should be a repetition of a part of initial IQ and OQ tests with
the purpose of regaining the trust in the irradiation equipment. In most cases, this
will not require the development of new testing protocols. For minor or periodical
changes, the requirements for installation testing, documentation, equipment
testing and calibration may be included in the maintenance procedure.

•

The requalification intervals, the extent of the requalification and the testing
protocols can be specified in a requalification procedure. If there are long periods
without any change that requires a requalification (tables A1 and A2 in ISO 111371), a periodical requalification is required. Because of the wearing of the
components, irradiation parameters may change and modify the “qualified” status
of the equipment.
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Requalification
•

The purpose of operational requalification is to demonstrate that the irradiator maintains the
consistency of dose delivery. Performance requalification is required only when operational
requalification reveals differences from the initial OQ status If the operational requalification
(dose mapping with “dummy” products) will provide enough evidences that initial “qualified”
OQ status is maintained, there may not be needed a performance requalification (dose
mapping for the actual product). However, a review of the PQ status should be performed
periodically for all the product processing categories.

•

The results of requalification is described in a requalification report, containing references to
all the primary data, including the dose maps and shall be retained in accordance with the
requirements established for control of records. The report should establish the “qualified”
status of the equipment and should be issued by competent personnel.

•

All the data obtained from dose mapping and other requalification tests should be kept and
analysed. They can be used to determine if a requalification in a certain situation is required
and the extents of requalification. After a while during the operation and experience with
different products and loading patterns, a skilled dosimetrist can provide the input for taking
these decisions.
Maintaining Process Effectiveness

170

Daily shift maintenance record
Date & shift

Personnel on duty - time in &out with signature

Record various operational parameters such as
conveyor speed, cycle time, running time of the
irradiator, total number of packages transferred

Record
of

System
Condition

Shut down
details
Maintaining Process Effectiveness

Technical details of each equipment employed for
operation (exhaust fan, hydraulic motor,
recirculation pump, etc) and values of other
monitoring instruments such as survey meters,
contamination monitors, conductivity, hydraulic
pressure recirculation water temperature, pH, etc
Record shutdown details with time.
Record reason for shut down
Record action taken
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Record for review and approval
Certificate for delivery of the dose to the
product for each production run.

Record of

Names of authorized personnel who issued the
certificate

Periodic audits
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A method for statistical control of
processes in radiation facilities
http://www.irradiationpanel.org/documents/1334329302.pdf
•

This Method of Statistical Process Control takes account of dosimetry and process
uncertainties to derive a target dose for each type of product and removes the
need to build in estimated “safety factors”. Once a target dose has been
established, the process can be monitored with dosimeters to ensure that
deviations from this dose are within the range that would be expected from prior
knowledge of plant and dosimeter performance.

•

The Method assumes that the process can be set up in such a way that the dose to
product can be predicted and the observed variation from this prediction will be
due to quantifiable random effects. This is generally the case for electron beam
irradiators that treat a single container at a time, but will be more difficult to
achieve with gamma irradiators in which the dose is dependent not only on plant
parameters, but also on the nature of other product within the irradiator.
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Changes and risk assessment
•

The assessment of changes is required in ISO 11137-1 [clause 12.5] but GMP specifically asks
for the control of changes in the form of a written procedure. Risk management is mentioned
in ISO 11137 but is required by many quality management references (GMP, ISO 13485 and
ISO 22000). Because of the intrinsic relationship between the concepts of “change” and
“risk”, a single procedure can describe the control of changes and the risk management. The
assessment of changes and risk assessment will be used by the clients from the fields
mentioned above as part of the control of the entire manufacturing process.

•

Tables A1 and A2 from ISO 11137-1:2006 gives examples when the change assessment for
the irradiator is needed, in a direct relationship with requalification requirements. The list is
not exhaustive, but can be extended with other type of changes concerning the whole
irradiation process: organisational changes, changes in personnel and/or responsibilities,
changes in production structure, etc.

•

The responsibility for the correct identification of changes and for the need of risk
assessment should remain on the executive level of the irradiator staff. The assessment of
changes shall be recorded and shall be retained in accordance with the requirements
established for control of records.
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Risk management
• The risk management guidelines developed for radiation
sterilization ISO 14971 Medical devices – Application of risk
management to medical devices, Geneva (2012) can be used
for any other non-medical radiation process with benefits for
reducing the overall risk of the business.
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Risk management reduces risk,
but the threat remains the same
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Risk management
Risk is generally referred to the probability of harm or damage together with the
related consequences.
According to ISO 14971, the risk has two components:
o The probability of occurrence of harm;
o The consequences of that harm, i.e. how severe it might be.
The risk management is characterized by four phases of activities:
o Determination of acceptable levels of risk;
o Risk analysis;
o Determination of risk reduction measures;
o Risk control and monitoring activities, including risk communication.

Maintaining Process Effectiveness

177

Risk management
•

The first step in analyzing risk is describing what kind of situations and related risk
can arise during every stage of the process being evaluated. Such scenarios
description generally utilizes results of teamwork such as brainstorming and
discussion. The team goal is focused on identifying and describing the situations
potentially involving harm including their characteristics and origin. When
evaluating hazardous situations, the following elements must be considered:
materials, performance, premises, documentation and personnel.
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Risk management
•

The identification of the kind of hazard which can occur at the irradiation plant
premises should be performed by answering questions such as:
o What can happen at a sterilization plant that may have influence on dose
which was agreed with customer?
o Who can perform the process incorrectly?
o How can it happen?
o When may hazards occur?

Maintaining Process Effectiveness

179

Risk management
•

The areas inside the radiation processing facility where there may be identified
risks leading to hazardous situations for the products include: packaging damage
during transportation, irradiation measurement errors, irradiator failures,
irradiation process itself. The risk analysis should take into account the probability,
consequence and detectability for each of them.
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Risk management
•

The safety and effectiveness of medical devices demands co-operation among the
stakeholders such as the manufacturer, the vendor, the user, the public and the
government. It has to be a communication among these parties because they
share responsibility during the whole life cycle of medical device.

•

Manufacturer during conception and design, manufacture, packaging and
labelling, vendor during advertising and sale and user during use and disposal.
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Chapter 10. Possible Audit
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Dosimetry & Uncertainty
1. Is your dosimetry system traceable to a national standard
through unbroken chain of comparisons?
2. Do you have a procedure for periodic verification of the
calibration curve for your routine dosimetry system?
3. Do you have an uncertainty budget for your routine
dosimetry system?

Possible Audit Questions

183

Quality Management System
1. According to what ISO standard is your QMS established?
2. Is there an established and implemented procedure for the
control of documents?
3. Are internal audits planned? Is there a procedure in place?
4. Is there a documented procedure for the control of nonconform product?
5. Are there in place procedures for corrective and preventive
actions?
Possible Audit Questions
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IQ-OQ-PQ
1. Do you have a signed record on file stating all the
characteristics of the irradiator?
2. Have you during IQ / OQ verified characteristics of the
irradiator as they are mentioned in that signed record with
specifications?
3. Did PQ cover all scenarios of processing the product (partially
filled cartons, partially filled irradiation containers, ...) ?
4. Is the outcome of PQ detailed in a process specification? Is it
sufficiently detailed and signed by contract irradiator and
product manufacturer?
Possible Audit Questions
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