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Résumé

La mammographie est une technigue d’'imagerie pamsax, considérée comme la technique
actuelle la plus efficace pour dépister le cancerséim a un stade précoce. A cause des
risques de carcinogenése induite par les rayonnsmssociés a I'examen par rayons X, il est
donc essentiel de réaliser un étalonnage prédaisiteau de rayonnements afin de réduire au
maximum la dose de rayonnement délivrée au seatant et d’obtenir la meilleure qualité

d'image possible. L'étalonnage du faisceau de rayorest effectué avec des chambres
d’ionisation, instruments du commerce qui doivetne ¢réalablement étalonnées dans des
laboratoires d’étalonnage de référence, de préféreians le méme type de faisceaux de

rayonnements que celui utilisé pour le diagnostic.

Dans un pays donné, les laboratoires d'étalonnageréfi€ence en dosimétrie des

rayonnements sont généralement rattachés au laberaaitional de métrologie ; ce sont des
laboratoires de référence primaires ou seconddeedosimétrie. Les laboratoires primaires
vérifient I'exactitude de leurs mesures conduitescades étalons primaires en participant a
des comparaisons internationales alors que lesdtaims secondaires, détenteurs d’étalons
secondaires, doivent procéder a la caractérisddeurs instruments de référence.

Afin de répondre aux besoins des laboratoires nati® de métrologie le Bureau international
des poids et mesures (BIPM) maintient des étaleng®férence stables pour la dosimétrie des
rayonnements ionisants et met a disposition de Etess Membres des équipements
internationaux pour la comparaison des étalons giren et la caractérisation des étalons
nationaux secondaires afin d’assurer l'unificatimondiale des mesures et leur tracabilité au

Systeme international d’unités (SI).

Le Département des rayonnements ionisants du BlRffleatué les premieres comparaisons
internationales dans des faisceaux de rayons xagses énergies en 1966 et, en 2001, les
Instituts nationaux de métrologie (INM) ont pour peemiére fois proposé que le BIPM

étende ses activités a la mammographie.

Une description du travail que jai entrepris auPBI pour répondre aux besoins des
laboratoires nationaux de métrologie en matiéreamparaisons et d’étalonnages dans ce

domaine est présentée dans cette these et digtrlouguatre parties :

— I'établissement de sept faisceaux de rayonnemeutilegant un tube a rayons x a anode

en tungstene et filtre en molybdene (faisceau W{Mo)



- l'installation d’'un tube a rayons x a anode en rhdBne avec filtre en molybdene et

I'établissement de quatre faisceaux de rayonneffe@ateau Mo/Mo);

— conception et fabrication d’un nouvel étalon priregiour la dosimétrie dans les

faisceaux mammographiques.

— la création d’'une nouvelle série de comparaisornsoetinu du BIPM, identifiées dans la
base de données du BIPM sur les comparaisons €&8ksous la référence BIPM.RI(I)-
K7 et un programme pour I'étalonnage des étalotismaux secondaires qui inclut le
nouveau dispositif expérimental dans le systeme g@ara de la qualité du département

des rayonnements ionisants (RI) du BIPM.

L’expertise acquise lors de ce travail est maimetansféré aux INM pour les aider dans le
développement de leurs propres étalons primairesa eaméliorer leurs dispositifs

expérimentaux existants.

Jusqu’a aujourd’hui 6 comparaisons ont été menédserd dans le nouveau dispositif
expérimental établi au BIPM ; la participation anlauvelle comparaison—clé continue permet
aux INM de soutenir leurs capacités d’étalonnagete enesures (CMC). La caractérisation et

I'étalonnage des étalons nationaux secondairestt@ntréalisés pour I'heure pour 5 INM.

Mots clés: dosimétrie pour la mammographie, compang internationales pour la

mammographie



Summary

Mammography is an x-ray examination of the breestsidered to be the most sensitive
technique currently available for early detection okast cancer. Because of risks of
radiation-induced carcinogenesis associated withugleeof x rays, accurate calibration of the
X-ray unit is essential in order to minimize theiation dose delivered to the patient breast
but having a good image quality. The beam calibrats made using ionization chambers,
commercial instruments that need to be characterae standard reference dosimetry

laboratories in well-defined x-ray beams similathiose used in the diagnostic institutes.

Standard reference laboratories for radiation desiynare usually part of the National
Metrology Institute of each country; they can eitliee Primary or Secondary Standard
Dosimetry Laboratories. Primary Laboratories vetifie accuracy of their measurements
using the primary standards by taking part in ima¢ional comparisons while the Secondary
Laboratories, holding secondary standards, needctiaacterization of their reference

instruments.

In order to fulfil these requirements of the NatibMetrology Institutes (NMIs), the Bureau
International des Poids et Mesures (BIPM) maintaiable reference standards for radiation
dosimetry and provides to the its Member Statestmmnational facility for comparisons of
primary standards and characterization of seconddandards to ensure world-wide

uniformity of measurements and their traceabilityite International System of Units (SI).

The lonizing Radiation Department of the BIPM sdrtinternational comparisons and
characterizations in low-energy x-ray beams in 1866 in 2001, the NMiIs required the

BIPM to extend these activities to mammography leam

A description of the work | carried out at the BIRDI provide an international facility for
comparisons and calibrations in the mammograpHyg fe presented in this thesis, divided

into four stages:

— establishment of seven reference radiation beaing tisee combination tungsten-anode x-

ray tube and molybdenum filtration (W/Mo beams);

— installation of a molybdenum-anode x-ray tube witholybdenum filtration and

establishment of four reference radiation beams Mdieams);

— design and construction of a new primary standeed-&ir chamber for the dosimetry of

the mammography beams;



— establishment of a new ongoing international comspar in the new reference
mammography beams, registered in the BIPM key cosga database KCDB as
BIPM.RI(1)-K7 and a programme for the calibratiohrational secondary standards by
including the new facility in the quality managerhaystem of the lonizing Radiation
(IR) Department of the BIPM.

The experience obtained during this work is nowdferred to the NMls to help them in the

development of primary standards and to improve thesting facilities.

To date, six successfully comparisons have beearedawsut in the new facility established at
the BIPM; the patrticipation in the new ongoing keymparison allow the NMls to support
their calibration and measurement capabilities (GMTCharacterization and calibration of

national secondary standards have been done foNifWis.

Key words: mammography dosimetry, international parisons in mammography
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Cancer du sein et mammaographie : le r6le du BIPM

Cancer du sein

Le cancer du sein est une pathologie maligne geindies tissus mammaires dont les cellules
se développent de facon anormale jusqu'a créertumeur. Une tumeur maligne est un

groupe de cellules cancéreuses capables d’enveditidsus adjacents ou de s’étendre a
d’autres zones du corps en formant des métastasesancer du sein est une maladie qui

touche presque uniqguement les femmes, mais les bermpauvent également en étre atteints.

Le cancer du sein est de loin le cancer le pluguiéat chez la femme avec 1,38 million de
nouveaux cas diagnostiqués dans le monde enti20@ (soit 23 % des cancers) et se situe,
tous sexes confondus, au deuxieme rang de I'enseddd cancers (10,9 % des cancers).
C’est désormais le cancer le plus courant, a kdans les pays développés et dans ceux en
voie de développement, avec environ 690 000 noxveas estimés dans chacune de ces

deux catégories de pays.

Les taux d’incidence varient de 19,3 pour 100 0&farhes en Afrique de l'est a 89,7 pour
100 000 femmes en Europe de I'ouest ; ils sont@sléplus de 80 pour 100 000) dans les pays
développés (a I'exception du Japon) et faibles fsdie 40 pour 100 000) dans la plupart des

pays en voie de développement.

La variation des taux de mortalité est beaucoup faible (de 6 a 19 pour 100 000 environ) :
cela s’explique par le taux de survie au cancegaiin plus favorable dans les pays développés
(au taux d’incidence élevé) en raison d’'un diageost d’'un traitement précoces. Ainsi, le
cancer du sein est, dans le monde entier, la @ngglicause de mortalité par cancer
(458 000 déces), mais c’'est encore la cause dalibdpar cancer la plus fréquente chez les
femmes, a la fois dans les pays en voie de développt (269 000 déces, 12,7 % des
cancers) et dans les pays développés ou le noméredédés par cancer du sein
(189 000 déces) est equivalent a celui des décésapaer du poumon (188 000 déces) en ce

qui concerne la population féminine [1].
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Etant donné que les facteurs responsables de tisippadu cancer du sein sont mal
déterminés, la prévention reste problématique. Bjga divers facteurs de risque, tels que
I'héritage génétique, aient été mis en évidence g¢es recherches, il est impossible
d’identifier ceux propres a la majorité¢ des femnaeintes d’'un cancer du sein. C’est
pourquoi le dépistage précoce de la maladie es¢ué moyen de contrbler I'existence d’un

cancer du sein chez une femme et de réduire laahtért

Mammographie

La mammographie est considérée comme la technicfuelk la plus efficace pour dépister
le cancer du sein a un stade précoce. La mammagragh une technique d’imagerie par
rayons x qui permet d’obtenir une radiographie alsttucture interne du sein. Les rayons x
permettent de déceler des grosseurs anormalessoangenalies de la structure mammaire
avant qu'elles ne puissent étre identifiées parlquee autre méthode, y compris
'autopalpation. C’est la meilleure technique paéréler des cancers non palpables ou
faiblement détectables. Elle permet également etadfier une localisation de la zone atteinte

afin de pouvoir effectuer une biopsie ou adminrstiretraitement.

L’'usage de la mammographie débuta en 1960, maisalamographie moderne n’existe que
depuis 1969 date a laquelle les premieres unitéaytms x dédiées a I'imagerie mammaire
furent disponibles. En 1976 le mammogramme devirteahstandard pour détecter le cancer

du sein.

Méme si la mammographie joue un réle primordialsdEndépistage du cancer du sein, son
utilisation présente des risques faibles, mais mégligeables, de carcinogenése induite par
les rayonnements associés a I'examen par rayonsseid, I'un des tissus les plus sensibles
aux effets des radiations. Il est donc essentiellgs rayons x auxquels le patient est exposeée
soient délivrés de maniere optimale afin d’obtémimeilleure qualité d'image possible et de
réduire au maximum la dose de rayonnement déliv&sst pourquoi la surveillance de la
dose de rayonnement, de fagon réguliere et au unidéaxactitude requis, est un aspect
fondamental de la mammographie. En effet cette 8lamee est recommandée par les
instances internationales et dans la plupart dgs gaveloppés il existe une Iégislation la

concernant.
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Les tissus glandulaires, principaux tissus a risqaenstituent presque toujours le site de
carcinogenese. La dose moyenne glandulaire (DMt3iesi le meilleur indicateur parmi les

différentes grandeurs dosimétriques utilisées goatuer le risque de cancer chez un patient.
La méthode de référence pour estimer la DMG chez personnes passant une
mammographie par rayons x se fonde sur des medureayonnement émis par le tube a
rayons X, ainsi que sur l'utilisation de facteuesadnversion appropriés afin d’obtenir la dose

glandulaire.

Dosimétrie de référence pour la mammographie

En radiologie de diagnostic, la grandeur dosimétrilige au rayonnement émis par le tube a
rayons x est le kerma dans l'ait;, mesuré en gray. Le kerma, acronymekithetic energy
released per mass (of materiakst I'énergie cinétique libérée par unité de ma$sn
pratique, le kerma dans l'air est mesuré a l'aidené’ chambre d’ionisation. Les chambres
d’ionisation du commerce, utilisées par les sesvide radiologie de diagnostic, doivent étre
étalonnées dans des laboratoires d’étalonnagefélemée, de préférence dans le méme type
de faisceaux de rayonnement que celui utilisé f@dragnostic, car la réponse des détecteurs
de ce type dépend de I'énergie et peut varier ewtifon de la nature des faisceaux de

rayonnement.

Dans un pays donné, les laboratoires d’étalonnageréfi@ence en dosimétrie des
rayonnements sont généralement rattachés au lalveraational de métrologie ; ce sont des
laboratoires de référence primaires (PSDL) ou sdmioes (SSDL) de dosimétrie. Les
laboratoires primaires peuvent étalonner des chesntbionisation directement par rapport a
leurs propres étalons, ou l'instrument de référetioa laboratoire secondaire de dosimétrie

qui est alors en mesure d’étalonner a son towhambres des utilisateurs.

Un étalon primaire est un instrument de la plustdaualité métrologique qui permet de
réaliser I'unité d’une grandeur a partir de samdé&éin. En radiologie de diagnostic, I'étalon
primaire pour réaliser le gray, l'unité de la grand « kerma dans Il'air», est une chambre

d’ionisation a paroi d’air.

Les faisceaux de rayonnement couramment utilisém@mmographie sont délivrés par des

tubes a rayons x a anode et dispositif de filtraten molybdéne. A une tension de
fonctionnement entre 25kV et 35 kV, le seuil daipsion des rayons x du filtre en
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molybdéne permet d’éliminer les énergies spectigeplus élevées émises par la cible en
molybdéne et de privilégier les émissions de rayonaractéristiques (17,5 kV et 19,6 kV).

Le domaine d’énergie de rayonnement ainsi obtemuidésal pour que les images de la
mammographie des tissus mous soient assez coesgsiar pouvoir effectuer un diagnostic
adapté, tout en garantissant que les rayons x asseb énergies délivrés ne dépassent pas la

dose exactement nécessaire.

Certains laboratoires d’étalonnage de référence équipés de tubes a rayons x a anode en
molybdéne équivalents a ceux utilisés pour la magrapghie clinique. Ces laboratoires
établissent des qualités de rayonnement de réframmilaires a celles utilisées en
mammographie, a I'aide de leur étalon de kerma tlamsaux caractéristiques parfaitement
déterminées dans ces faisceaux de rayonnemenialh@stoires de référence non équipés de
matériel pour la mammographie mais disposant destab@yons x a anode en tungstene, a
savoir ceux utilisés en radiologie conventionnglleuvent également établir des qualités de
rayonnement de référence similaires a celles éfigpour la mammographie en ajoutant aux
tubes des filtres en molybdene ou en rhodium elesrfaisant fonctionner dans la méme
gamme d’énergie que celle utilisée pour la mamnpigea Ces qualités de rayonnement sont
également désignées sous le terme de «faisceannlési pour la mammographie ».
L'utilisation de qualités de rayonnement provendone anode en tungsténe pour étalonner
des chambres d’ionisation qui serviront a réalides mesures dosimétrigues dans des
faisceaux de rayonnement délivrés par une anodemelybdéne nécessite des études
supplémentaires afin de déterminer la réponse litrmlores aux faisceaux de rayonnement en
fonction de la distribution spectrale [2].

Les étalonnages des chambres d’ionisation doiveet éfectués dans des faisceaux de
rayons x parfaitement définis, la réponse des d&tsen dépendant de la distribution spectrale
du faisceau de rayons x. Le matériau de I'anodégnaion produite, le taux de kerma dans
I'air, la filtration, la premiere couche de demiémtuation et la distribution en énergie des
photons (spectre) constituent les principaux pat@se ayant un impact sur les
caractéristiques d'un faisceau de rayons x. lliragortant que les laboratoires d’étalonnage
de référence soient équipés de générateurs denestsible afin d’éviter toute fluctuation de
la distribution spectrale du faisceau de rayonsl@s mesures exactes de la tension produite
sont nécessaires pour déterminer la qualité dwcdais de rayonnement, et des systemes
stables de controle et de mesure du courant t@vetl&anode permettent d’évaluer les

corrections a appliquer a d’éventuelles fluctuatidmsaux de kerma dans I'air mesuré.
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Les déterminations exactes du kerma dans l'airgsfiest que les caractéristiques de I'étalon
primaire soient parfaitement définies ou que deanthas étalonnées et tracables a des
étalons primaires soient utilisées. Le moyen ddfigérl’'exactitude de mesures est de
participer a des comparaisons avec d’'autres étalans des faisceaux de rayonnement bien
définis. Les comparaisons en dosimétrie sont cénsgs comme un élément important des
programmes d’'assurance qualité et sont égalemeotreandées dans des guides normatifs
internationaux édités notamment par I'Organisatndernationale de normalisation (ISO) [3],
la Commission électrotechnique internationale (I4) la Commission internationale des
unités et mesures radiologiques (ICRU) [5] et I'Age internationale de I'énergie atomique
(IAEA) [6].

Role du BIPM

Des comparaisons internationales d’étalons prirmateles étalonnages d’étalons secondaires
dans le domaine de la dosimétrie des rayonnemenisants ont été effectués au Bureau
international des poids et mesures (BIPM) pour dente des laboratoires nationaux de
métrologie depuis le début des années 60. Le BIRIvtient des étalons de référence stables,
met & disposition de ses Etats Membres des équigeritgernationaux de comparaison et
assure l'unification mondiale des mesures et Ilagabilité au Systeme international d’'unités
(SI). Les comparaisons internationales bilatéraleganisées par le BIPM permettent aux
laboratoires nationaux de métrologie de démongwers| aptitudes en matiére de mesures et
d’étalonnages, tel que cela est défini dans I'Agement de reconnaissance mutuelle du
CIPM (CIPM MRA). Le CIPM MRA a été mis en place £899 par le Comité international
des poids et mesures (CIPM), I'organe de supervisionBIPM, afin d’établir le degré
d’équivalence des étalons de mesure nationaux emaistpar les laboratoires nationaux de
métrologie, de reconnaitre les aptitudes en matéerenesures et d’étalonnages (CMCs) de

ces laboratoires et de mettre en place un systertraghbilité des mesures au Sl.

Le BIPM travaille en étroite collaboration avec Esmités consultatifs, dont les membres
sont les laboratoires nationaux de métrologie degsEParties & la Convention du Métre
(1875). Le Comité consultatif pour les étalons desune des rayonnements ionisants
(CCEMRI) a été créé en 1958, suite aux recommamuatie I'International Commission for
Radiation Units and Measurements (ICRU); il a é&éommé Comité consultatif des

rayonnements ionisants (CCRI) en 1997. Sa missginde conseiller le BIPM sur son
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programme de travail scientifique en matiére deomagments ionisants, et de fixer les

conditions de référence pour toutes les comparagewsimétrie.

Les comparaisons d’étalons nationaux primairesrg@gport a ceux du BIPM sont désignées
sous le terme de « comparaisons clés » et ont érence BIPM.RI()-K, (n étant le
nombre associé a chaque comparaison clé). La déaiam par le BIPM de la grandeur
dosimétrique a été établie par le CCRI(l) en 198thme la valeur de référence de la
comparaison clé (KCRV)xg, a partir de laquelle les laboratoires nationauxrarologie
participant a la comparaison clé établissent legréde d’équivalence. Les résultats de
comparaison sont publiés dans la base de donnéeBIRM sur les comparaisons clés
KCDB [7] du CIPM MRA.

Le Deépartement des rayonnements ionisants a effetds premieres comparaisons
internationales dans des faisceaux de rayons xbasses énergies en 1966 [8] dans les
qualités de rayonnement de référence recommandéds CCEMRI [9] : ces comparaisons
sont identifiées sous la référence BIPM.RI(l)-K2slfaisceaux de rayonnement de référence
ont été établis au BIPM a l'aide d'un tube a rayong anode en tungstene et filtre en
aluminium, fonctionnant de 10 kV a 50 kV. Une chaenh parois d’air libre a été mise au
point au BIPM au début des années 60 afin de sd®&tialon primaire pour ces faisceaux de
rayonnement ; elle est depuis utilisée pour tolgesomparaisons en continu de kerma dans

I'air dans ce domaine.

En 2001, la Section | du CCRI, (CCRI(l)), a pourpgemiére fois proposé que le BIPM

étende ses activités a la mammographie, afin dend¥p aux besoins des laboratoires
nationaux de métrologie en matiere de comparaidans ce domaine, et afin de déterminer
les caractéristiques des étalons nationaux etsdétédonner en garantissant leur tracabilité au

Systeme international d’unités (SI).

J'ai entrepris ce travail en établissant un enserdblneuf qualités de rayonnement a I'aide du
tube a rayons x a anode en tungsténe existantpé&aid filtres en molybdéne ou rhodium,
afin de simuler les faisceaux de rayonnement @slisn mammographie clinique [10]. En
2005 et 2007, un programme a moyen terme visardgtaaren place au BIPM un équipement
de comparaison et d’étalonnage dans les faisceaammmographiques a été présenté au
CCRI(I). En 2009, aprés l'installation d’'un tuberayons x a anode en molybdene, quatre
qualités de rayonnement ont été établies commeetaisx de référence pour les comparaisons
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et étalonnages en mammographie [11], suite aux m@e@mdations faites par la Section | du
CCRI lors de la 19réunion du Comité au BIPM, en mai 2009. Par ailewne nouvelle
chambre a parois d’air libre a été concue et faBegau BIPM afin d’étre utilisée comme
étalon primaire pour la dosimétrie dans les faisggaammographiques. Il a été établi que les
qualités de rayons x simulés pour la mammograpthieré appropriées pour étalonner quatre
chambres d’ionisation similaires a celles couranmnugilisées par les laboratoires nationaux
de métrologie pour la dosimétrie en mammographieamparant la réponse des chambres
aux qualités de rayonnement déterminées par la ioamsbn tungsténe/molybdéene ou

molybdene/molybdéene.

Les paragraphes suivants décrivent brievementalailr effectué au BIPM pour disposer

d’équipements internationaux de comparaison etaldidhage dans le domaine de la
mammographie, et sont répartis en cingq partie®talflissement des faisceaux de
rayonnement simulés pour la mammographie ; la quime la construction et la

détermination des caractéristiques d’'un étalon aren la mise en place de qualités de
rayonnement de référence pour la mammographietydéé de la réponse de chambres
d’ionisation a différents faisceaux de rayonnemegitenfin, le programme de comparaisons
internationales constituant une nouvelle comparaidéndu BIPM, ayant pour référence

BIPM.RI(1)-K7. Les détails complets sont donnéssibas différents chapitres de ce mémoire,
qui peuvent étre lus de maniére indépendante psoles références sont fournies dans le

dernier chapitre.

Qualités de faisceaux de rayonnement simulés pomalmmographie

Afin de disposer de qualités de rayonnement simaia celles utlisées pour la
mammographie, tout en se servant de son tube agaya anode en tungsténe, j'ai mis en
place un nouvel ensemble de qualités de rayonnermentemplacant la filtration en
aluminium utilisée pour les qualités de rayonnententéférence recommandées par le CCRI
par des filtres en molybdéne et en rhodium de MO6 et 0,05 mm d'épaisseur
respectivement, et en faisant fonctionner le tubeliveerses tensions spécifiques a la

mammographie clinique.

La détermination de la qualité d’'un faisceau, exge en termes d'épaisseur d’aluminium
nécessaire pour réduire de moitié le taux de ketams I'air par rapport a sa valeur initiale,

Y

dénommeée couche de demi-atténuation (CDA), a éléséé a I'aide de I'étalon du BIPM, a
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savoir la chambre a parois d'air libre L-01. Destéars de correction ont été appliqués aux
mesures pour déterminer le débit de kerma dans [Gomme ces facteurs de correction
dépendent de I'énergie, ils doivent étre détermpm@s chaque qualité de rayonnement, de
facon expérimentale ou au moyen de calculs, a I'didlespectre correspondant a chaque

qualité.

Le facteur de correctioks (défaut de saturation dd a la recombinaison et diffusion des
ions) a été déterminé a l'aide de la méthode pepasr De Almeida et Niatel [12] et mise
en ceuvre par Boutillon [13] ; les correctid@s (polarité) etk, (transmission de photons par
la paroi avant de la chambre) ont été déterminégsn@oyen de mesures ; les facteurs de
correctionk. (perte d’électronsks. (diffusion des photonsky (fluorescence) iy, (diffusion

et transmission des photons a partir du diaphragmtegté calculés a l'aide des techniques de
Monte Carlo ; a cet effet le programme de calculnioCarlo BNELOPE [14] a été utilisé
pour des photons monoénergétiques de 2 keV a 50p@Vpas de 2 keV ; une simulation
compléte de l'étalon du BIPM a été réalisée avepriegramme de géométrie du code
PENELOPE PENGEOM. Les résultats des calculs pour les photons margétiques ont été
convolués avec le spectre correspondant a chagaigégde rayonnement, déterminée de

facon expérimentale et par simulation, tel que sefa ultérieurement expliqué.

Les spectres ont été mesurés a l'aide de la métteddiffusion Compton, qui consiste a
placer un matériau de diffusion dans le faisceamaire, puis a mesurer les photons deéviés
sous un certain angle, et enfin a reconstruiraikcéau primaire. Un spectrometre Compton
du commerce construit pour diffuser les photons swuangle de 90° a été utilisé pour cette
étude ; les photons déviés ont été identifiésidd’d’'un détecteur au germanium pur adapté a
la mesure des basses énergies associé a un anayggcanaux. Le détecteur au germanium
a été étalonné aux énergies connues des rayonsémes par des sources radioactives‘de

et *”Am. Les spectres primaires de rayons x ont éténstnaits a partir de la distribution de

I'amplitude des impulsions a I'aide d’un logiciel dommerce [15].

Deux des spectres mammographiques ont égalemenb#&igus par simulation a l'aide des
techniques de Monte Carlo en utilisant le progranieeeLOPE La configuration du tube a
rayons x (source d’électrons, cible, fenétre du (idysteme du collimateur et filtres) a été
simulée en détail a I'aide du programme de géoméei BRNELOPE Une interface utilisateur
a été écrite : elle appelle les sous-programmemisiéflans BNELOPE pour simuler le
transport d’électrons se propageant dans le vid&appant la cible ou ils induisent un
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rayonnement de freinage, ainsi que le transpomphi#ons a travers les collimateurs et les
filtres, afin d’enregistrer, au niveau du planrdesure de référence, I'énergie des photons

ainsi que les coordonnées associées et la direti@maque photon traversant ce plan.

Les spectres mesurés présentent un bon accord lesespectres calculés, la déviation
maximale étant inférieure a 0,35 keV ; ces difféemsna’ont pas d’effet significatif sur le
calcul des facteurs de correction a appliquer talb@. Les débit de kerma dans l'air ont

ensuite été mesurés a l'aide de la chambre a pdieoidibre L-01.

L'utilisation des faisceaux produits par la comlsoa tungsténe/molybdene pour
I'étalonnage de chambres qui seront utilisées engoiur la dosimétrie de faisceaux produits
par la combinaison molybdéne/molybdene doit étrduévan comparant la réponse de ces
chambres dans ces deux types de faisceaux de mxyenh En préambule a la présente
étude, trois chambres d’ionisation courammentsgtds pour la dosimétrie en mammographie
ont été étalonnées de régulierement pendant plssigmées, dans les faisceaux simulés pour

la mammographie, afin de déterminer leur réponse.

Etalon primaire pour la mammographie

Un nouvel étalon primaire pour la dosimétrie dams flaisceaux mammographiques a été
concu et fabriqué au BIPM. Ce nouvel étalon, appdd@, est une chambre a paroi d’air libre
a plaques paralleles concue pour étre utilisée jas§0 kV et réduire au maximum

I'amplitude des facteurs de correction appliqués pdétermination du kerma dans l'air.

Le nouvel étalon L-02 a été comparé a I'étalon ddiv@l, a I'aide du tube a rayons x a
anode en tungsténe, dans les qualités de rayonhelmeaférence du CCRI. A cette fin, les
facteurs de correction a appliquer au nouvel étatur déterminer le taux de kerma dans l'air
ont da étre définis pour ces faisceaux de référenoenme cela a été expliqué dan la section
précédente, ces facteurs ont été obtenus soitgsacalculs a 'aide des techniques de Monte
Carlo, soit de fagon expérimentale au moyen de mssonométriques. Le nouvel étalon a
été simulé de fagcon exhaustive a I'aide du prograndengéomeétrie ERELOPE permettant de
reproduire les dimensions et les matériaux. Letetms de correction ont été calculés pour
des photons monoénergétiques de 2 keV a 50 ke\pgsade 2 keV. Les résultats des calculs
pour les photons monoénergétigues ont été convaués les spectres spécifiques aux
qualités du CCRI.
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Ces spectres ont été mesurés a l'aide du spect@empton du BIPM et ont également été

simulés en utilisant le programmeNELOPE

Etant donné que la comparaison des étalons L-Q10& a fait ressortir des différences de
I'ordre de 4 x 10°, une série d’études visant a déterminer la caeseeddésaccord ont été
entreprises : elles concernent la déterminationvalume de la chambre, les potentiels de
contact entre le collecteur et la plaque de gaihsj que la température et sa stabilité au sein
de la chambre. Aucune de ces études n'a permiplijerer les différences intiales qui ont pu
atteindre 8 x 1T au cours de certaines mesures. La planéité dedae du collecteur a été
vérifiée en utilisant un instrument de mesure derdonnées tridimensionnelles (MMT) une
fois la chambre constuite, puis a chacun de sesua@ges et réassemblages, une tolérance de
50 um étant acceptée. Afin d'évaluer si cette &wliée convient, le bord supérieur du
collecteur a été suréleveé puis abaissé de pre8@arh par rapport a la plaque de garde. On a
alors observé des différences allant jusqu’a 3%, t@ qui indique que la tolérance de 50 pm
est trop élevée et pourrait expliquer la variati@s résultats. Un nouveau support a donc été
concu pour que I'électrode de collecte puisse &justé par rapport a la plague de garde a
mieux que 5 um. L’électrode de collecte et la ptade garde, tous deux en aluminium, ont
été nettoyés puis a nouveau assemblés a l'aide wWreao support. Avec cette configuration,
la différence entre les étalons a été réduite &l % mais ce résultat ne s’est pas avéré
stable, atteignant trois mois plus tard 4 x*1€ans modification de la co-planéité. Ce n’est
gu’en revétant le collecteur et la plaque de galelgraphite que cette difféerence a pu étre a

nouveau réduite & 1 x 19, elle est depuis restée stable.

Qualités de rayonnement de référence pour la mamapbig

Un tube a rayons x & anode en molybdéne a étdléndtms le laboratoire des rayons x pour
les basses énergies du BIPM ; des équipementsjielde générateur a haute tension, le
stabilisateur de tension ou le systeme de mesumdiant traversant 'anode, peuvent ainsi
étre utilisés soit avec le tube a anode en tungst&istant, soit avec le nouveau tube a anode

en molybdene.

Le plan de référence est établi a 600 mm du celtitebe. Des films radiographiques ont été
utilisés pour I'étude du champ de rayonnementl¢tafiorme et axe du faisceau) et des
mesures des profils de faisceaux horizontaux diceeix effectuées a I'aide d’'une chambre

d’ionisation en forme de dé. Grace a ces radiogeapét profils de faisceaux, un systeme
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équipé de deux collimateurs en plomb a été concuseté afin de produire un champ
circulaire de 10 cm de diametre dans le plan dreéte.

Quatre qualités de rayonnement, de 25 kV a 35 k¥,étd choisies comme faisceaux de
référence pour les comparaisons et étalonnageguadlaé du faisceau, exprimée en termes de
couche de demi-atténuation d’aluminium (CDA), a ééterminée pour chaque faisceau a
I'aide du nouvel étalon primaire. Le courant traagt I'anode a été sélectionné pour chaque
qualité afin d’obtenir un débit de kerma dans Igér2 mGy s dans le plan de référence. Un

filtre en molybdene de 30 um d’épaisseur est atjhsur I'ensemble des qualités.

Les spectres en énergie de photons ont été meaufégle de la méthode de diffusion
Compton précédemment décrite. Deux spectres manaploigues ont également été obtenus
par simulation a I'aide des techniques de MontddCam utilisant le programmeERELOPE

La configuration du tube a rayons x (cible en mdB#e, filtre en molybdéne, et collimateur)

a été simulée a 'aide du programme de géomémeEIRPE

Les facteurs de correction a appliquer aux mestgaksées avec I'étalon utilisé pour la
détermination deK,, ont été obtenus par des calculs de Monte Carlo,deufacon
expérimentale par mesures ionomeétriques. Les edsybour les photons monoénergétiques
ont été convolués avec les spectres mesurés & lkhidspectrométre Compton du BIPM et
€également avec les spectres simulés a I'aide dugroge BNELOPE Quoiqu'il existe des
différences entre les amplitudes du pic pour lestspe mesurés et pour ceux calculés, la

détermination des facteurs de correction applicaltiétalon y demeure insensible.

Etude de la réponse d'une chambre aux faisceauxagennement simulés pour la

mammographie

La pertinence des faisceaux simulés pour la mamapbig, établis a l'aide d'un tube a
rayons X a anode en tungsténe et filtre en molyhdgoer étalonner des chambres
d’ionisation a été étudiée pour quatre types dembines couramment utilisées pour la
dosimétrie en mammographie. Les chambres d’iooisattudiées, une Radcal RC6M, une
Exradin A11TW, une Exradin Magna 92650 et une PTA063 ont été étalonnées au BIPM
dans des faisceaux utilisant la combinaison tungétéolybdéne, puis les réponses obtenues
ont été comparées avec celles résultant de I'étalppnde ces chambres dans des faisceaux de
qualité mammographique utilisant la combinaison yindéne/molybdéne. Les coefficients

d’étalonnage mesurés dans les faisceaux simuléslgpomammographie sont en accord avec
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ceux obtenus dans les faisceaux provenant de tulragons x a anode en molybdéne au
niveau de 1 x 18 pour les chambres Exradin, 3 x 1@our la chambre Radcal et 5 x10

pour la chambre PTW. Par conséquent, les laboeatoiationaux de métrologie non équipés
de tubes a rayons x a anode en molybdéne peuveetniaeau d’incertitude, mettre en place
des faisceaux utilisant la combinaison tungsténsg/oa@ne pour étalonner des chambres
devant étre utilisées dans des faisceaux délive¥rsdes tubes a rayons x a anode en
molybdéne. Toutefois, cette méthode ne doit pas &tpliquée a d’autres types de chambre
sans une vérification similaire préalable dans d&sceaux utilisant la combinaison

tungsténe/molybdéne et la combinaison molybdéngimene.

Comparaisons internationales

Une nouvelle série de comparaisons en continu (MBidentifiees dans la KCDB sous la
référence BIPM.RI(1)-K7, a commencé en 2009 ; etiasiste en des comparaisons bilatérales
d’étalons primaires pour la dosimétrie en mammdgeapntre les laboratoires nationaux de
métrologie NMI et le BIPM.

Les comparaisons d’étalons de kerma dans l'air desmdaisceaux de rayons x de qualité
mammographique peuvent étre effectuées directeaeBIPM ou indirectement a I'aide des
chambres d’ionisation de transfert appartenant Bl [IDans le premier cas, le kerma dans
I'air est déterminé en comparant I'étalon d’'un latoire national de métrologie a celui du
BIPM, les résultats de comparaison étant exprimnéast le rapporKywi/Kepm. Dans le cas
d’'une comparaison indirecte, le laboratoire natict@ métrologie étalonne un étalon de
transfert (chambre d’ionisation) par rapport a poopre étalon primaire, en déterminant le
coefficient d’étalonnag®x nvi, défini comme la moyenne des mesures effectuéesd ava
apres les celles réalisées au BIPM ; entre-tenmipstrument de transfert est étalonné au
BIPM, ce qui permet de déterminer le coeffici®éigpm. Le résultat de la comparaison
s’obtient alors en évaluant le rapport des coeffits d’étalonnage déterminés dans chacun
des laboratoiresNk nmi/Nk gipm- Si l'utilisation de chambres de transfert peutuinel une
incertitude plus élevée dans les résultats de lapaceimson que lors d’'une comparaison
directe d’étalons primaires, cela permet égalerd@fttenir de précieuses informations sur la
reproductibilité des coefficients d’étalonnage at & comportement des instruments de
transfert utilisés dans la chaine de disséminati@n.bilan d’incertitude est analysé en
profondeur afin de calculer I'incertitude-type camspe des résultats de la comparaison, en

prenant en considération les corrélations entrétisns.
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Les résultats de chaque comparaison sont analysdermes de degré d'équivalence par
rapport a la valeur de référence de la comparaigbpour chaque étalon nationa, avec
xgr = 1. Pour chaque laboratoirg, pour lequel un résultat de comparais@,avec une
incertitude-standard composaea été obtenu, le degré d’équivaleridg,établi par rapport

a la valeur de référence, s’éxxit— 1 avec une incertitude étendde= 2 u;.. Ces données
permettent de créer des tableaux de valeurs ehigrags de résultats qui sont enregistrés dans

la base de données du BIPM sur les comparaisosgk(&DB).

Pour chaque comparaison un rapport correspondanéces décrivant les conditions de
mesure dans chaque laboratoire, les instrumentsragisfert utilisés dans le cas d’'une
comparaison indirecte, les facteurs de correctidiség dans la détermination du débit de
kerma dans l'air et les facteurs d’étalonnage pesicomparaisons indirectes, les résultats de
la comparaison avec leurs incertitudes. Les rappaet comparaisons sont examinés par le
CCRI : une fois approuvés, ils sont publiés dstesrologia et leurs résultats sont enregistrés
dans la KCDB Ces rapports sont publiés sur internet par |IORighibg, en version

électronique, et sont en acces libre sur le sitb WeBIPM.

La premiere comparaison d’étalons pour le kerma dlair dans les faisceaux de rayons x de
qualité mammographique a été effectuée avec le ((R@ada) en mars 2007 dans le faisceau
utilisant la combinaison tungsténe/molybdéne. Hg&sait d’'une comparaison indirecte
utilisant un jeu de quatre chambres d’ionisatiopaaenant a ce laboratoire, mesurées a deux

distantes différentes.

La comparaison suivante a été conduite avec le N3&don) en novembre 2009. Il s’agissait
de la premiére comparaison dans des faisceaux ylngax utilisant la combinaison
molybdéene/molybdene effectuée a l'aide d'un ensend# trois chambres d’ionisation

appartenant au NMIJ.

La troisieme demande de participation a la comparaclé BIPM.RI(1)-K7 a été formulée
par le NIST (Etats-Unis) ; cette comparaison aeffiéctuée de facon indirecte a I'aide d’'un

instrument de transfert en janvier 2010.

En septembre 2010, une nouvelle comparaison a étggonmée avec la PTB (Allemagne),
non seulement dans les faisceaux de rayonnemequal&éé mammographique (qualités de

faisceaux utilisant la combinaison molybdene/molytejémais aussi dans les faisceaux
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simulés pour la mammographie (qualités de faisceauitisant la combinaison
tungstene/molybdéne) ; deux instruments de transferété utilisés pour cette comparaison.

Une comparaison directe et une autre indirecteétintéalisées avec 'ENEA (Italie) dans les
faisceaux simulés pour la mammographie (qualitédaiceaux utilisant la combinaison

tungsténe/molybdene) car 'ENEA dissémine les daiefits d’étalonnage dans ces faisceaux.
Les mesures effectuées avec I'étalon primaire ElNEEA et avec une chambre d’ionisation de

transfert ont été faites au BIPM en février 2011.

Les résultats des comparaisons avec le NRC, le NMINIST et la PTB ont été publiés dans
les suppléments techniques de la reMadrologia Metrologia Technical Supplementse
graphique indiquant les degrés d’équivalence, tél gpparait dans la KCDB est présenté

Figure 1.
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Figure 1.Degreés d’équivalenc; et leurs incertituded; (k = 2), in mGy/Gy

L’'ENEA a accepté de répéter leur comparaison danspnache avenir eu égard aux
différentes conditions d’étalonnage qui sont wiis dans ce laboratoire pour étalonner leurs

chambres d’'ionisation.

L’Agence internationale de I'énergie atomique (A)-Aui est tracable a la PTB, a demandé
au BIPM de lancer une comparaison bilatérale dassfdisceaux de rayons x utilisant la

combinaison molybdene/molybdéne pour soutenir ssgstitudes » en matiere de mesures et
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d’étalonnages (CMC) publiées dans I'appendice G dmse de données de I’Arrangement de
reconnaissance mutuelle du CIPM, CIPM MRA KCDB. lmesures ont été effectuées en
2012 et le rapport de la comparaison a été envaydC@RI(l) pour approbation puis

publication.

Une comparaison récente avec le VNIIM (FédératiorRdssie) a été entreprise dans les
faisceaux de rayons x utilisant la combinaison indgne/molybdéne avec une chambre de
transfert ; des étalonnages successifs de cettelrhasont encore en cours de réalisation au

VNIIM, apres que les mesures ont été menées aabi&iPM.
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Chapter 1. Breast cancer and mammography: the role
of the BIPM

Introduction

1.1. Breast cancer

Breast cancer is a malignant disease that statistiwe transformation of cells of the breast
tissues to form a tumour. A malignant tumour is@ug of cancerous cells that may grow into
(invade) surrounding tissues or spread (metasjamizéistant areas of the body. The disease

occurs almost entirely in women, but men can geod.

Breast cancer is by far the most frequent cancengnivomen with an estimated 1.38 million
new cancer cases diagnosed worldwide in 2008 (238 cancers), and ranks second overall
(10.9% of all cancers). It is now the most commancer both in developed and developing

regions of the world with around 690,000 new caséisated in each of these regions.

Incidence rates vary from 19.3 per 100,000 womeiastern Africa to 89.7 per 100,000
women in Western Europe, and are high (greater&Bgver 100,000) in developed regions of
the world (except Japan) and low (less than 40 J8%,000) in most of the developing
regions.

The range of mortality rates is much less (apprexaty 6 to19 per 100,000) because of the
more favourable survival of breast cancer in (highdence) developed regions, due to early
detection and treatment. As a result, breast camris globally as the fifth cause of death
from cancer overall (458,000 deaths), but it i $te most frequent cause of cancer death in
women in both developing (269,000 deaths, 12.7%taf) and developed regions, where the
estimated 189,000 deaths is almost equal to thmatstd number of deaths from lung cancer
(188,000 deaths) for women [1].

As the causes of breast cancer are poorly undeksiwevention is problematic. Although
several risk factors for breast cancer have bedhdeeumented, including genetic make-up,
it is not possible to identify specific risk facsdior the majority of women with breast cancer.
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Therefore, detection of the disease at an earbestathe only way to control breast cancer
and reduce mortality.

1.2. Mammography

Mammography is considered to be the most sendiéelenique currently available for early
detection of breast cancer. It is an imaging teqpimithat uses x rays to provide a picture of
the internal structure of the breast. The x rays slaow abnormal growths or changes in
breast tissue before they can be identified by ather method, including breast self-
examination. It is considered to be the best tephnior detecting non-palpable, subtle breast

cancers and serves also as means of localizatidndpsy and therapy.

Mammography started in 1960, but modern mammograpisyexisted only since 1969 when
the first x-ray units dedicated to breast imagingrevavailable. By 1976, the mammogram

became the standard test for breast cancer detectio

Although mammography plays an important role in die¢ection of breast cancer, there are
small but non-negligible risks of radiation-inducearcinogenesis associated with an x-ray
examination of the breast, one of the more radmisea tissues. Thus, it is essential that the
x rays to which the patient is exposed are usediaftly and effectively to optimize the

image quality and minimize the radiation dose dekd to the breast. Therefore, the routine
and accurate monitoring of radiation dose is anoitgmt aspect in mammography. Indeed,
this is recommended internationally and in mostettgved countries there is a legislation

regarding this.

In terms of the tissues at risk, the glandulaugsis nearly always the site of carcinogenesis.
Thus, among the different dosimetric quantitiesduserisk assessment, the mean glandular
dose (MGD) is the best indicator of patient riskeTstandard method of estimating the MGD
on patients undergoing mammography x-ray examingtisrbased on measurements of the
output of the x-ray tube and the use of appropiateversion factors to obtain the glandular

dose.

1.3. Reference dosimetry for mammography

The dosimetric quantity related to the output of th@ay tube used in diagnostic radiology is

the air kermaKy;, measured in gray. The kerma is the acronym forkihetic energy
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released per mass (of material). The air kermaadity measured in practice using ionization
chambers. Commercial ionization chambers usedagndistic radiology departments need to
be calibrated at standard reference laboratories;dalibration should be preferably in the
same type of radiation beams as used for diagmasthese types of detectors are generally

energy dependent and may have different respoasifdrent radiation beams.

Standards reference laboratories for radiation desy are usually part of the National
Metrology Institute (NMI) of each country; they caither be a Primary Standard Dosimetry
Laboratory (PSDL) or a Secondary Standard Dosimétaporatory (SSDL). Primary

laboratories can calibrate the user’s chamber tiragainst their primary standards, or they
can calibrate reference instruments belonging $®eondary Standard Laboratory, which in

turn calibrates the users’ chambers.

A primary standard is an instrument of the highesttrological quality that permits
determination of the unit of the quantity from definition. In diagnostic radiology, the
primary standard for realizing the unit gray foe thuantity air kerma is a free-air ionization

chamber.

The radiation beams in common use for mammograpfyased on molybdenum anode x-
ray tubes with molybdenum filtration. When opera#d/oltages between 25 kV and 35 kV,
the x-ray absorption edge of the Mo filter cuts the higher spectral energies from the Mo
target while the emissions of characteristic x-ray47.5 keV and 19.6 keV from the target
are favoured and photons with energy less thanelOdce absorbed. This provides the ideal
radiation energy range to provide good diagnosbatrast in soft tissue images while
ensuring that low-energy x-rays do not contriboterinecessary patient dose.

Some of the standards laboratories are indeed espijwfih molybdenum-anode x-ray tubes,
like the ones used in clinical mammography. The fatooies establish reference radiation
qualities similar to those used in mammographyngigheir standard to determine the air
kerma characterized in these radiation beams. The$erence laboratories with no

mammography facilities but having tungsten-anodayx{ubes, the type of tube used in
conventional radiology, can also establish simiksfierence radiation qualities as used for
mammography by adding molybdenum or rhodium fil@msgl operating the tube in the same
energy range used in mammography. These radiatialitiga are referred to as simulated
mammography beams. The use of tungsten-anode iced@alities to calibrate ionization
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chambers that will be used for the dosimetry ofyndenum-anode radiation beams requires
additional studies to determine the response otliaenbers to radiation beams with different

spectral distribution [2].

Calibrations of ionization chambers have to be miadeell defined x-ray beams, as the
response of the dosimeters depends on the spdidtabution of the x-ray beam. The anode
material, the generating voltage, the air kerme, e filtration, the first half value layer and
the photon-energy distribution (spectrum) are thennparameters that determine the x-ray
beam characteristics. It is important that standafdrence laboratories are equipped with
stable voltage generators in order to avoid flusbna in the spectral distribution of the x-ray
beam; accurate measurements of the generatinggecdi®® needed in order to determine the
quality of the radiation beam, and stable monitoramgl measuring systems for the anode
current allow corrections to be applied for possithictuations to the measured output (air-

kerma).

Accurate air-kerma determinations require a fullrabterization of the primary standard or
the use of calibrated chambers traceable to prirst@arydards. The way to verify the accuracy
of measurements is by participating in comparisaits other standards in well defined
radiation beams. The concept of dosimetry compasisrecognized as an important element
in quality assurance programmes and is also recomaakin international guides like the
International Organization of Standardization (IS®@ym [3], International Electrotechnical
Commission (IEC) series [4], International Comnuossi on Radiation Units and
Measurements (ICRU) report [5] and the Internatigktamic Energy Agency (IAEA) Code
of Practice [6].

1.4. The role of the BIPM

International comparisons of primary standards @alibrations of secondary standards of the
National Metrology Institutes for radiation dosimethave been carried out at the Bureau
International des Poids et Mesures (BIPM) sinceetlidy 1960s. The BIPM maintains stable
reference standards, provides an internationditiafor comparisons and ensures world-wide
uniformity of measurements and their traceabildythie International System of Units (SI).
International bilateral comparisons organized by BiPM enable the NMIs to demonstrate
their calibration and measurement capabilities asgnted in the CIPM Mutual Recognition
Arrangement (CIPM MRA database). The CIPM MRA wasablished in 1999 by the
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International Committee for Weight and MeasuremeZiBM, the supervisory body of the
BIPM, to establish the degree of equivalence oionat measurement standards maintained
by the NMIs, to recognize the calibration and measent capabilities of the NMIs (CMCs)

and to provide a system of traceability to theriméional system of units (SI).

The BIPM operates through a series of Consultafteenmittees, whose members are the
national metrology institutes of the States that arty to the Metre Convention of 1875. A
Consultative Committee for lonizing Radiation (CERlas established in 1958 following
recommendations of the International CommissionRadliation Units and Measurements
(ICRU) to advise on the programme of work of th&HBll lonizing Radiation Department and
also to determine the reference conditions fodadimetry comparisons.

Comparisons of national primary standards withBfeM primary standards are designated
as key comparisons with reference BIPM.RI(D;K(n is the number for each key

comparison). The CCRI(l) took the decision at itgetmg in 1999 to use the BIPM

determination of air-kerma rate as the basis ofkdhyecomparison reference value (KCRV),
Xgr, to which the degrees of equivalence are estauligbr the NMIs that participate. The

comparison results are published in the BIPM key mamson data base KCDB [7] of the
CIPM MRA.

The lonizing Radiation (RI) Department started finé&ional comparisons in low-energy x-
ray beams in 1966 [8] in the reference radiationities recommended by the CCRI [9], and
these are identified as BIPM.RI(I)-K2 comparisoibese reference radiation beams were
established at the BIPM using a tungsten-anodey xutae with aluminium filtration and the
tube is operated in the range from 10 kV to 50 A\Mfree-air chamber was developed at the
BIPM as the primary standard for these beams ireéitly 1960s and it has been used for all

the ongoing air-kerma comparisons in these referéeams to date.

In 2001, the CCRI(I) first proposed that the BIPMeand these activities to mammography, to
meet the needs of the National Metrology Institdtascomparisons in this domain and to
provide characterizations and calibrations of nati@tandards traceable to the International
System of Units (SI).

| began this work at the BIPM by establishing a ekenine radiation qualities using the
existing tungsten-anode x-ray tube with molybderamd rhodium as filters to simulate the
radiation beams used in clinical mammography [10]2005 and 2007, a medium-term
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programme was presented to the CCRI to implemeriacdity for comparisons and
calibrations in clinical-type mammography beamshatBIPM. In 2009, after the installation
of a molybdenum-anode x-ray tube, a set of fouratamh qualities was established as
reference beams for mammography comparisons antiratedns [11], following the
recommendations made by the Consultative Commifttedonizing Radiation, Section |
(CCRI(D) during the 19th meeting (May 2009) hetdlze BIPM. In addition, a new free-air
chamber primary standard for air kerma was desigmeldconstructed at the BIPM to be used
for the dosimetry of these beams. The suitabilitytteé simulated mammography x-ray
qualities for the calibration of four ionizationarhbers of the type currently used by NMls
for mammography dosimetry was carried out by comgartheir responses to both

tungsten/molybdenum and molybdenum/molybdenumddetsdiation qualities.

A brief description of the work carried out at tARHF°M to provide an international facility for

comparisons and calibrations in the mammographld fie presented in the following

paragraphs, divided into five stages: establishnm@Ensimulated mammography beams;
design, construction and characterization of a @rymstandard; set-up of reference
mammography radiation qualities; study of the respoof ionization chambers to different
radiation beams; and finally, the international pamson programme running as a new BIPM
on-going key comparison with reference BIPM.RI([J-kand characterization of national
standards. Full detail is presented in the subseqtlepters of this thesis, each of which is

stand-alone; all the references are given in tia fthapter.

1.4.1. Simulated mammography radiation qualities

In order to have radiation qualities similar to thassed in mammography but using the
tungsten-anode x-ray tube at the BIPM, a new seuafities was implemented by replacing
the aluminium filtration used for the CCRI referemadiation qualities by molybdenum and
rhodium filters of 0.06 mm and 0.05 mm thicknesspectively, and operating the tube at the

different voltages used in the clinical mammograpdmge.

The determinations of the beam quality, expressedeims of the aluminium thickness
needed to reduce the air kerma rate to half itsalnvalue, known as the half-value layer
(HVL), were made using the BIPM primary standatte free air chamber L-01. A set of
correction factors for the free air chamber is imedl in the determination of the air kerma

rate. As these correction factors are energy-depenthey have to be determined for each
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radiation quality, either experimentally or by ed#tion, using the spectrum corresponding to

each quality.

The factor that corrects for the lack of saturatiture to ion recombination and diffusidgm
was determined following the method proposed by ABleeida and Niatel [12] as
implemented by Boutillon [13]; the polarity correst ky,, and the correction for photon
transmission through the front wall of the chamlgewere determined by measurements; the
correction factors for electron logs photon scatteks. fluorescences; and photon scatter
and transmission from the diaphragm were calculated using Monte Carlo techniques. The
factors were calculated using the Monte Carlo c&d&EeLoPE [14] for monoenergetic
photons from 2 keV to 50 keV, with steps of 2 ked/detailed simulation of the BIPM
standard was performed with theNBLOPEgeometry package. The results for monoenergetic
photons were convoluted with the spectrum corresipgntb each radiation quality, which

were determined experimentally and by simulatiegxplained in the following paragraph.

The spectra were measured using the Compton sogtteethod, which consists of placing a
scattering material in the primary beam, measutitggscattered photons at a certain angle
and then reconstructing the primary beam. A commaker€ompton spectrometer with a
scatter angle of 90° was used for this study; tatsred photons were detected using a low-
energy pure germanium detector coupled to a mualtiokl analyser. The Ge detector was
calibrated using the known energies of the x- wralys emitted by radioactive sources of

and **’Am. The primary x-ray spectra were reconstructexnfrthe resulting pulse height

distribution using commercial software [15].

Two of the mammography spectra were also obtainediimulation with Monte Carlo
techniques using the codeNELOPE The x-ray tube configuration (electron source, érg
tube window, collimator system and filters) was @iated in detail using theERELOPE
geometry code. A user code was written which dakssubroutines defined IrERELOPEtO
simulate the transport of electrons travelling itwam and striking the target to produce
bremsstrahlung and the transport of photons thrahglcollimators and filters, to record at
the reference measurement plane, the photon eneggther with the corresponding

coordinates and direction of each photon crosgiiggpiane.

The measured spectra agree well with the calcukgtedtra, the maximum deviation between

them being less than 0.35 keV; these differences ha significant effect in the calculation
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of the standard’s correction factors. The air keratas were then determined using the free
air chamber L-01.

The suitability of these tungsten/molybdenum be&onshe calibration of chambers that will

then be used for the dosimetry of molybdenum/madyluiin beams has to be studied by
comparing the response of such chambers in thesei® of radiation beams. To start this
study, three ionization chambers currently usechammography dosimetry were calibrated
periodically in the simulated mammography beamsr meveral years to determine their

response in these beams.

1.4.2. Primary standard for mammography

A new primary standard was designed and construatethe BIPM to be used for the
dosimetry of the mammography beams. The new stdndasignated as L-02, is a parallel-
plate free-air chamber designed to be used up t0/58nd to minimize the correction factors

involved in the air-kerma determination.

A comparison with the existing standard L-01 for thegsten-anode x-ray tube was made at
the CCRI reference radiation qualities. To be ablearry out this comparison, the correction
factors involved in the air kerma rate determinatior the new standard needed to be
determined for these reference beams; as explameskction 1.4.1, these factors were
obtained either by calculation using Monte Carlchteques or experimentally by ionometric
measurements. The new standard was simulatedan dsing the ENELOPEgeometry code,
reproducing dimensions and materials. The correctamtors were calculated for mono-
energetic photons from 2 keV to 50 keV in step &eV. The results for mono-energetic

photons were folded with the spectra corresponttirtje CCRI qualities.

These spectra were measured with the BIPM Compieatometer and also simulated with
the EENELOPEMonte Carlo code.

Initial discrepancies between the standards obtHer of 4 parts in fOmotivated a series of
studies to investigate the cause of this disagraenmaestudy of the volume determination, a
study of contact potentials between the collectod ¢he guard plate and a study of the
temperature measurement and its stability insigectimmber. None of these studies could
explain the initial discrepancy, which increasedasomuch as 8 parts in *l6uring some of

these measurements. When the chamber was firstrectesl and each time that it was
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dismantled and reassembled, the planarity of thleator-guard plate was checked using the
coordinate measuring machine (CMM) and a tolerafcg0 um was accepted. To examine
this choice, the upstream edge of the collectorased and lowered by around 100 pm with
respect to the guard plate. This resulted in dismmeies of up to 3 parts in 4.0ndicating that
the tolerance of 50 um was too high and might emglee fluctuating results. A new collector
support was designed, allowing the collector tadjisted to better than 5 um with respect to
the guard plate. The collector and guard plateh lbdaluminium, were cleaned and mounted
again with the new support. With this configuratidime discrepancy between the standards
was reduced to 1 part in 3(ut it was not stable, increasing to 4 parts ihthéee months
later with no change in the co-planarity. Finalbnce the collector and guard plate were
coated with graphite the discrepancy was reducesnatp 1 part in 1D and has since

remained constant.

1.4.3. Reference radiation qualities for mammogyaph

A molybdenum-anode x-ray tube was installed in line-energy x-ray laboratory at the
BIPM, sharing the facilities with the tungsten-anduée, using the same high-voltage
generator, voltage stabilization and anode cumegdgsuring system.

The reference plane is established at 600 mm frantube centre. Radiographic films were
used for the study of the radiation field (size,pghand beam axis). Horizontal and vertical
radial profiles were measured using a thimble iatnan chamber. Using the data from the
radial profiles and the radiographic images, aesysof two lead collimators was designed

and machined to produce a circular field 10 cm andéter at the reference plane.

Four radiation qualities were set up as refereneenisefor comparisons and calibrations, in
the range from 25 kV to 35 kV. The beam qualigpressed in terms of the aluminium half-
value layer (HVL), was determined for each beamgisihe new primary standard. The anode
current for each quality was chosen to give arkaima rate of 2 mGy §in the reference

plane. A molybdenum filter 30 um in thickness isdi$or all the qualities.

The Mo-target photon energy spectra were measwsied) the Compton scattering method,
described previously. Two mammography spectra vadse obtained by simulation with
Monte Carlo techniques using the codanBLOPE The x-ray tube configuration (Mo target,

Mo filter and collimation) was simulated using tPENELOPEgeometry code.
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The correction factors for the standard involvedhe determination oK, were obtained
either by calculation using Monte Carlo techniquas experimentally by ionometric
measurements. The results for mono-energetic phatene folded with the spectra measured
with the BIPM Compton spectrometer and also udiegspectra simulated wittERELOPE In
spite of some differences in the peak height batvtke measured and the calculated spectra,
the correction factors for the standard were insigago these differences.

1.4.4. Study of chamber response to the simulasadmography beams

A study of the suitability of the simulated mammagny beams established using the
tungsten-anode x-ray tube and molybdenum filtertti@r calibration of ionization chambers
was carried out for four types of ionization chamleemmonly used for mammography
dosimetry. The ionization chambers used in thiglystwere a Radcal RC6M, an Exradin
Al11TW, an Exradin Magna 92650 and a PTW 34069; theye calibrated in the BIPM
W/Mo beams and the responses compared with thasénet through their calibration in
Mo/Mo mammography beams. The calibration coeffitsemeasured in the simulated
mammography beams are in agreement with thosenetan the Mo-anode beams at the
level of 1 part in 1bfor the Exradin chambers, 3 parts irf 16 the Radcal and 5 parts in®10
for the PTW. Consequently, national standards kooes not equipped with Mo-anode x-
ray tubes can, at this level of uncertainty, impainWW/Mo beams to calibrate these types of
chamber for subsequent use in Mo-anode beams. miktbod, however, should not be
extended to other chamber types without similaification in W/Mo and Mo/Mo beams.

1.4.5. International comparisons and charactednaif national standards

A new BIPM ongoing series of comparisons, idendifeess BIPM.RI(1)-K7 in the KCDB, was
started in 2009 for the bilateral comparisons oimpry standards for mammography

dosimetry between the National Metrology InstitufeMIs) and the BIPM.

Comparisons of the standards for air kerma in mamaptry x-ray beams can be carried out
directly at the BIPM or indirectly using transfemization chambers belonging to the NMIs.
In the first case, the quantity air kerma is detaad with the NMI and the BIPM standards
and the comparison result is expressed as the Katio/ Kgipm. In the case of an indirect

comparison, the NMI calibrates the transfer stath@@mnization chamber) against its primary

standard in its laboratory, determining the catibracoefficientNk nvi, taken as the mean of
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measurements performed before and after the measote at the BIPM; the transfer
instrument is calibrated in between at the BIPMiedwrining theNk gipv; the comparison

result is taken as the ratio of the calibrationfitcients determined at each laboratory as
Nk nvi / Nk sipm- While the use of transfer chambers might intredoore uncertainty in the

comparison results than for a direct comparisothefprimary standards, useful information
iIs gained on the reproducibility of calibration ffagents and on the behaviour of transfer
instruments of the type used in the disseminati@irc A detailed analysis of the uncertainty
budget is made in order to calculate the combiriaddard uncertainty of the comparison

results, taking into account correlations betwéenstandards.

The results of each of the comparisons are analyststms of the degree of equivalence of
each national standard with respect to the key emisgn reference value. It follows that

xg = 1. For each laboratory with a comparison resutt determined with combined standard
uncertaintyu;, the degree of equivalen@ with respect to the reference value is therefore
simply x - 1 with expanded uncertainty = 2 u.. The results of the degrees of equivaledce
and the expanded uncertaintigsare entered in the form of tables and graph irBiRM key

comparison data base (KCDB).

For each comparison, the corresponding report alymed describing the measurement
conditions at each lab, details of the standarus,ttansfer instruments in the case of an
indirect comparison, correction factors involvedhe determination of the air-kerma rate and
calibration coefficients for indirect comparisotise comparison result and the corresponding
uncertainties. Reports of the comparisons are wedeby the CCRI and once approved are
published in Metrologia, and the results includedhe KCDB. The reports are published

electronically by IOP Publishing on the internetiare freely available through the BIPM

web site.

The first comparison of standards for air kermaneimmography x-ray beams was carried out
with the NRC (Canada) in March 2007 in the W/Morheathis was an indirect comparison
using a set of four transfer ionization chambeilsrigng to the NRC, and was made at two

different distances.

The following comparison was with the NMIJ (Japam)November 2009; it was the first
comparison in the Mo/Mo beams and used a set d@ethiransfer ionization chambers
belonging to the NMIJ.
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The third request for participating in the BIPM.RIK7 comparison was made by the NIST
(USA); this was carried out indirectly using onansfer instrument in January 2010.

In September 2010, a new comparison was schedutadive PTB (Germany), not only in
the mammography radiation beams (Mo/Mo qualities)t lalso in the simulated
mammography beams (W/Mo qualities); two transfestruments were used for this

comparison.

A direct and indirect comparison was carried outhwhe ENEA (ltaly) in the simulated
mammography beams (W/Mo qualities) as the ENEAedmssates the calibration coefficients
in these beams. Measurements with the ENEA primmtagdard and one transfer ionization

chamber were made at the BIPM during February 2011.

The results of the comparisons with the NRC, NNNIET and the PTB have been published
in the Metrologia Technical Supplement; the grapkdegree of equivalence, as presented in

the KCDB, is shown in Figure 1.1.

Degrees of equivalence
BIPM.RI(I)-K7
15
10 -

— T+ T ¢ Mo/Mo 25 kV
= 54 -T{ - I ) ® Mo/Mo 28 kV
2 A Mo/Mo 30 kv
(g 0 eMAX ¢HAX % Mo/Mo 35 kV
= T84 % Jll © W/Mo 23 kv
g S5+ -Ht+-—-—-- R e -t =L

0 W/Mo 30 kV
101 L=i= e [ © W/Mo 50 kv
-15
NMIJ PTB NIST NRC
NMI

Figure 1.1. Degrees of equivalerideand uncertainty; (k = 2), in mGy/Gy

The ENEA agreed to repeat the comparison in the hdare, because of the different

calibration conditions used at the ENEA to calibriiite transfer chambers.

The International Atomic Energy Agency, tracealdetiie PTB, asked the BIPM to run a

bilateral comparison in the Mo/Mo beams in ordestipport their dosimetry calibration and
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measurement capabilities (CMCs), published in Apper@d of the CIPM MRA key
comparison database. The measurements were pedonn®2912 and the comparison report

has be sent to the CCRI(I) for approval and fupurlication.

A recent comparison with the VNIIM (Russian Federathas been carried out in the Mo/Mo
beams using two transfer chambers; repeat calimsbtf the transfer chambers are still being
carried out at the VNIIM, after the measurementslenat the BIPM.

Comparisons with other countries are anticipatetiéncoming years.

Up to now, five national standards belonging to @Ml (Czech Republic), HIRCL (Greece),
ININ (Mexico), ITN (Portugal) and NIM (China) wereharacterized in the mammography
beams and two of them, also in the simulated mamapby beams. The corresponding
calibration certificates issued for each NMI contaiformation on the calibration coefficient
determined under the measuring conditions desciibglb] together with the corresponding

uncertainties, the uncertainty budget and the daetancerning the calibration.
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Chapter 2. Establishment of simulated mammography
radiation qualities using a tungsten target x-cdpet

with molybdenum and rhodium filters

2.1. Introduction

Mammography is an imaging technique that uses % tayexamine the human breast,
specifically for detecting breast pathology. Breaatliography requires a special x-ray
spectrum to fulfill two important requirements: pide a good subject contrast of soft tissues
and, keep the radiation dose as low as possibleqéate subject contrast is necessary to
distinguish between normal and diseased tissuest@mlgtect calcifications within breast
tissue, as there is a high correlation betweenptiesence of calcification and disease. As
breast tissue is one of the more radiosensitivgéis, the x-ray dose delivered during the
examination must be kept as low as possible inrdadeeduce the risks of radiation-induced
carcinogenesis. These requirements are difficuladoomplish: a reduction of the beam
energy improves the subject contrast at the expehsecreasing the dose to tissue; this
indicates mono-energetic x rays in the energy rdrage 17 keV to 25 keV as the best choice.
Unfortunately, the output of an x-ray tube is pehergetic, but a good approximation to
mono-energetic beams at these energies can beveghising x-ray tubes with molybdenum

or rhodium targets and filters.

As mentioned above, it is essential in mammographyinimize the radiation dose delivered
to the breast because of the risk of inducing adireancer associated with the use of ionizing
radiation. Thus, an accurate dose determinati@m ignportant aspect in mammography. The
mean glandular dose is usually used to evaluateritke of carcinogenesis, and this is
calculated from measurements of the radiation outguthe x-ray tube and applying
conversion factors. The output of the x-ray tubedétermined from measurements using
radiation detectors called ionization chambersnfentioned in the first chaper, commercial
ionization chambers used in diagnostic radiologypattnents need to be calibrated at

standard reference laboratories in the same manapbgrenergy range and preferably in the
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same type of radiation beams used in mammographg. i$ because the response of these
detectors can be energy dependent and thus bdigensi radiation beams with different

spectral distributions.

At present, a few national reference standardsrédbioes are equipped with mammography
x-ray tubes. These laboratories can establisheeéer radiation qualities in the same energy
range used in clinical mammography to calibrate ukers’ ionization chambers. However,
those standard dosimetry laboratories with neitherolybdenum- nor rhodium-anode x-ray
tube but having a tungsten-anode x-ray tube, the bof tube used in conventional radiology,
can also establish similar reference radiationijealas used for mammography by adding
molybdenum or rhodium filters and operating theetub the same energy range used in
mammography. These qualities are referred to aslaied mammography beams and are

usually denoted as W/Mo or W/Rh beams.

In order to meet the needs of the National Metrplbgtitutes for comparisons of standards
belonging to Primary Standard Dosimetry Laboratoii®e mammography radiation beams,
and to provide characterizations and calibrations $econdary Standard Dosimetry
Laboratories traceable to the International Systénunits (SI), the BIPM was asked to

extend the international programme of ongoing campas and calibrations to this domain.

Initially, a set of nine x-ray qualities using anebination of the tungsten-anode low-energy
x-ray tube and molybdenum or rhodium as additidiitdation was established [10]. A
description of the work | carried out at the BIPMI provide an international facility for

comparisons and calibrations in mammography ramhdieams is presented in this chapter.

The suitability of these simulated mammography w-galities for the calibration of
ionization chambers currently used in mammography imvestigated and the results of this
work are presented in Chapter 5 “A study of th@poese of commercial ionization chambers

to mammography beams”.

Three comparisons of primary standards have beenedaout in these simulated
mammography beams, with the National Research GONRC (Canada), the Physikalisch-
Technische Bundesanstalt PTB (Germany) and theuttstNazionale di Metrologia delle
Radiazioni lonizzanti ENEA (Italy). Details of treomparisons are presented in Chapter 6
“Implementation of and international comparison aadibration facility for mammography
dosimetry at the BIPM”.
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2.2. Establishing new radiation beams: determinattd the beam

guality and the air kerma rate

2.2.1. X-ray production

X rays are produced by energy conversion when tanfaging stream of electrons interacts
with the anode target of an x-ray tube. X rays geeerated by two different processes,
resulting in the production of a continuous speautrfbremsstrahlung) and characteristic x
rays.

Bremsstrahlung: when the electron passes near ttleusy an inelastic radiative interaction
occurs in which an x-ray photon is emitted. Thecteta is not only deflected in this process
but gives a significant fraction (up to 100 %) tf kinetic energy to the photon, slowing
down in the process. Such x-rays are referred tbresisstrahlung, the German word for

“braking radiation”.

Incident electrons

2., - -'._ Ofﬁ@ §
3e — - 7 2 Close interaction:

Q
Moderate energy

Distant interaction:
Low energy
Impact with nucleus:
Maximal energy

Figure 2.1. Fast electrons in the proximity of alaus are deflected and the emission of x-

rays is produced in this process.
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Linfiltered bremsstrahlung spectrum

Filtered bremsstrahlung spectrum
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Figure 2.2. The resulting bremsstrahlung radiargrgy spectrum (unfiltered and filtered),

generated in a thick target of any atomic nunzbby an electron beam of incident eneiigy

Characteristic x rays: electrons with energy excegdne binding energy of an inner shell
electron of the target atom can eject it, leavingamized atom with an unfilled inner shell.
Electrons from an outer shell will fill this vacgnwith the release of a “characteristic” x-ray
photon; this is identified as a K x ray when theermost shell is filled, L x ray for the next

electron shell, etc.

Ejected electron

Target atom

1

Incident electron with
energy greater than
K-shell binding energy

Characteristic x-ray:
fromL —= K
electron transition

Figure 2.3. Following the creation of a K-shell aacy, an electron from another higher shell
fills it, and emits a fluorescence photon havinguantum energy equal to the difference in

the two energy levels involved.
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Characteristic lines
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Figure 2.4. The characteristic lines at these §peenergies (difference in the two energy

levels involved) and the continuous spectrum.

The contribution of each of these two interactioncpsses to the production of the x-ray

spectrum depends on the electron energy and oridimecanumbefZ of the target material.

With a high atomic number anode like tungsten,xtray beam consists almost entirely of
bremsstrahlung radiation and the contribution fidmaracteristic radiation is negligible in the
diagnostic energy range. Some diagnostic examirstitke mammography require x-ray
spectra with a minimal bremsstrahlung contributitie, best choice being a monoenergetic x-
ray beam. When operating x-ray tubes at low voKageich as the values required in
mammography, and having lower atomic number andatesnsstrahlung production is less
efficient to the point at which characteristic @thn assumes an overriding importance. To
take advantage of this principle, approximationtloé ideal monoenergetic beam can be
achieved with x-ray tubes with molybdenum and rbodiargets, whose characteristic x rays
occur in the energy range needed for mammograghgrd-of molybdenum or rhodium are
commonly added to attenuate bremsstrahlung prodatednergies higher than the K-
absorption edge of the anode materials, such dilteeing transparent to their own
characteristic radiation.

An illustration of the production of bremsstrahlusugd characteristic radiation can be seen in
Figure 2.5: the first graph shows a measured spectiorresponding to a radiation quality

produced with a W-anode x-ray tube and Al filtratiwhereas the second one is a spectrum
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corresponding to a Mo-anode x-ray tube and Moatibn, both x-ray spectra are obtained
using the same generating voltage of 30 kV.
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Figure 2.5. BIPM spectra corresponding to a W ar{taf® and Mo anode (botton) x-ray tube
operated at 30 kV (spectra measured at the BIPMyukie Compton scatter method).

Spectra consisting almost entirely of bremsstrahlikegthe one produced with a W-anode x-
ray tube (normally operated in the range from 10t&\60 kV) can be modified significantly

depending on the filtration added in the beam. Agkidvantage of the K-absorption edges
Eap Of the filter material, the filters will attenuab®th low and high energy photons and thus

transmit a narrowed spectrum, as illustrated iuFeg.6. This spectrum is obtained from the
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one shown at the top of Figure 2.5 by simply repig¢he Al filter with a 60 um Mo filter
that has its K-absorption edge at 20.002 keV. Tlefiller attenuates x rays strongly just
above the 20 keV K-edge where its mass attenuabefficient increases considerably, as

can be seen in the second graph of Figure 2.6.
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Figure 2.6. Spectra corresponding to a W anodeyxuiae with Mo filtration operated at 30

kV (top) and the mass attenuation coefficient,qu niolybdenum (bottom)

2.2.2 X-ray tube

The x-ray tube is made of glass that encloses awnaccontaining two electrodes. The
electrodes are designed so that electrons prodatdte cathode (negative electrode or

filament) can be accelerated by a high potentifflexdince toward the anode (positive
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electrode or target). The basic elements of aostaty target x-ray tube are shown in
Figure 2.7.

Focusing
Cup

.
- ] CAT(H())DE 20 ) CATHODE

Friament

e
APPARENT
FOCAL SPOT

SIZE

Figure 2.7. Schema of an x-ray tube

Electrons are produced by the heated filament andlerated across the tube to hit the target,
where x rays are produced. The vacuum is neededdim that electrons collide with gas
molecules, lose energy and cause secondary iritaradthe filament, which is the source of
electrons, is a tungsten wire that is coiled torfer vertical spiral.

The focal spot is the area of the target that islmmed by electrons from the cathode. As
most of the energy of the electrons is convertdd hreat, a large focal spot is needed to
dissipate the heat and thus avoid damage of tgettaklternatively, in a clinical situation, the
target may be rotated to dissipate the heat. Bhmecessary when using generating voltages
above 60 kV. But to produce good radiography, allsimeal spot is necessary. To solve this
conflict, the angle that the target forms with fhlane perpendicular to the incident beam

should be small so that the apparent focal spetlstzomes smaller.

2.2.3 X-ray characterization

It is worth introducing few concepts related to tiearacterization of an x-ray beam. The
main parameters that determine the x-ray beam ciesistics are the target material, the
generating voltage, the anode current, the fitirgtiall of which together will define the air

kerma rate. An important additional parameter esfitst half value layer that is a measure of
the additional material needed to halve the aimierate and will depend on the photon-

energy distribution (spectrum). All these paransetge used to define the quality of the x-ray
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beam. The word quality may be taken as synonymatks hardness, that is, the penetrating
ability of the radiation beam. This comes from tearly days of radiotherapy when
orthovoltage x rays (200 kV to 400 kV) were used tteat deep seated tumours; the
effectiveness of the treatment depended on théyabilthe x rays to penetrate to the tumour:
the more penetrating the beam, the higher its tyudlhe same term quality is also applied to
diagnostic radiology.

The generating voltage determines the maximum gnefdhe electrons and hence the
x rays produced, while the anode current determihesoutput intensity or number of
photons of the beam.

The dosimetric quantity related to the intensitytloé output of the x-ray tube used in

diagnostic radiology is the air kermidg,, acronym for the kinetic energy released per
mass (of material). Primary determinations of ainma are made using free-air ionization

chambers (FAC).

The quality of the beam is usually expressed imseof the aluminium half value layer
(HVL), defined as the aluminium thickness needetkthuce the air-kerma rate to half its

initial value.

The spectrum is needed for several dosimetric egpbns such as, for example, the
calculation of the correction factors for the fe@echamber entering in the determination
of air-kerma rate or the calculation of the conimrsfactors to determine the mean

glandular dose in mammography.

Filtration of the emitted x rays is caused by immrattenuators and added filters in the
path of the x-ray beam. Inherent filtration comesf the thickness of the x-ray tube
window and its material, often beryllium, whereakled filtration refers to any filters

placed in the beam in order to modify the spectfomna particular application.

To produce well defined x-ray beams it is necesgahave stable voltage generators to avoid
fluctuations in the spectral distribution, accurateasurements of the generating voltage to
determine the quality of the radiation beam, aatblstmonitoring and measuring systems for
the anode current to allow corrections for possthletuations to the measured output (air-

kerma).
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2.2.4 X-ray irradiation facility at the BIPM

The low-energy x-ray laboratory at the BIPM is gup&d with a high-voltage generator and a
tungsten-anode x-ray tube with an inherent filmatof 1 mm beryllium, comprising the tube

window. The main characteristics are listed in €ahll.

Table 2.1. Main characteristics of the W-anodewtue

Tube MXR-160/0.4-1.5 COMET

Nominal x-ray tube voltage 160 kV

Max. tube current at nominal voltage 10 mA

Power 1.6 kW
Inherent filtration (window) 1 mm Be
Target angle 20°
Focal spot diameter 1.5 mm

The generating potential is stabilized using aniteml feedback system designed and
constructed by the BIPM. Monitoring is done usingdatage divider built and regularly
calibrated at the BIPM [17]. Using this, the gemarauns approximately 10 V below the
desired potential, and a programmable voltage guigphserted between the anode and the
ground. This is operated in a feedback arrangenienthe controlling computer; the
difference between the measured voltage and theedesltage being programmed into the
voltage supply approximately once per second. Uthiggsystem, stability of a few tenths of

a volt is achieved.

As an alternative to using a transmission ionizattbamber monitor to track the radiation

output stability, the anode current is measured. drimle current is monitored by placing a
calibrated 200 ohm resistor between the anode laadytound, and the voltage across this
resistor is read using a voltmeter with a high idgece. This gives a measure of the anode
current to be used either just for information@attually normalize the measured ionization

current (in the standard, for example) to a refezaradue for the anode current.

This method provides a more stable reference ouwtiptlte tube. The tube is operated using a
high tension in the range from 10 kV to 50 kV.
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As the kerma measured in air depends on the mabe oheasuring volume, the temperature
and pressure must be known. The irradiation aré@nperature controlled at around 20 °C;
two thermistors, calibrated by the BIPM to a few nmieasure the temperature of the ambient
air and the air inside the BIPM standard used lier dosimetry of the x-ray qualities. Air
pressure is measured by means of a BIPM-caliblzdeaimeter positioned at the height of the
beam axis. The relative humidity is controlled witthe range 47 % to 53 %.

2.2.5 The BIPM standard

The BIPM low-energy x-ray standard used for theirdetry of the W-anode radiation
qualities is a free-air chamber of the conventigraahllel-plate design [8], identified as L-01.
A full description of a free-air chamber is presehin Chapter 3 “Design and construction of
a primary standard for mammography”. The measwolgmeV is defined by the diameter
of the chamber aperture and the length of the ciolig region. The main dimensions, the

measuring volume and the polarizing voltage fordtamdard are shown in Table 2.2.

Table 2.2. Main characteristics of the standard

Standard L-01
Aperture diameter / mm 9.941
Air path length / mm 100.0
Collecting length / mm 15.466
Electrode separation / mm 70
Collector width / mm 71
Measuring volume / mi 1200.4
Polarizing voltage / V 1500

2.2.6 New radiation qualities

In order to have radiation qualities similar togbaused in mammography but using the W-
anode x-ray tube, a new set of qualities was implged. This was achieved by replacing the
Al filtration with Mo and Rh filters of 0.06 mm an@.05 mm thick, respectively, and
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operating the tube at the different voltages asl usehe clinical mammography range. The

characteristics of these beams are given in TaBle 2

Table 2.3. Characteristics of the simulated mamuagaigy radiation qualities

Radiation W/IMo | W/Mo | W/Mo | W/Mo | W/Mo | W/Mo | W/Mo | W/Rh | W/Rh
quality 23 25 28 30 35 40 50 25 30
Generating

potential / KV 23 25 28 30 35 40 50 25 30
Additional

filtration 60 um Mo 50 um Rh

HVL /mm Al 0.332| 0.342| 0.356 0.364 0.388 0.417 0.489 0.464 050/5

" 0.423 mm of Be was added to all the qualitiesréasons of consistency related to the measurenfiit o

attenuation, as explained in 2.2.6.2.

2.2.6.1 Half value layer

The determinations of the beam qualities, expressadrms of the aluminium half-value

layer (HVL) were made with the BIPM standard L-Ohe air kerma rate was measured with
no added attenuator in the beam and for threerdrfifecombinations of attenuators placed on
the beam axis; the attenuated air-kerma rate valges normalized to the value measured
with no attenuator, and they were plotted as atfancof the corresponding numbered
attenuators’ thickness as illustrated in Figure A&uadratic fit was made to the measured
values, the fit being constrained to unity at zattenuator thickness. The HVL for each
radiation quality was derived from this fit. Thecentainty arising from the fitting procedure

is taken as the root mean square (r.m.s.) deviatidhe measured values from the fitted line.

This is evaluated as 8 parts ir’10
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30 kV HVL measurement
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Figure 2.8. Half value layer determination

2.2.6.2 Air kerma rate

The air kerma rate was measured using the starid@i under the reference conditions
described in [16]; the most important details aredpced here. The reference plane for the
BIPM standard was positioned at 500 mm from theatamh source, with a reproducibility of
0.03 mm. The standard remains in a fixed positioh iawas aligned on the beam axis to an
estimated uncertainty of 0.1 mm; the positioninghaf standard was done at the time of the
installation of the W-anode x-ray tube, previouslthis work, using a method similar to the
one described in 4.2.4. The beam diameter in tfegarce plane is 84 mm for all radiation

qualities.

For a free-air ionization chamber standard with sneag volumeV, the air-kerma rate is
determined by the relation
I W

air

K

_ 1
B pairv € 1_ gair ||_| ki (21)

wherepair is the density of air under reference condgjons the ionization current under the

same conditions\,;; is the mean energy expended by an electron ofyeleato produce an

ion pair in air, g is the fraction of the initial electron energy tldsy bremsstrahlung
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production in air, and1 k; is the product of the correction factors to be li@gpto the
standard. The values used for the physical corsgait andW,; /e are given in Table 2.4.
For use with this dry-air value fagr, the ionization curreritmust be corrected for humidity
and for the difference between the density of theofathe measuring volume at the time of

measurement and the value given in the table.

Table 2.4. Physical constants used in the detextoim of the air-kerma rate

Constant Value u®

=3
Oail® 1.2930 kg m 0.0001
W, /e 33.97JC 0.0015

& u, is the relative standard uncertainty.

® Density of dry air al, = 273.15 K and®, = 101.325 kPa.

The correction factors listed in Table 2.5 for st@ndard were determined by interpolation in

terms of HVL from the existing data for the CCRiemrence qualities [9].

Table 2.5. Interpolated correction factors for BiIEM standard

W/Mo | W/Mo | W/Mo | W/Mo | W/Mo | W/Mo | W/Mo | W/Rh | W/Rh

Radiation quality 23 25 28 30 35 40 50 25 30

Scattered radiatiok, | 0.9974| 0.9974| 0.9974| 0.9974| 0.9974| 0.9974| 0.9975| 0.9975| 0.9975

Fluorescence 0.9972| 0.9972| 0.9972| 0.9972| 0.9973| 0.9973| 0.9975| 0.9974| 0.9975
Electron los 1.0000| 1.0000| 1.0000| 1.0000| 1.0000| 1.0000| 1.0000 1.0000| 1.0000
Saturatiork. 1.0007| 1.0007| 1.0007| 1.0007| 1.0007| 1.0007| 1.0007| 1.0007| 1.0007
Polarityky 1.0005| 1.0005| 1.0005| 1.0005| 1.0005| 1.0005| 1.0005| 1.0005| 1.0005

Wall transmissiork, | 1.0000{ 1.0000( 1.0000| 1.0000| 1.0000{ 1.0000( 1.0000j 1.0000]| 1.0000

Field distortionky 1.0000| 1.0000( 1.0000( 1.0000| 1.0000| 1.0000| 1.0000j} 1.0000| 1.0000

Diaphragnkgi, 0.9995| 0.9995| 0.9995| 0.9995| 0.9995| 0.9995| 0.9994| 0.9995| 0.9994

! For an air temperaturé~ 293 K, pressurd® and relative humidity ~50 % in the measuring vourthe

correction for air density involves a temperatuogrectionT / Ty, a pressure correctid?,/ P and a humidity
correctionk, = 0.9980. At the BIPM, the factor 1.0002 is inaddto account for the compressibility of dry air
betweenl ~ 293 K andl, = 273.15 K.
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Air attenuatiork | 1 g21g| 1.0213| 1.0208| 1.020 | 1.0195 1.0187| 1.0169| 1.0159| 1.0150

#Values for 293.15 K and 100.0 kPa; each measureisentrected using the air density measured diirte

The factors for the free-air chamber at the CCRilitjas for electron losk., photon scatter
ksc and fluorescencds and photon transmission and scatter from the diayhr were
calculated by Burns [18] and by Burns et al [19] B8ing Monte Carlo techniques for
monoenergetic photons and the results were coredlutsing spectral measurements
performed previously with the spectrometer beloggio the Dutch Metrology Institute
(VSL), The Netherlands, that was used at the BIFNe correction for photon transmission
through the front wall of the chambley was measured. The correction factor for the lefick o
saturation due to ion recombination and diffuskigrwas determined following the method
proposed by De Almeida and Niatel [12] as detdigdBoutillon [13]. The polarity correction
koot Was determined by measurements. The air attenufstatar k, was measured for each
quality using the method of reduction of the aiegsure in a tube placed between the filter
and the free-air chamber [21] (the beryllium windofer this tube, of total thickness 0.423
mm, are used as additional filters at all timesalbthe qualities, for consistency).

A detailed description of the correction factorsl dneir evaluation is presented in Chapter 3

“Design and construction of a primary standardnfi@mmography dosimetry”.

By using a suitable choice for the anode curréwt air kerma rate was set to 1.00 mGyfar
all the radiation qualities.

2.2.6.3 Re-evaluation of the correction factorstfer BIPM standard L-01

The correction factors to be applied to the BIPlngiard for the determination of the air-
kerma rate for the new set of radiation qualitiesemecalculated using the Monte Carlo code

PENELOPE[14].

The Monte Carlo code HRELOPE is a subroutine package that simulates the trahsgo
photons and electrons in arbitrary material systeomsisting of a number of regions (bodies)
limited by interfaces. TheHRELOPEcode cannot operate by itself; the subroutines babe
called from a main program written by the user, valsn defines two input files needed by

PENELOPE to perform the particle transport: the geomettg fireated using the package
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PENGEOM, and the file containing the physical information abeach material, created by

means of the auxiliary programaAvERIAL .

A detailed simulation of the BIPM standard was perfed with the PNELOPE geometry
package PNGEOM, the geometry consists of 60 bodies defined byir tkemposition
(material) and 74 limiting quadratic surfaces, ogjucing the actual dimensions of the
standard. An example of the way in which the sw$aand bodies are defined is shown in
Figure 2.9 together with the resulting geometrydiaplayed by the programs GVIEW3D and
GVIEW2D.

5:9.0.0.0.0.9.0.9.0.9.0:9.0.9:9.0.0.0.9.:9.0.6.0.¢.9.9,0.0,4.¢

Pengeom geometry - fac.geo

BIPM low-energy FAC. March 2006 last version
00000000000000000000000000000000000000000000
SURFACE ( 1) CYLINDER R=0.6

INDICES=( 1,0, 1, 0,-1)

X-SCALE=( 6.000000000000000E-01, 0)
Z-SCALE=( 6.000000000000000E-01, 0)
00000000000000000000000000000000000000000000

SURFACE ( 19) CONE

INDICES=( 1.-1, 1, 0, 0)

X-SCALE=( 8.300000000000000E-01, 0)
7-SCALE=( 8.300000000000000E-01, 0)
Y-SHIFT=( 5.953000000000000E+01, 0)
00000000000000000000000000000000000000000000

SURFACE (21) PLANE Y=55.8 > 57.4
INDICES=( 0, 0, 0, 0, 0)
AY=( 1.000000000000000E+00, 0)
AD=(-5.740000000000000E-+01, 0)
00000000000000000000000000000000000000000000

BODY ( 6) diaphragm tungsten

MATERIAL( 2)

SURFACE ( 14), SIDE POINTER=( 1)

SURFACE ( 15), SIDE POINTER=(-1)

SURFACE ( 16), SIDE POINTER=( 1)

SURFACE ( 17), SIDE POINTER=(-1)
00000000000000000000000000000000000000000000
BODY ( 7) diaphragm tungsten

MATERIAL( 2)

SURFACE ( 19), SIDE POINTER=( 1)

SURFACE ( 15), SIDE POINTER=(-1)

SURFACE ( 17), SIDE POINTER=( 1)

SURFACE ( 18), SIDE POINTER=(-1)
00000000000000000000000000000000000000000000
BODY ( 8) Al front wall

MATERIAL( 5)

SURFACE ( 20), SIDE POINTER=(-1)

SURFACE ( 15), SIDE POINTER=( 1)

SURFACE ( 21), SIDE POINTER=( 1)

SURFACE { 16), SIDE POINTER=(-1)
00000000000000000000000000000000000000000000
BODY ( 9) Al front wall

MATERIAL( 5)

SURFACE ( 15), SIDE POINTER=( 1)

SURFACE ( 22), SIDE POINTER=(-1)

SURFACE ( 16), SIDE POINTER=( 1)

SURFACE ( 18), SIDE POINTER=(-1)
00000000000000000000000000000000000000O00000

Figure 2.9. Simulation of the BIPM standard L-0ingshe ENELOPEgeometry package
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The main program, written in Fortran, calls thersulines defined in ENELOPE controls the
evolution of the tracks; identifies the type of ide and interaction taking place; scores the
energy deposition in the bodies of interest; arldutates the correction factors required in the
determination of air kerma for monoenergetic photivam 2 keV to 50 keV, with steps of
2 keV. The simulation starts with a divergent beaimmonoenergetic photons at 500 mm

from the reference measuring plane of the standard.

The results for monoenergetic photons were congdlutith the spectra measured with the
BIPM Compton spectrometer and simulated using Mddé&lo techniques, described in

section 2.3.

The calculated values, obtained either using thpemental or the simulated spectra, are in
agreement with those obtained by interpolation (@&b5), at the level of 2 to 4 parts in*10

as can be seen in Table 2.6, for the photon sdattend fluorescencle, correction factors.

Table 2.6. Comparison between interpolated ancutaked correction factors for the BIPM

standard

Radiation quali W/Mo | W/Mo | W/Mo | WMo | W/Mo | WMo | WiMo | W/Rh | W/Rh
quaiity 23 25 28 30 35 40 50 25 30

Interpolateck 0.9974| 0.9974| 0.9974| 0.9974| 0.9974| 0.9974| 0.9975| 0.9975| 0.9975

Calculatedk.. 0.9976| 0.9977| 0.9977| 0.9977| 0.9977| 0.9977| 0.9978| 0.9978| 0.9978

Interpolatedk, 0.9972| 0.9972| 0.9972| 0.9972| 0.9973| 0.9973| 0.9975| 0.9974| 0.9975

Calculatedk, 0.9975| 0.9976| 0.9976| 0.9976| 0.9977| 0.9977| 0.9979| 0.9978| 0.9978

2.2.6.4 Uncertainties in the BIPM determinatioritaf air-kerma rate

The uncertainties associated with the primary stechdre listed in Table 2.7.

The uncertainties for the physical constants arsethnternationally accepted as advised by
the CCRI [22]. The Type B uncertainty values in seeond column for the correction factors
are based on best estimates derived using diffgrarsmeters in the MC calculations and
different MC codes while the Type A uncertaintyues in the first column are all based on

measurement uncertainties.
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Table 2.7. Relative standard uncertainties in tifeMB determination of air kerma rate for

mammography x-ray qualities

Relative standard

Symbol Parameter / unit uncertainty
s® e

Physical constants

Da dry air density (273.15 K, 101 325 Pa) / (kgm - 0.01
We mean energy per charge / ()C - 0.15
g fraction of energy lost in radiative processes - 010.

Correction factors

Ksc scattered radiation - 0.03

Ke electron loss - 0.05

ke fluorescence - 0.01

Ks saturation 0.01 0.01

Kool polarity 0.01 -

Ka air attenuation 0.02 0.01

Ky field distortion - 0.07

Kdia diaphragm - 0.01

Ko transmission through walls of standard 0.01 -

kn humidity - 0.03

Measurement of I/

v volume /cn 0.03 0.05

I ionization currentT, P, air compressibility) 0.02 0.02
positioning of standard 0.01 0.01

Combined uncertainty of the BIPM determination iofk@rma rate

guadratic summation 0.05 0.19

combined relative standard uncertainty 0.20

@) s represents the relative standard Type A unceytaimistimated by statistical methods;

@ U represents the relative standard Type B unceytairgstimated by other means.
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2.3. Determination of spectra

An accurate knowledge of each spectrum is requitecvaluate the energy-dependent
correction factors involved in the air kerma detiexation. Spectra can be determined either

experimentally or by simulation using Monte Caealiniques.

2.3.1 Experimental spectra determination

One of the problems in determining the spectra ex@atally is the high photon fluence of
the x-ray beams. While several techniques exisbtee this problem, the Compton scattering
method was chosen for the present work as beinghtis practical. The Compton scattering
method consists of placing a scattering materighenprimary beam, measuring the scattered
photons at a certain angle and then reconstrudieg primary beam. A commercial
spectrometer system was used for this study, dimgisf a Compton spectrometer and a
spectral reconstruction program, to be used togetlith a high purity planar germanium
detector and a multichannel analyser (MCA). The @mm spectrometer diagram is shown in
Figure 2.10.

primary

x-ray beam

Signal to MCA

scattering - —
Scattered ow-energy germanium

photons LEGe) detector

rod

Figure 2.10. Schematic diagram of the Compton spectter

Compton spectrometerthis consists of a scattering chamber with leaallsy lead
collimators, a lucité rod of circular cross section used as the scattarel the

spectrometer tube, designed to be used with thectbetplaced at 90° to the beam axis.

2 A commercial name for polymethylmethacrylate

62



The scattering chamber has three collimators, wiiathlitate the alignment of the
spectrometer with the primary beam. The first twdimators of the scattering chamber
define the direction of the primary beam; the themlimator is needed to let those
photons which do not interact with the scattereegoape from the chamber, minimizing
backscattering. The lucite rod used as scattenglaed in the scattering chamber on the
beam axis and aligned with the collimation systéimis a cylindrical rod of 2 mm
diameter. The spectrometer tube is made of alumimiomered with 5 mm lead. Inside the
tube there are two collimators; the first collima®used to reduce the number of photons
scattered inside the tube from reaching the detestdrthe second defines the effective
detector area. The detector is fitted into the spateter tube with a special mounting ring

so that the central part of the detector is insitegttered beam.

Detector the spectrometer is designed to be used withaaapl germanium detector
(cooled to liquid N temperature) placed at 90° with respect to thengmy beam axis
coupled to a multichannel analyser (MCA).

Data acquisition the pulse height distribution was obtained analyamed with the
software GENIE 2000 [23]

Spectral reconstruction programThe primary Xx-ray spectra are reconstructed fthen
resulting pulse height photon distribution detecé€®0° using a program developed by
Matscheko [15].

Calibration of the MCA

The energy calibration of the MCA was performechgghe known energies of the x- apd
rays emitted by radioactive sources'tt and?***Am, in the form of liquid-filled ampoules.
The centre of each ampoule was positioned at abddtmm from the centre of the Ge
detector entrance window. The pulse height distidouwas acquired with the software
GENIE 2000, where the detector and the MCA arendeffiand configured.

The x- andy-ray energies used for the calibration of the dete&re listed in Table 2.8.

The energy calibration of the MCA was made prioamy x-ray spectral measurements and it
was checked regularly during the period of the spkdeterminations. No deviation of the
channel number assigned to each energy peak wasveldsduring the repeated calibration

checks.
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Table 2.8. Characteristics of the radionuclidesidsethe Ge detector calibration

Radionuclide [24] 125 2Am
Emission type X-rays y-rays X-rays y-rays
Energy / keV 27.2 27.4 309 3549 139 17.8 5954
Emission probability % 39.6 73.8 21.3 6.7 12\5 1§.035.9

The spectrum obtained with these radioactive sesucshown schematically in Figure 2.11,

superposed on the energy calibration curve foMB& as a function of the channel number.
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Figure 2.11. Energy calibration curve for the nallinnel analyzer

X-ray spectral measurements

The Compton spectrometer was positioned on the xaibration bench to have the scatterer
placed inside the scattering chamber at the refereistance of 500 mm from the exit tube

window, perpendicular to the beam axis. The expemia set-up is shown in Figure 2.12.
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Figure 2.12. Compton spectrometer, low-energy Geotier and multichannel analyser

Using this configuration, the spectrum at 90° wasasured for the nine radiation qualities
listed in Table 2.3. The photon energy distribusiabtained were used as the input files for

the GCOMPTON deconvolution software to reconstruct the primspgctra.

2.3.2 Spectra determination by simulation

The mammography spectra were also obtained by atronlusing Monte Carlo techniques

using the code ENELOPE As mentioned earlier, a realistic model of theay-tube geometry

iIs needed in order to achieve reliable resultshendimulation of the particle transport. The
geometry has been simulated with tleNBLOPE geometry code; it consists of a set of bodies
limited by quadratic surfaces and identified byitltemposition (material). The x-ray tube

configuration (target, tube window, collimator sst and filters) is shown in Figure 2.13.

The simulated geometry reproduces the target amghbe window and filter thicknesses,

collimator dimensions as well as the exact locabbeach component. The electron source,
represented as a cylinder of finite dimensions, #red tungsten target are enclosed in a
vertical cylinder, with its volume defined as vacyuwhile the rest of the geometry is in a

horizontal cylinder containing air.
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Figure 2.13. Model of the x-ray tube, filters aradlimators

The transport of electrons, travelling in vacuum asitiking the target to produce
bremsstrahlung, and the subsequent transport ofop$o passing through the beryllium
window, lead collimators and the added filtratidoeryllium and molybdenum filters), was

made in two steps.

In the first step, this model was used to creghdase-space file of photons crossing the first
lead collimator (plane at 5 cm from the centreh# target), including the energy, angle and
position of each particle. The photon and electotioff energies were set to 1 keV. The
following values were chosen for the electron tpams parameters in HRELOPE:
C1=C2=0.2, Wcc =Wcr =1 keV. To improve thé@aséncy of bremsstrahlung emission, a
method of variance reduction was used in the maagram to force primary electrons to

interact in the target.

In the second step, this phase-space file was asdéle input for the transport of photons in
air through the collimators and filters. The photat-off energy was also set to 1 keV, while
the electron transport cut-off was raised to theximam photon energy value (that is, no
electron transport). The energy, position and anfkach photon crossing a plane defined at
500 mm from the centre of the target was savetaroutput file, which was then used as the
input file for the program that generates the distron of the photon numbers with energy at

the reference distance.

% C1 and C2 determine the cut-off angle that separadrd from soft elastic interactions; Wcc and ¥aterthe
cut-off energies for the production of hard indtaand bremsstrahlung events, respectively.
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2.4. Results

2.4.1 Spectral measurements

The measured spectra corresponding to 23 kV, 306k\kV with the Mo filter and 30 kV

with the Rh filter are shown in Figure 2.14. Theegy bins are 0.2 keV. No correction was
made for the small Ge escape peak at 10 keV. Baetiram has been normalized to the
maximum number of photons in the peak channel. sfieetra are effectively cut at 20 keV

and at 23.2 keV, the K-absorption edges of molyhdeand rhodium, respectively.

Mammography spectra
1.00 -

——23 kV Mo
——30 kV Mo
——50 kV Mo

30 kV Rh

/ N

.M‘ ‘\
T “ B T ‘ ‘ \T\u
26 30

34 38 42 46 50
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Figure 2.14. Tungsten target spectra measuredthetiCompton spectrometer

2.4.2 Spectral simulations

Figures 2.15 and 2.16 show the spectra for the \BQqkalities with Mo and Rh filters,
respectively, simulated with theERELOPE code. Each spectrum is compared with that
measured using the Compton spectrometer.
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Figure 2.15. Comparison of the simulated and meassgpectra for the 30 kV, Mo filter
Figure 2.16. Comparison of the simulated and measspectra for the 30 kV, Rh filter
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The measured and calculated spectra for the 30MY filter quality show slightly better
agreement than those for the Rh filter qualitiéthoaigh the maximum deviation between the
curves in the latter case remains less than 0.85 Keis deviation might be due to statistical
fluctuations, which could be improved with furthealculations. The energy broadening
observed in the measured spectra at the absomdiga of the two filters is likely to be from
the energy resolution of the Compton spectromdtee. 10 keV escape peak from the Ge is

clearly visible in Figure 2.15.

The agreement between the calculated and measpeetia gives confidence in using the
measurements for the input to the MC calculatiohthe correction factors needed for the

primary standard FAC.

2.5. Calibration of transfer ionization chambers

Three commercial ionization chambers of two différgypes (two RadchAlRC6M and one
Exradin A11TW), typically used for mammography dosiry in hospitals, are calibrated
periodically in the simulated mammography beamsttly their stability and, in particular,
to study their responses in these beams. Techdétalls of the chambers are presented in
Chapter 5 “A study of the response of commercialzaimon chambers to mammography

beams”.

The main characteristic of these chambers, asmédrby the manufacturers, is their “flat”
energy response over the energy range used in mgrapiy. Figure 2.17 shows the
calibration coefficients for the Radcal RC6M, sernamber 9112, measured at the BIPM in
the simulated mammography beams, normalized t€@I 25 kV reference quality [9]. The
response of the chamber changes smoothly with gntrg relative energy dependence being
6 x 10° in the range 23 kV to 50 kV for the W/Mo radiatignalities, a non-negligible

energy response for this type of chamber.

The calibration coefficients measured for the Widams are not included in the graph;
surprisingly, it was observed that the calibrattaefficients for the W/Rh beams were up to
8 x 10° greater than the ones measured for the W/Mo bé¢tmassame effect measured also

4 The use of these two commercial ionization chasioiees not indicate that the BIPM endorses theirfos
metrological purposes.
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for other chamber types). Further studies were mdakien and it was identified that the
calibration coefficient depends on the angle o&tion of the filter about the beam axis. Even
more, the increases and decreases in currentrhaean when the filter is rotated are not the
same for the free-air chamber and the chamber waddaration; in some cases the changes
are even in the opposite sense. The results dfttlikes made with the commercial ionization
chambers of the BIPM and with those belonging toNMis in the simulated mammography
beams are presented in Chapter 5 “A study of tlspamse of commercial ionization

chambers to mammography beams”.
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Figure 2.17. Normalized calibration coefficients floe Radcal chamber RC6M s.n. 9112

2.6. Summary

The correction factors used for the primary airnk&rdetermination were derived by

interpolation in terms of the HVL from the corresti factors calculated for the CCRI

qualities. The subsequent recalculation of thestofa using the measured spectra with Mo
and Rh filters and an improved model of the stash@dmowed the factors to be insensitive at
the level of 4x 107,

In order to calculate the correction factors foe thtandard L-O1 for the new radiation

qualities, the spectra were measured using the Gongaiattering method and also simulated
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using Monte Carlo techniques. Discrepancies up.8 &eV were observed between the
measured and simulated spectra for a given quadlibwvever, these differences have no

significant effect on the calculation of the stam¥acorrection factors.

The suitability of these simulated mammography w-calities for the calibration of
ionization chambers currently used in mammograplas \nvestigated and the study is
described in Chapter 5 “A study of the responsecahmercial ionization chambers to

mammography beams”.

2.7. Conclusions

A set of nine radiation qualities in the mammogsaphergy range has been established at the
BIPM, using a W-anode x-ray tube and Mo and Rlertin order to simulate the beams used
in clinical mammography. These reference radiati@ams are available to the National
Metrology Institutes either to undertake primary pamsons in this domain or to have their
secondary standards characterized and calibratédeaBIPM, ensuring traceability to the

International System of Units (SI).
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Chapter 3. Design and construction of a primary

standard for mammography dosimetry

3.1. Introduction

Radiation physics is the branch of physics thatisgiionizing radiation, its interaction with
matter and the way that it transfers energy tovargmedium. The amount of energy absorbed
in the medium is called absorbed dose and the rdetation of such dose, either by
measurements or by calculations, is referred tmdmtion dosimetry. Any detector capable
of providing a reading that is a measure of the dose deposited in itsts@ngolumev is
defined as a dosimeter. The most common dosimegel tssmake precise measurements of
dose, as required in medical applications such adiotherapy or x-ray diagnostic

examinations, is the ionization chamber.

An ionization chamber is a device that consistsaofas-filled enclosure between two
conducting electrodes. The electrodes can be iffiottme of parallel plates, coaxial cylinders
or coaxial spheres. When the incident ionizing afdn passes through the chamber, it
ionizes the gas inside its volume. If an electieddfis present, the ions will move apart, each
moving in opposite directions along the electradilines until they encounter the electrodes
that are producing the electric field. An ionizatioarrent is thus created which may be
measured using an electrometer. If the ion-colgctgas volume can be determined
absolutely, that is by means other than ionometilibration in a known radiation field, then
the chamber is an absolute dosimeter, becomingrapr reference standard when it is fully
characterized for the radiation beam that is intentd be measurewhen the gas volume of
the ionization chamber is unknown, which is theecBs commercial ionization chambers,
then the detector needs to be calibrated iononaditrim known radiation fields under certain

reference conditions, traceable to a primary stahda

A primary standard is an instrument of the highasttrological quality that permits
determination of the unit of the specified quantiym its definition. In diagnostic radiology,

the primary standard for realizing the unit gray tbe quantity air kerma is a free-air
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ionization chamber. When absorbed dose is the quaetjuired, this can be estimated within

acceptable uncertainties from the air-kerma measemés.

The BIPM has maintained in the domain of low-enexgyay beams (10 kV to 50 kV) an
international reference standard since the early04.96his is used for the international
comparisons of primary standards held by the Natibfetrology Institutes (NMIs) in well
defined x-ray beams at the BIPM. It is also usedtfe dissemination of the dosimetry
quantity air kerma by characterizing and calibratogimercial ionization chambers against
the BIPM primary standard in these BIPM referenearbs for those NMIs who use such
chambers as their national reference standard wieyndo not have primary standards for

such dosimetry.

Following the establishment of new radiation fdigs for mammography at the BIPM [11],
to be used as reference beams for comparisonsadibdations in this domain, it is evident
that a new primary standard was necessary for dlsemgtry of these specific beams. This
new free air chamber was designed, constructedaaedmbled at the BIPM. Mechanical
measurements of the critical dimensions of the dlearwere made using a three-dimensional
co-ordinate measuring machine; a full charactaomabtf the standard was made for the
reference x-ray beams by determining the necessamection factors using ionometric
measurements for certain factors and calculatiomggudonte Carlo techniques where this
approach was more appropriate. The new standardihvemscompared against the existing
standard in the CCRI reference beams [9] to confilsnbehaviour prior to use in the

mammography reference beams.

3.2. Definitions

Terminology for radiation interaction products

The free-air chamber consists of a volume of amaimed within a chamber body with an
entrance aperture that is irradiated by photonsirmgrtom an x-ray tube. Photons coming
directly from the radiation source (x-ray tube) astering through the aperture into the
volume of air without any interaction are call@imary photonsPhotons interacting with the
surrounding walls or the aperture of this body aséerred to astransmitted photons
Interactions of the primary photons in the air gateesecondary electronsgesulting from

photoelectric or Compton processes. The subsedutendctions of secondary electrons result
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in a large number of electrons of lower energidsge $econdary electrons and their progeny
are callediberated electronsind the total charge of all electrohiserated charge

Primary photons scattering in the air volume aléedacattered photonghe relaxation of
atoms excited during primary photon interactionsulis in the emission dfiuorescence
photons and photoelectrons the slowing down of liberated electrons whethemt this

process or from Compton scatter generbtemsstrahlungadiation.

The termsecondary photonefers to transmitted, scattered and fluorescghotons as well

as bremsstrahlung.

Exposure and air kerma

An early quantity used in diagnostic radiology desiry is the exposure [25], defined only
for photons as the mean quotientd® by dm wheredQ is the total charge of a given sign
produced when the liberated charge arising fromrttezactions of primary photons in a mass
dm of dry air is allowed to come to rest in air. dilbws that any charge resulting from the
interaction of secondary photons, including brenasdéting, is not included in the definition

of exposureX :

= dd—rr(li (3.1)
The more general quantity, defined for unchargetigh@s in any material, is kerma (kinetic
energy released per mass), defined as the meaeuoikT by m, whereT is the total kinetic
energy given to charged particles produced in mberaction of primary uncharged particles
in a massn of material, in this case, air [25].

However, both quantities are closely related, asmkes the dissipation of the kinetic energy
of secondary electrons that gives rise to the diteel charge. The difference between them is
related to the radiative losses: the slowing dowthefliberated electrons producing radiated
photons, mainly bremsstrahlung. As this radiati@negally escapes from the region of
interest, it does not produce any appreciable mmedscharge and is not included in the
definition of exposure. However, radiative photoake some of the initial kinetic energy of
the secondary electrons and this energy is inclunléde air kerma definition. A correction

for the energy given to radiative photons in aithas required in the determination of air
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kerma from the measured exposure. Thus, the reHtiprbetween these two quantities can
be expressed as

X (3.2)

where W;;; is the mean energy required to create an ion ipaair ande is the electronic
charge.

According to the definition of exposure, the tdibkrated charge due to photons interacting
in a known mass of air has to be measured. Sudqgairement is difficult to realize in
practice, but it can be achieved with a detectospEcial design working under conditions
where charged-particle equilibrium (CPE) exits. flin@ans that for a volume each charged
particle of a given type and energy leaving replaced by an identical particle of the same
energy entering/. This concept can be understood by consideringraogeneous, semi-
infinite slab of material irradiated by a paralleam of photons. At the surface, energy
deposition will be relatively small, especially lhoton energies for which the secondary
electrons are preferentially forward-directed. As tlepth is increased, energy deposition will
increase until the depth is equivalent to the maxmsecondary-electron range. At this depth,
the spectrum of liberated electrons reaches anilequin state such that, ignoring photon

attenuation, the electron spectrum is the samk jadiats beyond this depth.

3.3. Free air chamber

3.3.1. Principle of operation

An instrument to measure exposure has to allowptary photons and the liberated
electrons to interact only in air; such a requiremis accomplished by using a free-air
chamber, in which the volume of interaction hascnwalls ». The general characteristics are

indicated in Figure 3.1.
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electraineter

Figure 3.1. Schematic diagram of a free-air charf®@r

The chamber is enclosed in a radiation-shieldingwith an entrance diaphragm aligned with
the x-ray beam central axis. The diaphragm witlsgrgectional ared, defines a reference

plane at point P at which exposure (and thus kemilape determined. Inside the box, a pair
of planar electrodes separated by a distahpeoduces an electric field when a polarizing

voltage is applied to one of the electrodes anather is kept at ground potential.

The latter electrode contains a plate of lerigth the beam direction isolated by a thin air gap
of lengthly. This plate is connected to a measuring device iandalled the collecting
electrode (or simply, collector). The remainingtelas the guard electrode. To provide a
uniform electric field between the electrodes, teofestrips encircles the space between them.
These strips are electrically biased in unifornpst establish parallel equipotential planes
between the electrodes. Under these conditiorsagsumed that the electric lines of force go
straight across the chamber, perpendicular toldatredes. With this assumption, the electric
field lines at the centre of the air gap and thkecting electrode define the region where
charge is collected and this is referred to asctiikecting volumeV' (blue shaded region in
Fig 3.1). The reason why half of the air gap lengtmcluded as part of the collecting length
in defining the collecting volume is explained iecg8on 3.3.2. The volum¥ (grey shaded
region in Fig 3.1) is where secondary electrons mn@uced whose ionization must be

measured.

The primary photons entering the chamber throughatherture will interact with the air and
generate secondary electrons. If the electrodeamad is larger than the range of the most
energetic electrons generatedMnthese electrons will not strike either electrada will
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come to rest in the air of the chamber, like etectt;, converting all of their kinetic energy
into ionizations inside the collecting volum&. Electrons likee, are generated inside the
volume V but produce ionization outside the collecting wo&V’; under conditions of
charged particle equilibrium this loss is compeadaty electrons likes. That implies that
the length between the defining plane of the diaghr and the centre of the collecting region
must be at least equivalent to the maximum rangth@fsecondary electrons. Under these
conditions, the charge collected is a measure ef ttital charge liberated in photon

interactions over the lengttof the collecting region.

If @ is the photon fluence (photons/m?) at the refezgriane of the aperture of ar&a(m?),
then @Ay is the number of photons entering in the chamlggroring air attenuation effects,
the fluence® decreases, in proportion to the inverse squatieeodlistance from the source, as
the beam proceeds through the chamber. Simultalyetlns beam area increases in
proportion to the square of the distance from theee; thus®A remains constant and equal
to @A through the chamber. The number of electrons predily @A photons in traversing
the volumeV of lengthl will be constant, irrespective of the actual cresstional are# of

the beam irV (strictly, for a photon with angléto the beam axis it is the interaction length
l/cosf that is relevant. However, for typical geometiles maximum angle is less than 1°;
so the uncertainty of the assumption of constasdgss than 1 part in 90 Consequently one
can replace the actual volurieby a cylindrical volume/.= Ag (m®); multiplying V by the

air densityp (kg/n), gives the air massy; (kg) by which the measured chaiQ€C) is to be
divided to obtain the exposure at point P. One g approximation made in the above
argument is the neglect of the air attenuatiorhefgrimary photon fluence. The exposure at
point P must include a correction to the measutedge for photon attenuation between the

reference plane and the collecting region.

In practice, it is usual to determine the expogate by measuring ionization currdntather
than charge. The air kerma rate is derived fromekgosure rate determination using the

equation:

KDair - (Wair /e)(l/mair ) Mk

(1-g) " A
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wherellk; is the product of a set of correction factorsddtrced to account for the limitations
of the free-air chamber in measuring the exposate.rThe correction factork are
mentioned in the section 3.3.2 and are fully exy@diin section 3.5.

3.3.2. Design of a free-air chamber

The main factors that must be investigated fordpgmum design of a free-air chamber are
described in the following paragraphs: the eledree@paration, the distance between the
diaphragm and the collector (air attenuation lepgthe diaphragm system, the effective
length of the region of ion collection (collectimetectrode length), the electric field and the

temperature of the air volume inside the chamber.

Electrode separation

According to the definition of exposure, the eledi separation has to be greater than the
range of the most energetic secondary electroafidev them to come to rest in the air of the
chamber and produce all their ionization insidedbkecting volume. The range for electrons
in the continuous slowing-down approximation (csdapir is given in ICRU Report 37 [27].
For x-ray spectra up to 50 kV, the maximum electramge is that for electrons of 50 keV,
namely 4.9 mg cf, which at ambient temperature and pressure isvafguit to 41 mm, but
such spectra actually contain very few photons abtf¥keV. This can be considered also as
an overestimation because the csda assumes thaleitteons travel in straight lines. So,
under these considerations, a separation of 70 miwelen the electrodes is sufficient to
avoid secondary electrons reaching either electraties has the effect of minimizing a
correction usually introduced in (3.3) as the etmttioss correction factde. to account for

this effect.

Attenuation length

As mentioned in section 3.2, charged particle dguilm (CPE) is an essential condition for
the measurement of exposure. The length betweerefarence plane defined by the aperture
and the centre of the collecting region required G®E is referred to as the attenuation
length A. In the design of a free-air chamber, d@tenuation length must be defined taking
into account the maximum range of the secondargtreles in air [27], following the
argument outlined in the preceding section. Newets, the attenuation length must be kept

short in order to minimize the correction applied dttenuation of the primary photon fluence
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over this length; the attenuation correctignis calculated from measurements of the air
attenuation coefficient as expjlAl. Another reason to keep this length short is toimize

the scattered photons generated along this air, paththese scattered photons can liberate
electrons that reach the collecting region butdhea® not part of the exposure definition. A

factor to correct for photon scatteg along the attenuation length is introduced in)3.3

Diaphragm system

The diaphragms of free-air chambers are normallgendd tungsten (or an alloy of tungsten),
with, usually, cylindrical apertures. The arealwé aperture defines, together with the length
of the collecting electrode and half of the air dgpgth, the air volume (mass) by which the
measured charge is to be divided to determine #ren& To minimize the uncertainty
contribution of the area aperture to the kerma tac#y, accurate mechanical measurements

of the order of few micrometres are required.

The diameter of the aperture has to be greater tti@fiocus of the x-ray tube to avoid the
photons emitted from the limits of the focus beattenuated by the upstream edge of the
aperture and those emitted from the centre, byatgnstream edge. As focus diameters are
usually not greater than 4 mm, the aperture diantzte range from 5 mm up to 12 mm. The
diaphragm should be thick enough to reduce photansinission through its body to a
negligible level. A correction factok gin is calculated to account for this effect. The
diaphragm correction factdky, introduced in (3.3) takes into account not onlyotoim
transmissiorkg g4ia but also the fact that photons can be scattereithdogliaphragnisc gia and
that fluorescence photorng g4 from the tungsten or alloy material can also bedpced.

These three factors are calculated using MonteoGachniques.

Collecting electrode length

As mentioned previously, the length of the collegtelectrode (including half of the air gap
length, as explained in the following paragraph) #re aperture are@ define the volumé/
where the secondary electrons are generated. Mieahameasurements of the order of a few
micrometres are also required for the determinatibthe collector length. The collector
length is typically in the range from 10 mm to 20nnfior free air chambers used for low-
energy x-ray beams. The choice of the length irs®imany compromises: a greater length is

better to minimize the uncertainty in the mechanmeasurements as well as to increase the
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ion collection, whereas a shorter length is desire@rder to minimize distortions in the

electric field, as explained in the following secti

It is usual to consider the collecting lengdiths the sum of the collector lendthand half of
the air gaps surrounding the collector; in otherdsoif Iy is the the air gap length, then the
length of the collecting region ig + 15/2 + |42, that isl = (Ic + |g). The reason for this is
because it is assumed that the charge produckd positions corresponding to the air gaps is

shared equally between the collector and the geigairode.

Electric field

The ionization is measured for a lengthdetermined by the limiting lines of force to the
centre of the air gap surrounding the collectosuasng that the lines are perpendicular to
both electrodes. Several aspects have to be coedide designing the chamber in order to
achieve this requirement: a high degree of parsfitebetween the electrodes, co-planarity of
the collecting electrode and the guard plate anderturbation due to the chamber enclosure.
The first two aspects demand that each componentdohined as flat as achievable; studies
presented in [28] have shown that for a chambeh Wit= 100 mm andgy = 0.9 mm, the
ionization current changes by 1 x iper 25 pm of misalignment. Studies made at thévBIP
for the particular case & = 15 mm |y = 0.5 mm andl = 70 mm, showed that the ionization
current varies by 4 parts in 1@hen the co-planarity is at the level of 30 pme Fasults of
this study are presented in section 3.6. The chaeaosure itself will perturb the electric
field at the edges of the polarizing plate andam @lso make perturbations in the collecting
region. This effect can be minimized by insertingyatem of horizontal guard strips, or guard
wires surrounding the air volume of the chambere Gard strips are electrically isolated
from each other and uniformly spaced between toergt and high-voltage electrodes and
are parallel to the electrodes. Their potentiaésfeqed by a suitable chain of resistors which
increases the potential linearly from the guardteplat the bottom to the high-voltage
electrode at the top. The resistor chain needstpléaced outside the chamber in order to
avoid temperature fluctuations in the air volumelae heat dissipated in the resistors can be
significant. However, some electrical distortion® atill present due to the guard strips
themselves. Many studies have been made in avderaluate these remaining distortions of
the electric field. The results presented in [29] S8howed that the separation of the strip
centres should be not more than one tenth of tieawsdtion length in order to minimize the

remaining distortions and a theoretical study [3hpwed that field uniformity can be
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improved by increasing the thickness of the stripducing the insulators between them. A
simulation of the electric field has been made gisstommercial software based on finite

element analysis, as presented in section 3.5.

Temperature

Apart from air pressure, the air mass inside theendder is influenced by fluctuations of the
air temperature and these variations must be medswith a calibrated sensor inside the
chamber (variations of the air pressure, which alflaence the air mass, do not need to be
measured by a sensor inside the chamber). A tetupersensor must be placed preferably
inside the chamber rather than outside as the asisrmay be slow to respond to variations of
the laboratory ambient temperature. The sensotiposs not trivial, as it should measure the
temperature of the collecting volume but it shoutd interfere with the primary beam and not
introduce distortions of the electric field. Foe#ie reasons, it is positioned distant from the
collecting region although still within the chambém order to determine if a temperature
gradient exists between that measured by the sansiahat in the region of interest, a second
sensor was placed temporarily in the centre ottlkecting region, with no radiation present.
As the resistor chain may heat the air of the cleamthis test had to be made with the
polarizing voltage applied and after reaching artta stability. By comparing the responses
of the two sensors, an appropriate correction neagdruced and applied to the temperature

measured by the distant sensor to correct foretiest.

3.4. The BIPM free-air chamber design

Once all the influence parameters had been stuiddheir effects characterized, | designed
a new primary standard and this was machined anstieated at the BIPM. It is a parallel-
plate free-air chamber, identified as L-02, desthjteebe used for x-ray beams operating up to
50 kV and to minimize the correction factd¢sand their uncertainties, involved in the air-

kerma determination, as explained in section 3.5.

A schematic diagram of the L-02 chamber is showigure 3.2.
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Figure 3.2. The new free-air chamber, L-02. A schinrepresentation (not to scale)

showing the various components and important dimess

Electrode separation

The separation between the high-voltage plate ladallector is 70 mm; this separation was
calculated in order to reduce electron loss to gligiele amount for a radiation quality
corresponding to a generating voltage of 50 kVn@ishe tungsten-anode x-ray tube, known
as the CCRI 50 kVa quality [9]. This radiation dtyawas chosen to ensure that the L-02
chamber could be used at the maximum likely beaarggnfor mammography and also to
serve as a replacement in the event of a failuteegxisting standard L-01 for the tungsten-

anode radiation qualities.

Attenuation length

The attenuation length, defined as the distanced®at the reference plane of the diaphragm
and the centre of the collecting region is 100.20¢/; this length is identified as sufficient

to ensure that charged-particle equilibrium exitghie collecting volume.

Diaphragm
The diaphragm is made of a tungsten-alloy. Meclameasurements of the diaphragm were

made using a three-dimensional co-ordinate meagurachine (CMM), calibrated at the
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1 um level using reference blocks. The diaphragm394(1) mm thick with an aperture
9.998(1) mm in diameter. In order to reduce phdtansmission, the innermost 2.90(1) mm
forms a conical section that increases the diamet&b.8 mm. The effective aperture length
is therefore 10.14(1) mm.

Collecting electrode and guard plate

The collector and the guard plate are made of aiwmi with a thin graphite coating. The
collector is placed in the centre of the guardegkatd is surrounded by an air gap of 0.5 mm.
The CMM was used for the measurements of the afilanensions of the collector and to
assure the co-planarity of the collector and tharduplate. The collector length is
15.037(1) mm. The collector support was designedlltov the co-planarity to be adjusted

with a tolerance of around 5 pm as this had praedze critical.

Electric field

A system of 17 guard strips, uniformly spaced betwthe ground and high-voltage plates
and parallel to them, surrounds the air cavityrheo to produce a uniform electric field in the
collecting region. The individual strips are 20 mwvide and 2 mm thick and are spaced by
gaps of 2 mm. Plastic discs are placed betweegubed strips to fix their position and their

spacing, and to avoid electrical contact betweendthips.Their potentials are fixed by a

chain of 18 resistors which increases the potehtiaarly from the guard plate at the bottom
to the high-voltage electrode at the top. The tesishain is located outside the chamber in

order to avoid temperature fluctuations insidedhamber.

Volume determination

The collecting volume defined by the aperture dimmeand the collector length is
1219.8(4) mm As is normal for a chamber of this type, the @ffee collector length
(15.537(2) mm) includes half of the front and ra@rgaps.

Air temperature

A thermistor, calibrated to a few mK, measuresahmaemperature inside the chamber. The
thermistor is placed just above the high-voltagatel laterally centred, 20 mm behind the

front wall. This position was chosen after studyihg@ temperature distribution within the
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chamber; measurements at this location best ragréise temperature of the collecting air

volume, as explained in section 3.6.

Front wall

A 3 mm thick lead plate with an aperture 20 mm iantkter, centred on the diaphragm
aperture was added to the front wall to minimizetph transmission through the aluminium

wall.

3.5. Correction factors

As explained in section 3.3, the design of a fieel®amber involves many compromises. As
some of the requirements are constrained by otla@rgptimum compromise is reached to
minimize the necessary correction factors, whieéhthen determined either by measurements
or calculations. A description of the correctiocttas applied to the new standard L-02 and

the methods used to determine them are presenthbibisection.

Polarity

Free-air chambers must be operated with both pes#hd negative polarizing voltages and
the mean currenknean is calculated, correcting in this way for possibigriations in the
response of the chamber to both polarities. Alsotamn effects related to field distortion are
reversed when changing polarity and are therefasounted for when taking the mean
response. Care must be taken to ensure that thebehnahas stabilized after a change in
polarity and that any variation in the x-ray outputing the duration of the measurements is
taken into account. In practice, it is more effintiéo use always the same polarity and apply a
pre-measured correction factiy,; if the chamber is going to be operated with posit

polarity, thenky, is defined as

k (3.4

pol = Imeam/I +

This polarity correction for the standard L-02 i8004(2).

Lack of saturation

The charge collected and measured using an iooizathamber is less than the charge

produced in the air volume of the chamber becafigeammbination of some positive and
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negative ions within the air. An ionization chamieersaid to be saturated when such ionic
recombination is absent, achieved by increasingpttential applied to the chamber. As it is
not possible to increase the applied potential findely to eliminate recombination, a
correction factor for the lack of saturation isotddited. It is usual to distinguish between
initial and volume recombination; initial recombiiwa, correctionk;,;, occurs when the
positive and negative ions formed in the same @awhparticle track meet and recombine and
volume recombination, correctidg,, occurs when ions of different tracks encountathea
other on their way to the electrodes. Initial rebamation is independent of the kerma rate
whereas volume recombination depends on how marg/ aoe created per unit volume and

per unit time and hence on the air kerma rate.

The correction for ion recombination was determif@tbwing the method proposed by De
Almeida and Niatel [12] as implemented by Boutillfk8]. It consists of determining the
chamber response to different air kerma rates wagplying two different polarizing

voltages,V andV/n, wheren is not necessarily an integer. The ratio betwéencurrentdy

andly, can be expressed as

v _ A 2 _\2[ 9
=1+(n 1)V+(n 1)m [v j|v (3.5)

IV/n
whereA is a constant depending on the chamber type mhds a parameter that takes into
account the mobilities of ions aigds a factor depending on the geometry of the cleanthe
first variable term describes the initial recombioa and the second, the volume

recombination.

The measured current ratig / Iy, plotted as a function of the curreljt measured at the
standard polarizing potenti®l is used to determirig,; andk,q: for a linear fit with intercept

(1 +ap) and gradiend;, the component of initial recombination at voltagis given by

— a()
k =—9 3.6
init n_l ( )

and that for volume recombination by

Kk =—2 3.7)

The total recombination is then calculateéas1+k,, +k, O .

init vol
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As ion recombination does not depend on the ragiatjuality (energy spectrum) [13],
measurements can be made for any generating valtadéferent air kerma rates, achieved
either by varying the anode current or by addittgation in the beam. lon recombination for
the standard L-02 was determined using a generatittgge of 30 kV, a combination of
different filters and applying a positive polarigiwvoltageV of 1500 V andV/n of 500 V.
Polarity correctionsk,, were determined for both polarizing voltages prtor the ion
recombination measurements and these were applithé tmeasured currents. The results are
shown in Figure 3.3 and the initial and volume rebmation obtained from the linear fit are

presented in Table 3.1.

Table 3.1. lon recombination for the FAC-L-02

Initial recombinationkinit 0.0006

Volume recombinatiork,e / pA 1.0 x 10°

ks for 1 = 90 pA 1.0015(1)
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Figure 3.3. Linear fit to the measured points tiouateki,i; andky

Field distortion

A simulation of the electric field was made usihg Quick Field software, a program based
on finite element theory, developed for electronsdign thermal and stress analysis. A two-

dimensional simulation of the chamber was madeguiie geometry editor provided by the
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software, reproducing the actual dimensions ofectdlr, guard plate, guard strips and high-
voltage (HV) plate, as well as the location of eawdmponent of the chamber. The
corresponding potential values were assigned tb gaard strip, increasing linearly from 0 V
for collector and guard-plate to 1800 V for the IdMte at the top of the chamber. To build
the finite element mesh, the element sizes wereseathdy the program, resulting in an
uniform mesh. The electric field was simulated the central plane of the chamber; a
graphical representation of the field strength &#mel lines of equal potential is shown in
Figure 3.4.
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Figure 3.4. Mapping of the field strength (uppeagr) and electric field vectors in the air gap
between collector and guard plate (lower graphgdiof equal potential are also plotted.

No field distortion is observed from the graphiogpresentation near the collecting volume;
the directions of the electrical vectors are pedpanar to the beam axis in the defined
volume and equally distributed to the collector guodrd plate in the air gap between them,
confirming the assumption of considering half of &ir gap as part of the effective collector

length.
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Photon attenuation

The air between the reference plane defined by agerture and the collecting region
attenuates the primary photons and a fakgdhat corrects for this effect must be determined
for each radiation quality at which the chambetoide used. There are several methods to
determine this correction [21]. In the present wdhe photon attenuation correction was
derived by using the reduced air pressure pipe adethhis consists of placing an enclosed
pipe with thin beryllium windows on the beam ais, front of the free-air chamber. Air is
aspirated from the pipe, reducing the effectivegtenof the air column traversed by the
primary photons, until it is equivalent to the attation lengthA. The consequent increase in
the ionization current is a measure of the meamattion coefficient for the air removed. A

diagram of the experimental arrangement is showsgare 3.5.

The pipe length is 30 cm, that is, 3 times thenation lengthA of the FAC L-02; this
implies that the air to be removed is equivalerd teduction of the pressure inside the tube to
around 67 kPa. lonization current is measured whemipe is open to the ambient conditions
and when air is removed. Under these two conditidthe current corrected by the air
attenuation must be equal to the current measured ain is removed. Typical values for the
air attenuation coefficient in the energy range 20 kV to 50 kV are from 0.20" o
0.15 m?, giving an air attenuation correction from 1.0221t017 for the BIPM reference

beams qualities for mammography.
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Figure 3.5. Schematic representation of the exparial arrangement for air attenuation

measurements
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Electron loss

The electron loss correction factky corrects for any loss of charge due to electréwas t
originate within but do not come to rest in thevalume, that is, they have enough energy to
reach the electrodes or the side walls of the &ieehamber. This factor was calculated using

Monte Carlo techniques.

Scattered and fluorescence photons

Primary photons entering the chamber that are eseattwithin the air volume are not
considered as primary photons anymore and constgutte ionization produced by

electrons generated by these scattered photonddshotibe included in the definition of

kerma. Similarly, fluorescence photons, emitted ddyms excited during primary photon
interactions, can generate electrons and the iboiz@roduced by them must be excluded
from the kerma determination. The correction festéor scattered photonis. and for

fluorescence emissid@ were calculated using Monte Carlo techniques.

Diaphragm transmitted and scattered photons, vaalkmission

Primary photons passing through the aperture atetaicting with the diaphragm or those
photons transmitted through the diaphragm or tlatfwall are not part of the primary
fluence and the correction factdig, andkya are calculated using Monte Carlo methods to

correct for the contribution of these photons @ itteasured ionization current.

Monte Carlo calculations

The correction factors for the L-02 standard inealvn the determination &€, for electron
loss, photon scatter and fluorescence inside thenbler, bremsstrahlung production, photon
transmission through the diaphragm edge, photoritescand fluorescence from the
diaphragm, photon scatter from the diaphragm hodoher front wall transmission, were all
calculated using the Monte Carlo codeNPLOPE [14]. For these calculations, | made a
detailed simulation of the new L-02 standard usthg@ RENELOPE geometry package
PENGEOM. The FAC geometry consists of 45 bodies definedhayr tcomposition (material)
and 62 limiting quadratic surfaces, reproducing &lctual dimensions of the standard. An
example of the way that the surfaces and bodiedefneed is shown Figure 3.6 together with
the resulting geometry, as displayed by the proggAffEW3D and GVIEW2D.
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Figure 3.6. A cut-away of the geometry used for MoGarlo simulations, created using the
PENGEOM code of BNELOPE A 3D representation is shown at the left; thedgldaregion

shown in the 2D representation at the right is fified as the “scoring region” and the blue
region at the centre of the air cavity is the “eotlng region”, used for the calculation of the

correction factors.

A user code was created that calls the subroutic&gge defined inERELOPE follows the
particle tracks in the user defined geometry, adstthe type of interactions taking place,
scores the energy deposited by the particles inetfiens and bodies of interest and calculates
the correction factors for the standard.
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Each patrticle, its position and the type of intéactaking place are identified byeRELOPE
using the parameters KPAR (kind of particle), IBODOdy number defined by the user in
the user defined geometry) and ICOL (interactigre)y respectively. The parameter ILB is an
array of five labels, four of them used bgNRLOPE to describe the origin of secondary
particles and the interaction mechanism, and thel lave can be used by the user to assign

flags to the particles to identify them along theacks.

The simulation is made for mono-energetic photoomf2 keV to 50 keV in steps of 2 keV.
A divergent mono-energetic photon beam is define&0® mm from the reference plane
defined by the aperture; the incident photons angsthe reference plane without interacting
in any body of the chamber are identified in therusode as the primary photons. As the
primary photons enter in the chamber, appropriagsfare assigned to photons and electrons

according the interaction type and the locatiordgdavhere the interaction takes place.

The correction factor for electron loksis defined here in terms of the energy deposited b
primary electrons and their progeny in the scorggjonE; (energy deposited in the shadow
region in Fig 3.6) and the primary energy depositethe collecting regioii,. This can be

expressed as

ke = Etot/ Ecol (3-8)

An appropriate flag is assigned to photons thatsaedtered within the air volume and the
energy deposited in the collecting region by thesstered photons is scoredis Thus, the
correction factor for scattered photdgsis defined in terms of the scattered energy depasit

in the collecting regiofks. and is expressed as

ksc = Ecol/(E + Esc) (39)

col

Similarly, the correction factors for fluoresceneeission k; and bremsstrahlung are

expressed as

kfI = (Ecol + Esc)/(EcoI + Esc + Efl ) (310)

kbr = (E + Esc + EfI )/(Ecol + Esc + EfI + Ebr) (311)

col

To calculate the diaphragm and the wall transmmsssorrection factorskgia and Kyar,

respectively, appropriate flags are assigned tmamy photons that interact in the tungsten
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aperture and those that are transmitted througfrdiné lead wall of the chamber; scoring the
energy deposited by these photons in the collectgipn asE,p and Eyan, respectively, the
correction factors are calculated as

ks = (E

+ Esc + EfI + Ebr )/(E + Esc + Eﬂ + Ebr + Eap) (312)

col col

K

wall

= (Ecol + Esc + Efl + Ebr + Eap)/(Ecol + Esc + Efl + Ebr + Eap + Ewall) (313)

Note that equations (3.8)-(3.13) are defined shahtheir product

keksckﬂ kbrkapkwall = Etot/(EcoI + Esc + EfI + Ebr + Eap + Ewall) (3-14)

is strictly the desired quantity.

The results for mono-energetic photons were foldgdd measured and simulated spectra for
the BIPM low-energy x-ray reference qualities. Titesults of these calculations for the
various correction factors are in close agreemeth wimilar calculations for the existing
standard [18, 19], at the level of 3 parts iff. 10

3.6. Comparison with the existing standard

The L-02 chamber was initially mounted with an aiionm collector C1 of 15.464 mm,
which defines a collecting volume of 1214.09 P simple arrangement was designed to
fix the collector at the desired height, with nesgibility of micrometric adjustment. The co-
planarity between the guard plate and the collest@s checked with the three dimensional
coordinate measuring machine, initially with an egated tolerance of 50 um. A thermistor
was positioned at one of the lateral sides, betwteenwall and the guard strips, at the
positioned of the eighth guard strip. With this figaration, the new standard was positioned
on the calibration bench for the tungsten-anodayxtube at the reference distance of 500 mm
from the tube centre. The new standard was comparddthe existing primary standard
L-01, at the five CCRI reference qualities. Meamgats were made while applying a
polarizing voltage of 1500 V, positive polarity aadpre-measured polarity correction factor
koot Was applied to the measured current. The ratioshefcurrents per unit of volume
measured with the standards, corrected by the smorelingk,., were calculated for each

radiation quality. The results of this comparisoa shown in Table 3.2.
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Table 3.2. Response of the FAC-L-02
Radiation quality 10 kv 30 kV 25 kV 50 kVb 50 kVa

(V)02 ! (IIV)Lo1 1.0045 1.0050 1.0040 1.0035 1.0040

These discrepancies of the order of 4 parts ih h6tivated a series of studies that are

described in the following paragraphs.

Polarity effect

Measurements with both polarities were made onategeoccasions for all the qualities. The
ratios of the currentk/I. were stable at the level of 2 parts ir;18 correction factokyo of

1.0004(2) was calculated and applied to the medsureent with positive polarity.

lon recombination

The ion recombination correction of 1.0007(1) foi0L was applied initially to the new

standard L-02 assuming that the same recombinatxisis for both free air chambers. To
determine if the discrepancies observed betweensthedards could be explained by a
different recombination process, this correctionswaeasured for L-02 using the method
described previously on two different occasionse Tdn recombination correction determined
for L-02 was 1.0010 (2).

Temperature

A study of the temperature measurement and itslisfainside the chamber was made by
adding a second thermistor in the centre of théecthg air volume. The position of the
chamber thermistor was chosen in order to minirtheetemperature difference measured by
each thermistor. Initially, the thermistor was piasied between the right side wall and the
eighth guard strip, axially centred. At this pasitithe measured temperature was on average
0.04 °C higher than measured with the thermistaicgd in the collecting volume. The
thermistor was then placed in different locatiamside the chamber; the smallest discrepancy

between the measured temperatures was identifiesh ilie thermistor was positioned just
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above the high-voltage plate, laterally centred,n2® behind the front wall; in this new

position, the temperatures agreed at the levelpzfriLin 10.

Field distortion

Another cause of the discrepancies between thelatds could have been distortions in the
electric field. Perturbations in the electric figdn be caused by the shielding box, the spacers
between the guard strips and a difference in thenpials of the collecting electrode and
guard plate. Measurements of current were made thighstandard L-02 without the side
walls and with the top lid of the chamber removiegdyving just the guard strips and high-
voltage plate for an otherwise completely open dbermAnother series of measurements was
made by adding additional spacers between the gidps$; the measured effects using the
chamber in these two configurations with respedh®reference configuration were of the
order of the uncertainties associated with the omeasents, 2 to 3 parts in 10The effect of a
difference in potentials between the collector gndrd plate was studied by applying a few
volts to the guard plate while maintaining the edlbr at ground potential. The result is

presented in Table 3.3.

Table 3.3. Effect of contact potentials betweetectbr and guard plate

Lo / Lirof I/ | et Imean/ Imean, ref
Ground potentialye 1 1 1
-0.1 mV 1.0019 0.9981 0.9999
+0.1 mV 0.9981 1.0017 1.0000
-0.1 mV 1.0022 0.9984 1.0003

The measured effect is of the order of 0.2% whdnmV is applied to the guard plate,
measured with positive polarity, and it has theasie effect when the chamber polarity is

reversed. Consequently, the effect is eliminatethking the mean response.

Diaphragm comparison and field size effect

When comparing free air chambers, a cause of gian@y of the order of up to 3 parts inf 10
may arise from the different diaphragms of the ddads, if no proper correction factiy, is
applied. To evaluate this effect, a diaphragm campa was made by replacing the L-02
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diaphragm (dia-02) by the one used in the L-01dsesh (dia-01). The diaphragm dia-01
defines a collecting volumé, of 1205.9 mm while the volumeV, defined by the diaphragm
dia-02 is 1219.8 mih(using a collector of 15.537 mm). As this effestenergy dependent,
the comparison was repeated for four differencditipg Table 3.4 summaries the results of
the ratio (/V2)gia-02/ (1/V1)dia-0o0 measured with L-02 and demonstrates that the chgph is

not in question.

Table 3.4. Effect of different diaphragms in FAQ3R-

Radiation quality 10 kv 30 kV 25 kV 50 kVb

(IV2)dia-02! (1IVD)diaor | 1.0007(3) 1.0004(2) 1.0003(2) 1.0001(2

The response of a free air chamber is expecte@ iodensitive to different field sizes, or to
have a negligible dependence due to different excagidiation contribution when changing
the field size. This was confirmed for both free @hambers when the reference beam of
8.5 cm diameter at the reference plane was redteed5 cm diameter by placing a lead

collimator in the beam axis. Table 3.5 shows tlseilis.

Table 3.5. Effect of field size

Radiation quality 10 kv 30 kV 25 kV 50 kVb 50 kVa

(harge field/ Ismanfieidio1 | 1.0009(2)| 1.0007(2) 1.0004(2) 1.0003(2) 1.0006(2)

(harge field/ Ismanfieidio2 | 1.0010(2)| 1.0007(2) 1.0004(2) 1.0007(2) 1.0005(2)

Volume determination

To determine if the discrepancies observed betwleeihwo standards were due to the volume
determination, the chamber was dismantled and dtlector C1 was replaced on several
occasions by two aluminium collectors, C2 and C8,16.294 mm and 15.705 mm,

respectively, over a period of 14 months. The campa with L-01 was repeated for these
two new configurations, accepting each time theestoterance of 50 um for the co-planarity
between the collector and the guard plate. Tabfe sBimmarizes the results for each

collector.
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Table 3.6. Effect of different collector sizes

(IM)L-02 1 (V)01

collector 10 kV 30 kV 25 kV 50 kVb 50 kva
C1 1.0045 1.0050 1.0040 1.0035 1.0040
Cc2 1.0054 1.0052 1.0053 1.0047 1.0055
C3 1.0056 1.0051 1.0048 1.0044 1.0042
C1 1.0085 1.0083 - - 1.0068
C2 - 1.0097 1.0089 - -
C1 0.9976 0.9955 0.9983 0.9963 0.9970

All the studies described previously were madearajtel, and on repeated occasions, with
this study of volume determination. None of the exkpents performed could explain the
initial discrepancy, which was unstable and evemeiased to as much as 1 part if. s
mentioned before, each time that the chamber wsamratitled and reassembled, the planarity
of the collector-guard plate was checked using @M and a tolerance of 50 pum was
accepted, partly because the collector support il allow a better collector height
adjustment. To examine the effect of the mechartigigrance, the upstream edge of the
collector was raised and lowered by around 150 pdn250 um, respectively, with respect to

the guard plate, as shown in Table 3.7, togethér the results.

Table 3.7. Effect of the non co-planarity betweelector and guard plate

<« <«
beam beam
| |D| | (N 02 (IIV)L-01 | |D| | (IN) 021 (IIV)L-01
+150 pum 1.0247(5) ~250 um 0.9809(5)
+160 pum 1.0242(5) -260 um 0.9799(5)

This displacement of the collector resulted in dipancies of up to 2.5 parts in?10

indicating that the tolerance of 50 um was too hagld might explain the fluctuating results.
A new collector support was designed that allowexldollector to be adjusted to better than
5 um with respect to the guard plate. The colleatat guard plate, both of aluminium, were

cleaned and mounted again with the new supporth \tiiils configuration, the discrepancy
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between the standards was reduced to 1 part’irbli0it was not stable, increasing to 4 parts
in 10° three months later with no change in the co-pianaFhis change in the response can
be explained by oxidation of the aluminium surfacéthe collector and guard plate. Finally,
once the collector and guard plate were thinly edatith graphite the discrepancy was
reduced again to 1 part in *l@nd has since remained constant. It is also retdtalt the
polarity effect, previously measured consistenslyla5 parts in 19 was reduced to below

1 part in 16 following the graphite coating.

3.7. Conclusions

A new primary standard, constructed at the BIPM5 haen designed for the dosimetry of

low-energy x-ray beams operating up to 50 kV. Ihasv the reference standard accepted by
the CCRI for international dosimetry comparisonsmiammography radiation beams. The

original reference standard for low-energy beams wanstructed at the BIPM in 1963 and

the experience gained in building and charactegizimew standard now, together with all the
studies performed to identify and resolve the ahitliscrepancies between the two BIPM

standards is being used to help some national hogiranstitutes with their projects to

develop similar primary standards.
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Chapter 4. Establishment of mammography radiation

gualities

4.1. Introduction

Mammography is a method that uses x rays to prodonages that provide maximum
visualization of breast anatomy and the signs séake needed for an accurate diagnosis. The
most common x-ray tubes used for mammography aweetlwith a molybdenum anode
combined with molybdenum filtration, operated ie tiange from 20 kV to 40 kV. Because of
the risk of radiation-induced carcinogenesis asgediwith an x-ray examination, is essential
to minimize the radiation dose delivered to theabte Therefore, an accurate calibration of
the x-ray beams is needed in order to avoid subgdhe patient to unnecessary radiation.
The instruments used in the diagnostic radiologyadenents to calibrate the radiation beams
are commercial ionization chambers; as these deteere not absolute, they need to be
calibrated and characterized at standard refertatm@atories for radiation dosimetry; the
calibration should be made preferably in the saype tof radiation beams as used for
diagnosis as these types of detectors are genemadlsgy dependent and may have different
responses to different radiation beams. The reberelaboratories which provide the
calibration service to the diagnostic departmemnésusually part of the National Metrology
Institute (NMI) of each country or at least tradeato the NMI. Those laboratories with
primary standards for radiation dosimetry partitépan the ongoing comparisons organized
by the Bureau International des Poids et MesurdBNB to verify the accuracy of their
measurements while those with national secondanmydsrds send their instruments to the
BIPM for calibration and thus, they are traceabléhe Sl units through the BIPM.

The BIPM has carried out low-energy x-ray comparssand calibrations since 1966 in the
range from 10 kV to 50 kV, using a tungsten-anodayxtube with Al filters. In 2001, the
CCRI requested the BIPM to extend these activitesiammography, to meet the needs of
the NMIs for comparisons in this newly regulatedmdmn and to provide Sl traceable
calibrations. The BIPM began this work by estaltigha set of nine radiation qualities using

the existing tungsten-anode x-ray tube with molylohe and rhodium filters to simulate the
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radiation beams used in clinical mammography, desdrin Chapter 2 “Establishment of
simulated mammography radiation qualities using uagsten target x-ray tube with
molybdenum and rhodium filters” [10]. In 2009, a Ilglmlenum-anode x-ray tube was
installed in the low-energy x-ray laboratory at 8 M; the existing calibration bench was
used to support the new x-ray tube and a high gigectitranslation table. The latter serves to
position the new primary standard and the transfember on the beam axis. The new
primary standard, described in Chapter 3 “Desighh @mstruction of a primary standard for
mammography dosimetry”, has now been installed psramanent facility and it was used to
establish a set of four radiation qualities asresfee beams for mammography comparisons
and calibrations. Five comparisons of primary séadsd for air kerma have been made in the
new set of reference radiation beams with the N(&pan), NIST (USA), PTB (Germany),
VNIIM (Russian Federation) and the IAEA (Viennahile calibrations of national secondary
standards have been made for the NIM (China), HIRGteece), ININ (Mexico) and the
CMI (Czech Republic).

4.2. Establishing new radiation beams: determinatd the beam

guality and the air kerma rate

4.2.1. The BIPM irradiation facility

It was explained in Chapter 2, different x-ray dpgecan be generated depending on the target
material of the x-ray tube and the filtration addedhe beam; for a particular application, the
contribution of bremsstrahlung and characterisadiation to the generated spectrum can be
modified significantly by a suitable combinationtafget material and filter, mammography
being a clear example that requires a spectrum metiligible bremsstrahlung contribution.
The most appropriate spectra for mammography aredbtained with target materials of low
atomic number like molybdenum or rhodium to redumremsstahlung production and
appropriate filtration to attenuate both very lomdaunwanted high-energy x rays. Reference
standard dosimetry laboratories are implementidgateon qualities similar to the beams used
in mammography using Mo-anode x-ray tubes to p®vadlibrations of the radiation
instruments for their clinical diagnostic departiiserihe reference laboratories belonging to
the NMIs asked the BIPM also to establish referemeenmography radiation qualities and
set a new key comparison to validate primary detations of air kerma and to provide Sl
traceable calibrations of national standards is deimain.
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Following this request, a Mo-anode x-ray tube haenbinstalled in the low-energy x-ray

laboratory at the BIPM, sharing the facilities witle W-anode x-ray tube. The existing high-
voltage generator, voltage stabilization and anaderent measuring system, already
described in Chapter 2, are used for both tubesthAsmeasured anode current is used to
normalize for any small deviation from the referenanode current, no transmission
ionization chamber is needed to monitor the stgbdf the radiation output. A new cooling

system was installed and also serves both x-ragstubhe Mo-anode tube is operated in the

range from 20 kV to 40 kV; its specification is givin Table 4.1.

Table 4.1. Main characteristics of the Mo-anoday{ube

Tube MXR-101 Mo COMET

Nominal x-ray tube voltage 100 kv

Max. tube current at nominal voltage 10 mA

Power 1 kw
Inherent filtration (window) 0.8 mm Be
Target angle 40°

Focal spot diameter 5.5 mm

The irradiation area is temperature controlledratiad 20 °C; two thermistors, calibrated by
the BIPM to a few mK, measure the temperature efambient air and the air inside the
BIPM standard used for the dosimetry of the x-ranaljies. Air pressure is measured by
means of a BIPM-calibrated barometer positionetth@theight of the beam axis. The relative

humidity in the laboratory is controlled within thenge 47 % to 53 %.

4.2.2. Mo-anode x-ray tube and calibration bench

The existing calibration bench was used to supgi@tMo-tube (with the radiation beam
projected in the opposite direction to that geregtdty the W-tube) and also to support a high
precision translation table, connected to a motiomtrol device. The tube remains in a fixed
position while the translation table enables therahte positioning on the beam axis of the
standard and a transfer instrument. The conditidrike measurements were chosen with the

CCRI to be similar to those used at the NMls: thienence plane at 600 mm from the tube
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centre and a circular field of 100 mm diameterhat teference plane. An aluminium housing
was placed around the tube with a holder to positie filters; this holder, which also serves
to position a laser, fixes the filters parallelttee x-ray tube window. A reference axis was
defined mechanically, passing from the centre ef tibe window through the filter/laser

support and perpendicular to them. A laser beamalgsed to the mechanical axis.

4.2.3. The BIPM standard for mammography qualities

The BIPM standard used for the dosimetry of the &ode radiation qualities is a free-air
chamber of the conventional parallel-plate desidentified as L-02. A full description of a
free-air chamber is presented in chapter 3 “Deaigph construction of a primary standard for
mammography”. The measuring voluiMas defined by the diameter of the chamber aperture
and the length of the collecting region. The mamehsions, the measuring volume and the

polarizing voltage for the standard are shown ibléd.2.

Table 4.2. Main characteristics of the standard

Standard L-02
Aperture diameter / mm 9.998
Air path length / mm 100.2
Collecting length / mm 15.537
Electrode separation / mm 70
Collector width / mm 70
Measuring volume / mf 1219.8
Polarizing voltage / V 1500

In order to calculate the correction factors todmplied to the standard for the air kerma
determinationK,;, a detailed simulation of the chamber was madegudie Monte Carlo
code ENELOPE the correction factors were calculated using theesaode for mono-
energetic photons from 2 keV to 50 keV, with sté@deV; a detailed description of the

calculations as well as the chamber simulationvsrgin Chapter 3.

The standard was positioned on the translatiorefahith its reference plane defined by the
diaphragm at 600 mm from the tube centre. The heigt the vertical and horizontal angles
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were adjusted so that the laser beam passes thitbheghentre of the entrance and exit

apertures of the standard.

4.2.4. Radiation beam

The shape, size and orientation of the radiatield fivere studied using radiographic films. A
set of radiographic films of the focal spot werediso study the direction of the x-ray beam;
the images were obtained by placing a lead pinballemator on the filter support. The tube
was rotated to align the image of the focal spdhwihe mechanical axis at the reference
distance. The field size, defined by the 50 %haf photon fluence rate at the centre of the

circular field, was measured ionometrically usintpianble type ionization chamber.

The first set of radiographic films showed an eitigl radiation field of major axis 150 mm
and minor axis 110 mm. In order to have a circudatiation field of 100 mm diameter, a
system of two collimators was designed and machitededuce the radiation field to a
circular shape of about 10 cm diameter at the eefsr distance, a tungsten collimator was
placed next to the exit window of the x-ray tube.ridontal and vertical beam profiles
measured with an ionization chamber showed thatarsl collimator was necessary to have
the desired beam size at the reference distance.didmeter and position of the second

collimator was defined from the following profileeasurements.

Horizontal and vertical beam profiles were measwsthg a thimble NE2571 ionization

chamber, placed at the reference plane of measatsm@éhamber displacements of 10 mm
were made around the beam axis to measure therpAoemce rate and determine the field
size, being defined as the distance from the beasnat which the fluence rate attenuates to

50 %. The beam profiles are shown in Figure 4.1.
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Figure 4.1. Horizontal and vertical beam profiles

4.2.5. New radiation qualities

Following the recommendations made by the CCRIghrd the 19 meeting in 2009, four
radiation qualities, similar to those used in dalimammography, were set up as reference
beams for comparisons and calibrations; the cheniatits of the beams are described in
Table 4.3.

Table 4.3. Characteristics of the reference ramhdbeams for mammography

Radiation quality Mo25|Mo28| Mo30| M035

Generating potential / kV | 25 28 30 35

Additional filtration 30 um Mo

Al HVL / mm 0.277|0.310{ 0.329| 0.365

Half value layer

The beam quality, expressed in terms of the hdlfevéayer (HVL), was determined for each
beam using the new primary standard L-02. The H\4s @etermined from the air kerma rate
measured with no added attenuator in the beam and3fdifferent combinations of
attenuators placed on the beam axis; the attenaaté@rma rate values were normalized to
the value measured with no attenuator, and theye wadotted as a function of the
corresponding attenuator thickness as illustratdeigure 4.2 for the quality corresponding to
a generating voltage of 25 kV. The data were fitisthg a linear regression and a quadratic
fit constrained to unity for zero thickness. The IH#r each radiation quality, derived from
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both fits, differs by less than 0.5 pum. The undetyaarising from the fitting procedure is
taken as the root mean square deviation of the unedialues from the fitted line. This is

evaluated as 1 part in 40

25 kV HVL measurement
Relative air kerma rate, all points using @ measured on day
0.52

filters US20+C(7+15)+M(11+14
U L flesusorcraseMis

0.50 ~
049 f TS - fitersM(11-13-14)

048 4+ , L‘;.V\: ,,,,,,,,,,,,,,,,,,,,,,,,,,,,

filters 8+1+M13

Relative air kerma rate

047 e N T

i Linear estimate (solid line)
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Quadratic estimate (dotted line) constrained to unity
at zero thickness
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Added filtration / mm

Figure 4.2. Half value layer determination using’Bll coded filters

4.2.6. Measurement and simulation of energy spectra

The photon energy spectra were measured usingdhgton scattering method, described in
Chapter 2 for the W-Mo beams: a scatterer is placethe primary beam at the reference
distance; the scattered photons are detected atgla of 90° with a low-energy germanium
detector coupled to a multichannel analyser. Tlmaany beam is then reconstructed from the

measured pulse height distribution using a comraksciftware.

The mammography spectra corresponding to the @glivlo25 and Mo30 were also
simulated using the Monte Carlo codenBLOPE The geometry packageeRGEOM was used
for the simulation of the tube target, collimatiand filter. Details of the simulation method
are described in Chapter 2.

The spectrum corresponding to the quality Mo30 mestbwith the Compton spectrometer is

shown in Figure 4.3, together with that calculaisohg the BNELOPECOde.
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Figure 4.3. Comparison of the simulated and medsspectra for the Mo30 quality

4.2.7. Determination of the air-kerma rate

The air kerma rate was measured using the stand@&l under the reference conditions
described in [16] with the critical positional diédaeproduced here. The reference plane for
the standard was positioned at 600 mm from theatadi source, with a reproducibility of
0.03 mm. The standard was aligned on the beamt@yda estimated uncertainty of 0.1 mm.
The beam diameter in the reference plane is 10Ganuill radiation qualities.

For a free-air ionization chamber standard with sneag volume V, the air-kerma rate is

determined by the relation

I Wair 1

K =
IoairV € 1_gair i

K (4.1)

where g is the density of air under reference conditidris,the ionization current under the
same conditions\W, is the mean energy expended by an electron of eleig produce an
ion pair in air, gur IS the fraction of the initial electron energy tldsy bremsstrahlung
production in air, and1 k; is the product of the correction factors to be liggpto the

standard.

The correction factors for the standard involvedthe determination oK, are listed in
Table 4.4. The factors for electron ldgs photon scatteks., fluorescence, the combined
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effect of photon transmitted through the diaphramd scattering and fluorescence photons
produced in the diaphragmy, and front wall transmissiok,,; were obtained from the
calculated factors for mono-energetic photons chuted with the molybdenum spectra
measured with the BIPM Compton spectrometer. Tfeders were also evaluated using the
simulated spectra for the qualities M025 and MaB&spite evident differences in the spectra
around the characteristic peaks of Mo (Figure 4tl33, correction factors for the standard
were identified as insensitive to these differenddee corrections due to the polarity effect
and lack of saturation were obtained from measunesneas described in Chapter 3. No
distortion of the electric field near the collecgtinmolume was observed from the simulation
made with the software Quick Field; therefore, &yunorrection factor was adopted fhy.
The air attenuation correctiok, was calculated from the measured mass attenuation
coefficients f4p)air for each quality using the reduced air pressupe pnethod described in
Chapter 3.

Table 4.4. Correction factors for the BIPM stambdAC-L-02

Radiation quality
Correction factor
Mo25 Mo28 Mo30 Mo35

Scattered radiatioky 0.9977 0.9977 0.9978 0.9978
Electron losge 1.0000 1.0000 1.0000 1.0000
Saturatiorks 1.0015 1.0015 1.0015 1.0015
Polarity ko, 1.0000 1.0000 1.0000 1.0000
Air attenuatiork, ! 1.0269 | 1.0244| 1.0233 1.0212
Wall transmissiork;, 1.0000 1.0000 1.0000 1.0000
Field distortionky 1.0000 1.0000 1.0000 1.0000
Diaphragm correctiokyia 0.9996 0.9995 0.9995 0.9995

@ values at 293.15 K and 101.325 kPa for an attésmuéngth of 10.0 cm.

The anode current for each quality was chosenve gh air-kerma rate of 2 mGy'sn the

reference plane.
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The uncertainties associated with the primary stechd-02 are listed in Table 4.5. The
uncertainties for the physical constants are thowenationally accepted as advised by the
CCRI [22]. The Type B uncertainty values in thea®tcolumn for the correction factors are
based on best estimates derived using differenanpaters in the MC calculations and
different MC codes, while the Type A uncertaintyues in the first column are all based on

measurement uncertainties.

Table 4.5. Relative standard uncertainties in thieMB determination of air-kerma rate for

mammography x-ray qualities

Relative standard

Symbol Parameter / unit uncertainty
s® 4@
Physical constants
Da dry air density (0°C, 101.325 kPa) / (kg¥n - 0.01
We mean energy per charge / ()C - 0.15
g fraction of energy lost in radiative processes - .010
Correction factors
Ksc scattered radiation - 0.03
ki fluorescence - 0.05
ke electron loss - 0.01
Ks saturation 0.01 0.01
Kool polarity 0.01 -
Ka air attenuation 0.02 0.01
Kq field distortion - 0.07
Kdia diaphragm - 0.03
Ko wall transmission 0.01 -
kn humidity - 0.03
Measurement of I/
I ionization currentT, P, air compressibility) 0.02 0.02
7 Volume /cn? 0.03 0.05
positioning of standard 0.01 0.01
Combined uncertainty of the BIPM determination iofkrma rate
guadratic summation 0.05 0.19
combined relative standard uncertainty 0.20

) § represents the relative standard Type A unceytaintstimated by statistical methods;

@ U represents the relative standard Type B unceytainestimated by other means.
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4.3. Conclusions

Following the recommendations of the CCRI(l), acfefour radiation qualities was set up at
the BIPM as reference beams for mammography usimMdoaanode x-ray tube and Mo

filtration. These qualities, similar to those e$itdi®ed in national standards laboratories, are
used to compare their primary standards and tdoredé# national secondary standards for

other countries, thus providing Sl traceability foammography dosimetry.
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Chapter 5. A study of the response of commercial

lonization chambers to mammography beams

5.1. Introduction

Mammography is an x-ray examination that requiregoad image quality to detect non-
palpable, subtle breast cancers while keepingatation dose delivered to the breast as low
as possible to avoid radiation-induced carcinogenés the glandular tissue of the breast is
more radiosensitive than the other tissues of thadh (adipose and fibrous tissues and skin),
the estimation of the mean glandular dose (MGDjhes specific dose quantity used in
mammography and is the best indicator of the sthe patient [31, 32]t is defined as the
mean dose to the glandular tissue within the braadtis determined by following a standard

two-step protocol [6]:

1. The first step is to determine the beam outputider@ air kermaK,;) in given
reference conditions. This can be determined fror@asurements made using
dosimeters (ionization chambers and electrometsigded for this application.

2. Then, the MGD is determined by multiplying the ohent air kerma value by published
dose-conversion factors, calculated using MonteoCarchniques. The dose factor
values are tabulated according to the breast sidecamposition and the penetrating
characteristics of the x-ray beam, i.e. its qualtyerms of half-value-layer (HVL), as
determined by the anode material, filtration, aedegating potential.

The incident air kerm&y; is defined as the air kerma from an incident x{vagm measured
on the central beam axis at the position of théepabr phantomsurface (but without the

patient or phantom so with no backscatter) andlisutated using the relationship

Kair =MN K,Qorlki (5.1)

whereM is the reading of the dosimet®li oo is the calibration coefficient of the dosimeter in

terms of air kerma obtained from a standard referdaboratory for the radiation quali@p,

® In diagnostic radiology, a phantom is a block efgpex or water equivalent material to simulatevaht parts
of the human body, for the purposes of dosimetrgsueements.
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andTk; is the product of some correction factors to bgliag to the reading/l. Correction
factors may be needed as the calibration coeftiaefiers only to the reference conditions of
calibration whereas a different radiation qual@ytemperature, pressure, polarity, field size,

etc., will have an effect.

The dose-conversion factors which relate the intdidgr kerma to the mean glandular dose
have a marked dependence on the x-ray beam quaipyessed in terms of the half-value-
layer (HVL). They are tabulated as a function of tompressed breast thickness and the
HVL. The HVL is usually calculated from measurensentade with an ionization chamber,
preferably with a weak energy dependence, to aehibg required accuracy for the beam
characterization [5] and so minimize errors in de¢ermination of the MGD; as an example,
for a breast thickness of 6 cm, variations of thrdeo of 0.02 mm Al in the HVL

determination represent a change of up to 5% indse-conversion factor.

The ionization chambers used in diagnostic x-ragyadenents need to be characterized and
calibrated in standard reference dosimetry labaregoThis should be preferably in the same
type of beams as used for diagnostic imaging aschi@nbers can have not only a non-
negligible energy dependence, but also a differesponse to different spectra even in the

same energy range.

At present, not all the national reference standdodimetry laboratories can provide
calibrations of ionization chambers in the typebeaims used in mammography. For those
laboratories not equipped with clinical mammograginay tubes, calibration in another type
of beam, such as those described in Chapter 2 Bistenent of simulated mammography
radiation qualities using a tungsten target x-tayetwith molybdenum and rhodium filters”,
is also possible if the chamber response to diftespectra and its energy dependence are
known and properly considered when the chambesésl o determine the radiation beam
output in the diagnostic departments. To take iadgount the effects of the difference
between the reference beam qual@y used for a chamber calibration at the reference
laboratory and the actual beam quafitya correction factokg qis introduced in (5.1) and an
additional uncertainty is included in the evaluatan the dosimetry calibration uncertainty
budget.

Various ionization chambers used for mammograpimyhzve a marked energy dependence.

Bearing in mind that the total expanded uncertaadgepted in mammography dosimetry is
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8% k= 2) [6], it is considered that a variation of 2i8the acceptable limit for the energy

dependence of an ionization chamber used to ctdiline radiation beams [5].

5.2. Calibration of ionization chambers

5.2.1. lonization chambers

Several commercial ionization chamber types arel isemammography to determine the
beam output, mostly being of a plane-parallel chemmtbesign. These chambers use two
parallel, flat electrodes, separated by a few mélires; they vary in composition, volume and
geometry and each of these characteristics has$fest en the response of the chambers to

different radiation beams.

Four ionization chambers currently used are oftffpe: Radcal RC6M, Exradin A11TW,

Exradin Magna 92650 and PTW 34069. The main cheniatt of these chambers, as
presented by the manufacturers, is the flat eneegponse in the energy range used in
mammography but the sensitivity and response tteréifit radiation spectra need to be
investigated to determine the “flatness” of eachnsher’'s energy response. Consequently,
one instrument of each type has been selectedidly sheir response to both the W/Mo and

Mo/Mo beams.

The Radcal and Exradin A11TW chambers belong tdBiiffM; the Exradin Magna and the
PTW chambers are the reference secondary standatds National Metrology Institutes
and they were sent to the BIPM for characterizatiod calibration in the reference radiation

beams for mammography. The main characteristitiieo€hambers are listed in Table 5.1.

Table 5.1. Main characteristics of the ionizatiblmbers

Chamber type Radcal RC6M Ei‘ﬁ'\/‘c Ma';’;fgig%o PTW 34069
Window / mg cm? O';OTyzt;Iieerd 3.8 Kapton 3.8 Kapton g’ %g xgﬂpﬁte
Collector diameter / mm 29.7 20.0 20.0 30
Cavity height / mm 8.7 3.0 8.0 8.4
Nominal volume / cr 6 0.9 3 6
Polarizing potential / V -300 -300 +200 +200

! Polymethyl Methacrylate
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The ionization chambers were calibrated in termaiokerma in the previously characterized
W/Mo and Mo/Mo beams at the BIPM.

The air-kerma rate is determined using the BIPMnpry air-kerma standards through the

measurement equation

I W, 1

air

K=
IoairV € l_gair i

(5.2)

whereV is the measuring volumgy; is the density of air under reference conditidns,the
ionization current under the same conditioiNg; is the mean energy expended by an electron
of chargee to produce an ion pair in amg is the mean fraction of the initial electron energ
lost by bremsstrahlung production in air, dhd; is the product of the correction factors to be
applied to the standards. The BIPM standards, iitkshtis L-01 and L-02, are used for the air
kerma determination of the W/Mo and Mo/Mo beamspeetively; they are described in [8]
and in Chapter 3 “Design and construction of a primstandard for mammography
dosimetry”, respectively. The main dimensions, theasuring volume and the polarizing

voltage for each standard are shown in Table 5.2.

Table 5.2. Main characteristics of the BIPM prignatandards

Standard FAC-L-01 | FAC-L-02
Aperture diameter / mm 9.941 9.998
Air path length / mm 100.0 100.2
Collecting length / mm 15.466 15.537
Electrode separation / mm 70 70
Collector width / mm 71 70
Measuring volume / mf 1200.4 1219.8
Polarizing voltage / V 1500 1500

The calibration coefficientlk for an ionization chamber is given by the relasiaip

(5.3)
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whereK is the air-kerma rate determined by the standa@) éndl., is the ionization current
measured by the chamber using the associated tonesasuring system. The currdgt is
normalized to the standard conditions of air terapge and pressure chosen for the
calibrations T = 293.15 KP = 101 325 Pa) and is measured in a relative htynodi50 %.

5.2.2. Irradiation facilities and radiation quasi

The BIPM low-energy x-ray laboratory houses a higliage generator, a tungsten-anode x-
ray tube with an inherent filtration of 1 mm bemyth and a molybdenum-anode x-ray tube
with an inherent filtration of 0.8 mm beryllium. ®oltage divider is used to measure the
generating potential, which is stabilized usingadditional feedback system. Rather than use
a transmission monitor, the anode current is measand the ionization chamber currents are
normalized for any deviation from the referencedmourrent. The resulting variation in the

BIPM free-air chamber currents over the duratiorthef calibrations are normally not more

than 3x 107 in relative terms.

The irradiation area is temperature controlledratiad 20 °C and is stable over the duration
of a calibration to better than 0.2 °C. The tempeeaof the air inside each BIPM standard is
measured using their respective thermistors wheteaambient air temperature is measured
with a thermistor positioned on each calibrationdiebetween the standard and the chamber
under calibration. All the thermistors are calikcito a few mK. Air pressure is measured by
means of a calibrated barometer positioned at #ighh of the beam axis. The relative
humidity is controlled within the range 47 % to %3 and consequently no humidity

correction is applied to the current measured ussengsfer instruments.

A combination of the tungsten anode with a molyhaderfilter of 0.06 mm thickness and
different tube voltages were used to simulate cdihmammography radiation beams. The
establishment of the W/Mo radiation qualities isaéed in Chapter 2 “Establishment of
simulated mammography radiation qualities using uagsten target x-ray tube with
molybdenum and rhodium filters”. The molybdenum @mo-ray tube with molybdenum
filter of 0.03 mm thickness was used for the mammaplgy radiation qualities, as described in
Chapter 4 “Establishment of mammography radiatioalitjes”.

Information on the measuring conditions used fdibcation of ionization chambers at the
BIPM is detailed in [16].
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The characteristics of the radiation beams usethtcalibration of the chambers are listed in
Table 5.3 and Table 5.4 for the W/Mo and Mo/Mo died, respectively.

Table 5.3. Characteristics of the W/Mo radiatioaldies

Radiation quality M23 M25 M28 M30 M35
Generating potential / kV 23 25 28 30 35
Additional filtration 60 pm Mo

HVL / mm Al 0.332 | 0.342| 0.356] 0.364 0.388

Table 5.4. Characteristics of the Mo/Mo radiatiaralties

Radiation quality Mo25 Mo28 Mo30 Mo35
Generating potential / kV 25 28 30 35
Additional filtration 30 um Mo

HVL / mm Al 0.277 0.310 0.329 0.365

5.2.3. Positioning of the ionization chambers

The reference planes of measurements are 500 mmthe exit window and 600 mm from

the tube centre of the W-anode and Mo-anode xubgg, respectively. The red line around
the Radcal chamber, quoted as 8.5 mm behind tm¢ $warface of the chamber body, was
placed in the reference plane. The reference métiee Exradin A11TW chamber was taken
as1.5mm behind the front surface of the chamber bodlfanthe Exradin Magna it was the

entrance window itself. The reference plane for i@V chamber was taken as 4.83 mm
behind the window, corresponding to half of theeex&l dimension of the chamber body. The
distance was measured to around 0.02 mm. The chiaseb&e was taken to be at the centre
of each circular entrance window. Alignment of eaeference plane point on the beam axis

was measured to around 0.1 mm.

5.2.4. Charge measurement and leakage

The charge collected by the chambers was meassieg the BIPM electrometer, following

a pre-irradiation of at least 20 minutes. The meabuonization currents are corrected for
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current leakage. This correction varied dependingltamber type but was always less than
5x 10 in relative value. The appropriately related utaiaty is included in each uncertainty
budget.

5.2.5. Radial non-uniformity correction

The beam diameter in the reference plane is 84 min1@0 mm for the W/Mo and Mo/Mo
beams respectively. For the Radcal and PTW chambstis cavity diameter 30 mm, the
correction factok, = 1.0022 is applied for the radial non-uniformitythe measured current
in the W/Mo beams; for the Mo/Mo beams, this cadietis k, = 1.0006. The radial non-
uniformity correction of the W/Mo and Mo/Mo beanw the Exradin chambers, with cavity
diameter 23 mm, ik, = 1.0012 andk,, = 1.0003, respectively. A relative standard uraety

of 2x 10™*is introduced to account for the uncertainty @fsih values.

5.2.6. Reproducibility of the ionization chamberaserements

At each radiation quality, two sets of seven meam@nts were made, each measurement with
integration time 30 s for the Radcal and PTW chamlaad 60 s for the Exradin chambers
(the integration time set for the ionization measwent depends on the volume of the
chambers and the choice of the capacitor and ®uleaed in order to generate a potential

around 2 V across the capacitor)

The Radcal and Exradin A11TW ionization chambengehaeen calibrated periodically for
over a year in both beams in order to study thebikty. The Exradin Magna and PTW
chambers were at the BIPM for a period of one wiekcalibration. During this period,

repeat calibrations were made in some qualitiedifferent days, repositioning the chamber
in order to have two independent sets of calibratid~or all the chambers, the relative

standard uncertainty of the mean ionization curfeneach set was less thamx 307,

Repeat calibrations of the BIPM chambers made ®esteral months show a standard
deviation of 5x 107* Consequently, an uncertainty component 8fI®™ in relative value is
introduced to account for the typical long-term rogjucibility of chamber calibration
coefficients in low-energy x-rays at the BIPM.
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5.2.7. Additional measurements

The ionization chambers were also calibrated inafrtbe low-energy x-ray reference beams
recommended by the CCRI [9]. The characteristicghef quality selected are shown in
Table 5.5.

Table 5.5. Characteristics of the CCRI referencaityu

Radiation quality 25 kv
Generating potential / kV 25

Additional Al filtration / mm 0.372
Al HVL / mm 0.242

5.3. Uncertainties

The uncertainties associated with the calibratibrthe ionization chambers are listed in
Table 5.6. The uncertainty in the leakage currérdach chamber in included in the overall
lonization current uncertainty. The uncertaintissaziated with the primary standards (air-
kerma rate) are listed in Table 2.7 of Chaptert® §ombined uncertaintyof the calibration

coefficient in terms of air kermisl for the ionization chambers is 2.1 x'10

Table 5.6. Uncertainties associated with the catibn of the ionization chambers at the
BIPM

Uncertainty component £x100 | u’x10
air-kerma rateK 0.05 0.19
positioning of transfer chambgr 0.01
ionization current 0.02 0.02
long-term reproducibility 0.05
radial non-uniformity 0.02
guadratic summation 0.08 0.19
Combined uncertainty of Nk 0.21

dsrepresents the relative standard uncertainty agtignby statistical methods (type A).
® u represents the relative standard uncertainty aggithby other means (type B).
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5.4. Results and discussion

The calibration coefficients measured in each b&aneach chamber were normalized to its
respective calibration coefficient for the CCRI RY quality. The calibration results are
plotted as a function of HVL in Figures 5.1 to %o4 the Radcal, Exradin A11TW, Exradin
Magna and PTW ionization chambers, respectivelg Uifcertainty bars shown in the figures
represent the combined standard uncertaintiesygakito account correlations in the type B
uncertainties associated with the physical constant the humidity correction between both

primary standards.
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Figure 5.1. Normalized calibration coefficients the Radcal chamber
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Figure 5.4. Normalized calibration coefficients the PTW TM34069 chamber

The response of the chambers changes smoothlyewéigy, showing a similar trend in both
types of radiation beams. The relative energy dégece in the range 23 kV to 30 kV for the
W/Mo radiation qualities varies from 6 x T@or the Radcal chamber, around 2 <°1for the
Exradin chambers and up to 9 x 16or the PTW chamber; in the Mo/Mo beams, the eperg
dependence is 2 x 10for the Radcal chamber, 6 x f0for the Exradin chambers and
2 x 102 for the PTW chamber.

It can be seen from Figure 5.2 and 5.3 that theadirr chambers show no significant
sensitivity to different spectra when their respmare compared in the same HVL range
(1 x 10%). In the case of the Radcal chamber, the sentgifviaround 3 x 1T for an Al HVL
value of 0.365 mm corresponding to the qualitiedNw 35 kV and W/Mo 30 kV. The PTW
chamber not only shows significant energy depergldnt also is the chamber with the

largest sensitivity to the spectral differencestap x 10° for an Al HVL value of 0.33 mm.

Table 5.7 summarizes the results for the four cleamhvith the calibration coefficient ratio
for an HVL of 0.365 mm Al also given.
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Table 5.7. Response of the ionization chamberse®/Mo and Mo/Mo beams

lonization chamber

NormalizedN

W/Mo qualities

Al HVL range / mm
0.33t0 0.43

Mo/Mo qualities

Al HVL range / mm
0.27 t0 0.37

Nk Mommo3s! Nk wiMoz0

Radcal RC6M 0.9957 to 0.9951 1.0003 to 0.9981 0003
Exradin A11TW 0.9982 to 0.9960 1.0027 to 0.997L 01®
Exradin Magna 0.9934 to 0.9920 0.9984 to 0.9928 090
PTW TM34069 0.9667 to 0.9583 0.9875 to 0.9668 10005

" Nk normalized to thélk for CCRI 25 kV quality

5.5. Conclusion

Four different ionization chamber types have beaibated in two sets of mammography

beams to study their energy dependence and thwesitis#ty to spectral variations.

R6CM ionmmat chamber in the simulated

mammography beams using a W/Mo anode/filtrationlmaation are in agreement with those

The calibration results for the Radcal

obtained in the Mo/Mo beams at the level of 3 part&d®’. This sensitivity to both sets of
radiation qualities has been observed for othercRladhambers of the same type. The
Exradin chambers responses show a negligible setysito different spectra. The energy
dependence of these chambers is well within themnewended limit of 1%. Consequently, it
would appear that national standard calibratiomiatories can use W/Mo beams in the low
HVL range to calibrate Radcal and Exradin chamhgres for subsequent use in the
dosimetry of Mo/Mo beams, as the combined effecerdrgy dependence and response to
different spectra is less than the 1% expanded rtaoty accepted in mammography for

different beams.

The PTW ionization chamber shows a non-negligiblergy dependence, which is more
important than its sensitivity to different spectittee combined effect being more than 2% in
the mammography energy range considered in theemiresork. This type of chamber,
calibrated in W/Mo beams, can be used for the desiynof Mo/Mo beams, if both sets of

beams have the same HVL range to avoid extrapalatithe data set oN, , as a function

of HVL determined at the reference laboratory. He tase that the W/Mo beams used for
calibration have different HVL values than the M@NMeams, a proper fit to the calibration
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coefficients N, o as a function of the HVL should be made to enabterpolation for the

corresponding HVL,; or an adequate energy corredtiotorko oo should be introduced in the

determination of the incident kerma rate to accdanthis effect. In this particular case, the
uncertainty in the incident air kerma determinatisimuld be increased to account for
differences in energy spectrum as well as for thamber's non-negligible energy

dependence. An appropriate value for the additityps B relative standard uncertainty may
be around X 1072
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Chapter 6. Implementation of an international
comparison and calibration facility for mammography
dosimetry at the BIPM

6.1. Introduction

The Bureau International des Poids et Mesures (BIiBMn international, intergovernmental
organization set up by the Metre Convention in 18i& Metre Convention is a treaty drawn
up in Paris, France, by the representatives ofitbeseventeen nations and it now has fifty-
five Member States. In 1999, under the auspicab@iGeneral Conference of Weights and
Measures (CGPM), the category of Associate State waoduced and now thirty-three
Associate States have also agreed to participatd@tre Convention activities. The
Convention also created the Comité International Rieids et Mesures (CIPM) to direct and
supervise the work of the BIPM. The BIPM works wihd for the National Metrology

Institutes (NMIs) (including national designatedtitutes) of the Member States.

The task of the BIPM is to facilitate worldwide tormity and equivalence of measurements
through direct dissemination of the Internationgst®8m of Units (SI). The BIPM carries out

international comparisons to validate the consstesf the primary standards of the NMils.

The participation in these metrological comparisailews the NMIs to demonstrate their

calibration and measurement capabilities (CMCs) endompare their realizations of the

units of the SI with those of other NMils.

In order to extend and fully document the practidemetrology comparisons, the CIPM
established in 1999 a Mutual Recognition Arrangenf@iPM MRA) between NMIs from
BIPM’s Member States and, more recently, the Asdecttates. The CIPM MRA establishes
a formal system within which NMI signatories aneithdesignated institutes establish the
degree of equivalence of their national measurersemdards in each metrology domain in

which they patrticipate.
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The CIPM has set up a number of Consultative Cotesst which bring together the world's
experts in their specified fields as advisers oa sbientific work to be developed in the
laboratories of the BIPM and on the internatior@hparison programme to meet the needs of
the NMIs. The comparisons conducted by the BIPM laasked on the international facilities
maintained at the BIPM are designated as key casgpe. The comparison results are
published in the BIPM key comparison data base K@bte CIPM MRA.

In the field of ionizing radiation, the BIPM has mt@ined primary standards for dosimetry of
x-rays andy-rays since 1960. As requested by the Consultafileenmittee for lonizing
Radiation (CCRI), these standards are used in tR&Bey comparisons between the NMIs
with primary standards and the BIPM, with refere®®M.RI(1)-Kn, (n is the number
allocated to each key comparison). They are alsd s characterize national standards for
those countries not holding a primary capabilitie TBIPM determination of the dosimetric
quantity is taken as the key comparison refereab@ev(KCRV) relative to which the degrees

of equivalence are established for the NMls thatigpate.

International comparisons and characterizatiorlswaenergy x-ray beams started in 1966 in
the reference radiation qualities recommended ByGRRI [9]; in 2001, the Consultative
Committee for lonizing Radiation CCRI(lI) recommeddéhat the BIPM extend these
activities to mammography beams due to the legalirements in some Member States for
traceability. This is to enable them to validdteit standards through comparisons in this
domain of diagnostic radiology and publish, or date, their CMCs in this domain. At the
same time the BIPM can then characterize and eadibnational secondary standards for

other Member States.

In response to the needs of National Metrologyitunsts (NMIs) with dosimetry standards for
mammography x-ray beams, and following the recontagons made by the CCRI(I) in
2005 and 2009, two sets of radiation qualities westablished as reference beams for
mammography at the BIPM: one set of seven radiaji@iities was established in 2007 using
the existing low-energy x-ray tube with its tungsterget and added Mo filtration (see
Chapter 2), and a second set of four qualitieswlzat set up in 2009 after the installation of a
low-energy x-ray tube with molybdenum target (sém@er 4). A new key comparison was
then included in the BIPM on-going comparison pamgme of primary standards, identified

in the KCDB as BIPM.RI(I)-K7 specifically for mamrmgmaphy beams. The new radiation
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beams are also used to provide characterizatioratbbnal secondary standards traceable to
the International System of Units (SI).

The new facility for mammography was included ie tjuality management system (QMS)
of the lonizing Radiation (IR) Department in 20B0¢lescription of the primary standard and
the beam characteristics, including associatedrtainges, were included in the BIPM report
of measuring conditions for comparison and calibrabf national dosimetric standards [16].
According to the BIPM QMS, a set of four technigadtructions were produced together with

the corresponding forms and records required foln @astruction.

The first international comparison of primary staras for mammography took place at the
BIPM in 2007 and, since November 2009, seven iat@ynal comparisons of primary
standards were carried out in the new facility. iFafuthe seven comparisons were completed:
the corresponding reports were published in Metrologia Technical Supplemeand the
results were entered in the KCDB; one comparisa@use¢o be repeated while the remaining
two comparisons will be completed at the beginroh@013. Five calibrations of secondary

standards were carried out with the productiorhefdorresponding certificates.

6.2. An international facility for mammography

6.2.1. International comparisons

The new development made at the BIPM in the doro&imammography, at the request of
the CCRI, provides an international facility fomgparisons, available for all the NMis of the
Member States holding primary standards for mamaigy dosimetry. A new ongoing key
comparison was established at the BIPM and includethe KCDB as BIPM.RI(I)-K7.
Participation in this key comparison enables thelfNid validate their standards and through

the BIPM comparison they can compare their resuilis all other participants.

The dosimetric quantity that is compared in thiddiis the air kermaa;, measured in gray,

and calculated from measurements made using aifrebamber.

Comparisons of the standards for air kerma ardechout at the BIPM and can be made
directly or indirectly, as described in the “Tedtali protocol for a BIPM ongoing key

comparison in dosimetry” [34].
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If the NMI participates in a direct comparison, 8#°M determines the air kerma rate using
the NMI standard in the BIPM reference beams by éhegion

; 1 (1 W, 1
Kwi =—| — e k. 6.1
e Ioair (VJNMI € 1_ gair |_| S ( )

wherepy;r is the density of air under reference conditigh¥)nw is the ratio of the ionization
currentl measured using the NMI standard of voluh&\V,; is the mean energy expended by
an electron of chargeto produce an ion pair in aig; is the fraction of the initial electron
energy lost through radiative processes in air, @nkinw IS the product of the correction

factors to be applied to the standard providecheyNMI.

Similarly, Kgipm is determined using the BIPM standard and the e@oi®gn resulRq nwi IS

expressed as the ratiqm/Kgipm.

The set of correction factoksnw are carefully analysed as well as the methods bgetie
NMI for their determination; additional measurensent calculations are sometimes needed
when non-negligible discrepancies exist betweenNikg and BIPM determination of these

correction factors.

If the comparison is carried out indirectly, the Nd4librates a transfer ionization chamber in
the NMI reference beams, determining the calibratioefficient in terms of air kernfsk nw

by the relation

KNMI

NK,NMI -

(6.2)

Itr,NMI

where K, is the air kerma rate determined by the NMI priynstandard using (6.1) and

lenmvi IS the ionization current measured by the transfermber and the associated current-
measuring system. At the BIPM, the transfer chamédhen calibrated against the BIPM
primary standard, determinifg gpm. The comparison resuRq nv IS taken as the ratio of
the calibration coefficients determined at eaclotatory asNk nvi/Nk sipm, WhereNg v 1S
taken as the mean of measurements performed atMhdefore and after the measurements
at the BIPM.

125



The currently; is corrected to the reference conditions of antb&ntemperature, pressure
and relative humidity chosen by the CCRI for thenparison T = 293.15 KP = 101325 kPa
andh = 50 %).

To derive a comparison result from the calibratoefficientsNg gipm andNg nvi measured,
respectively, at the BIPM and at a national meamsare institute (NMI), differences in the
radiation qualities and calibration conditions mumt taken into account. Appropriate
correction factors are derived and applied to theasared current and the corresponding

uncertainties are included in the uncertainty bttdge

different air kerma rates: a correctiég, can be applied for ion recombination in the
transfer ionization chamber to account for thealdhce in the kerma rates at the two

laboratories;

different radial non-uniformity: a correctidg, i can be applied at each laboratory for the
radial non-uniformity of the radiation field. Howewy as this effect is likely to cancel at
least to some extent at the two laboratories, mgection is applied and a relative standard

uncertainty is introduced for this effect;

field size: transfer chambers commonly used in magraphy are relatively insensitive to

field size; no correction is applied but an undettacomponent is included for this effect;

half-value layer: each quality used for the comgzarihas the same nominal generating
potential and similar filtration at each instituteyut the half-value layers (HVLs) can
differ. A radiation quality correction factde, can be derived for each comparison quality
Q. This corrects the calibration coefficieNk nmi determined at the NMI into one that
applies at the ‘equivalent’ BIPM quality and is ided by interpolation of théNk nw

values in terms of log(HVL);

distance: a correction factkyis; can be determined and applied when the transtenbbr

is calibrated at different distances in each latooya

polarity: usually the transfer chamber is used i same polarity at each institute and
so no correction is applied for polarity effectstime transfer chamber. If this is not the
case, a correctioftpo is calculated from measurements made at the BIBMbbth

polarities.

126



As in the case of the direct comparison, the ctimedactorsk; that the NMI applies to its
standard to determine the air kerma rate are direfinalysed. When important discrepancies
are observed between the NMI and BIPM correctiontofs, both laboratories make
additional studies after the comparison in ordedemtify the cause of the discrepancies and

make appropriate corrections.

To evaluate the uncertainty of the comparison teshhé NMI provides a full uncertainty
budget together with the result, at the time ofdbmparison. The uncertainty budget for the
BIPM is taken from [16]. In calculating the combihstandard uncertainty of the comparison,
correlations in the type B uncertainties, accordingthe GUM [35], associated with the
physical constantg,i; andW;; / €, humidity correctiork,, bremsstrahlung correction (D)

and the standard correction factors must be takereiccount [36].

The mammography comparisons are often made usamgfar chambers, as the primary
standards are normally compared directly in the-ém&rgy x-ray beams, the BIPM.RI(I)-K2
key comparison, that covers the mammography eneagge. While the use of transfer
chambers might introduce more uncertainty in thengarison results than for a direct
comparison of the primary standards, useful infdromais gained on the reproducibility of
calibration coefficients and on the behaviour ainsfer instruments of the type used in the

dissemination chain.

Up to now, seven indirect comparisons have beamedaput using transfer chambers with the
NRC (Canada), NMIJ (Japan), PTB (Germany), NISTAUENEA (ltaly), VNIIM (Russian
Federation) and the IAEA (Vienna). The NRC, NMITBPand NIST comparison results are
available in the KCDB and the corresponding repbage been published in tiMetrologia
Technical Supplemeseries [37, 38, 39, 40].

A brief description of the published comparisonprissented in the following paragraphs and

the state of the other comparisons is explainesation 6.2.1.5.

6.2.1.1. Key comparison BIPM.RI(I)-K7 of the aiefkna standards of the NRC, Canada and
the BIPM

An indirect comparison has been made between thkeana standards of the National
Research Council (NRC), Canada and the Bureaungtienal des Poids et Mesures (BIPM)

in the x-ray range from 23 kV to 50 kV using mammaghy beams produced by a tungsten-
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anode tube and molybdenum filter combination. Fmamallel-plate ionization chambers were
used as transfer instruments (two Radcal 10x5-6tMtem0 PTW 23344). The measurements
at the BIPM took place in March 2007.

The calibration of the transfer chambers was maddéwa different distances, as both

laboratories have a different reference distanaga éit the NRC and 0.5 m at the BIPM).

To derive the comparison result from the -calibrmaticoefficients Nk gpm and Nk nrc
measured, respectively, at the BIPM and at the NR€following considerations were taken

into account:

air kerma rates: the air-kerma rates at the NRQaaver than those at the BIPM for the
calibration distance of 0.5 m. No correctidgg were applied for ion recombination and a
relative standard uncertainty of 5 x 4@as introduced to account for the difference in the

kerma rates at this distance;

field size: the radiation field diameter at 500 nnsignificantly different at the two

laboratories (84 mm at the BIPM and 47 mm at theCNRMeasurements made at the
BIPM over a range of field sizes showed that thiectfof this on the calibration

coefficients for the PTW chamber in the W/Mo mamnagdpy beams is about 3 parts in
10% while for the Radcal it is around 1 part in°1Gonsequently, the effect of field size on
the present comparison was taken into account plyiag the correction factors of 0.997
and 0.999 to the comparison results at 500 mm Her RTW and Radcal chambers,

respectively. A relative standard uncertainty of 10~ was introduced for this effect;

radial non-uniformity: no correctiok + was applied at either laboratory for the radial
non-uniformity of the radiation field. For a chambeith collector radius 15 mm, the

correction factor for the BIPM reference field i®and 1.002 and this effect is likely to

cancel to some extent at the two laboratories. lAtive standard uncertainty of*610™

was introduced for this effect;

half-value layer: the radiation qualities at thé®Bl and the NRC are not well matched in
terms of HVL, despite the use of the same calidrafenerating potentials and similar
molybdenum filters. To derive a comparison resoitthe BIPM HVL values, a special

analysis was made and is described in the folloyerggraph;

distance: as the NRC and the BIPM use differenbcion distance, the chambers were

calibrated at 0.5 m and at 1 m at both laboratpries

128



polarity: the same polarity was applied to the chara at both laboratories; no correction

Koot Was applied.

As mentioned before, the radiation qualities atNiRC and the BIPM do not match in terms
of the HVL; to derive a comparison result for the’Bl HVL values, a quadratic fit was made
to each of the NRC data sets. To avoid the neeaxXtapolation to the BIPM W/Mo-23
HVL, which has an HVL below the range of the NRC MW@ qualities, the calibration
coefficient for the CCRI 25 kV quality at the NRCasvincluded in each quadratic fit. The
calibration coefficients determined at the NRC andhe BIPM at 0.5 m, normalized to the
BIPM calibration coefficient for the CCRI 25 kV ditg, are plotted in Figures 6.1 and 6.2
for the Radcal RC6M-9646 and the PTW23344-0948paetsvely, as a function of the
corresponding HVL. Similar behaviour was observadtiie other two chambers and also for

the calibrations made at 1 m.

Radcal 9646
1.003 -
1002 R 7‘}\/7'\7'6_750 -
-
y OO cerizsRy
z
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0.997 3= WiNloos W 7T mNRC  WBPM |
0.996 ‘ : : : : ‘ |
0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.55
HVL / mm

Figure 6.1. Normalized Nfor the Radcal RC6M-9646. The dotted line represarmguadratic
fit to the NRC data.
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PTW 0948
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Figure 6.2. Normalized calibration coefficients Ni&¢ the PTW23344-0948. The dotted line
represents a quadratic fit to the NRC data.

From the data fits, a set of valudgnrc(BIPM HVL) was derived for each chamber at each
distance, leading to seven sets of comparisontsegthamber PTW 0949 was measured at

0.5 m only).

Nk nre (BIPM HVL)
Rk nRe =

(6.3)

NK,BIPM

An additional uncertainty of 5 parts in f@vas included for this fitting procedure.

The seven ratiollk nrc / Nk gipm fOr the four chambers measured at the two disgst®wed
a significant spread, the relative standard demmatf the distribution for each quality being
up to 1.8x 1072 This is significantly greater than the statistiseandard uncertainty of each
calibration coefficient. However, no clear trendsegge.

Consequently, the best estimate of the comparssultR< nrc for each radiation quality was
considered to be the mean value. These values\a®e i Table 6.1 along with the standard
uncertainty of each mean valug,ean, The combined standard uncertainty of the air keerm
determinations, calibration coefficient and the panmson result (removing correlations) is
also presented in Table 6.1.
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Table 6.1. Comparison results and combined relatiaedard uncertainty

. Relative
Radiation | - \w/Mo23 | W/Mo30 W/M050 | standard | BIPM | NRC
quality .
uncertalnty
R NRe 0.9984 0.9988 0.9986 K 0.0020! 0.0026
oo 0.0011 0.0013 0.0010 Ni 0.0020! 0.0027
Ue 0.0030 R NRC 0.0030

The comparison results show general agreement eatletel of the combined standard

uncertainty of 3.0 parts in 10

6.2.1.2. Key comparison BIPM.RI(I)-K7 of the &erma standards of the NMIJ, Japan and
the BIPM

An indirect comparison between the air-kerma stedglaf the National Metrology Institute
of Japan (NMIJ) and the BIPM in the Mo/Mo mammodmax-ray beams took place in
November 2009. Three parallel-plate ionization chara were used as transfer instruments
(Radcal RC6M, PTW 23344 and Oyogiken C-MA chambers)

The following considerations relating to the trams€éhambers were taken into account to
derive the comparison result from the calibratioefticientsNk gipm and N nviy measured,
respectively, at the BIPM and at the NMIJ:

air kerma rates: no correctiotks, were applied for ion recombination in spite of the
difference in the kerma rates at the two laboratrihe initial recombination is the same
for both beams and volume recombination is nedkgibr the kerma rates established at
the two laboratories; an uncertainty of 5 x“i introduced to account for this effect;

field size: both laboratories used the same field; o correction and no uncertainty is

included;

radial non-uniformity: it was assumed that the @ffef radial non-uniformity cancels to
some extent at the two laboratories;kpowas applied but a relative standard uncertainty

of 2 x 10*was introduced for this effect:
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half-value layer: the radiation qualities at thePBl and at the NMIJ are very closely
matched in terms of HVL and so the correction faétpwas taken to be unity for all

qualities, with a negligible uncertainty;

distance: both laboratories used the same caloradistance; no correctiokyist was

applied to the measured current;

polarity: the same polarity was applied to the chara at both laboratories; no correction

Koot Was applied.

Regarding the air kerma determination using thengry standards, it was observed at the
time of the comparison that the correction factfns air attenuatiork,, evaluated using
measured air-attenuation coefficients, were sigaifily higher at the NMIJ than those
reported by the BIPM and by other NMls for simiteams. After the comparison, the NMIJ
re-measured the air-attenuation coefficients maaifythe configuration used previously; the
results were in good agreement with the BIPM vahlras have been adopted at the NMIJ. No
further studies were needed for the remaining ctoe factors applied to the primary

standard.

The best estimate of the comparison reBulw; for each radiation quality was taken to be
the mean value for the three transfer chambers.r@dts are given in Table 6.2 along with

the standard uncertainty of each mean vadigan

The combined standard uncertainty of the air kedeaterminations, calibration coefficient

and the comparison result (removing correlatioag)lso presented in Table 6.2.

Table 6.2. Comparison results and combined relatiaedard uncertainty

. Relative
Rad'fil_tlon Mo/Mo25 | Mo/Mo28 | Mo/Mo30 | Mo/Mo35 | standard | BIPM | NMI3
quality uncertainty
R NMLJ 0.9984 0.9988 0.9986 0.9988 K 0.0020! 0.0035
Ornean 0.0011 0.0013 0.0010 0.0013 Nk 0.0021| 0.0038
Uc 0.0037 R« nmia 0.0037

The comparison results show agreement at the tEvel4 parts in 1) which is within the

combined relative standard uncertainty for the carispn of 3.7 parts in £0
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6.2.1.3. Key comparison BIPM.RI(l)-K7 of the-&®rma standards of the NIST, USA and
the BIPM

An indirect comparison between the air-kerma stedglaf the National Institute of Standards
and Technology (NIST), USA and the BIPM in the M@vhammography x-ray beams took
place in January 2010. Two thin-window paralleltpléonization chambers of type Radcal
RC6M, belonging to the NIST were sent to the BIPM the comparison, operating in
parallel with the low-energy x-ray BIPM.RI(I)-K2 kecomparison, using the same
instruments. As one of the instruments exhibitsthaificant drift during the K2 comparison,

only the stable instrument was used in the mamnpbgyraeams.

air kerma rates: no correctiotks; were applied for ion recombination and a relative
standard uncertainty of 5 x T0s introduced to account for the difference in Keema
rates at the two laboratories;

field size: the radiation field diameter is sigodntly different at the two laboratories
(100 mm at the BIPM and 60 mm at the NIST for thespnt comparison to match the
BIPM calibration distance). While the effect of 4hon calibration coefficients can be
significant for some chamber types, particularihigher energies, the Radcal is known to
be relatively insensitive to field size in the maography range and no correction was

applied; an uncertainty component of 1 part ifi&0ncluded for this effect;

radial non-uniformity: no correctiok,  is applied at either laboratory for the radial ©ion
uniformity of the radiation field. For a chamber thvicollector radius 15 mm, the
correction factor for the BIPM reference field mand 5x 10 and this effect is likely to

cancel at least to some extent at the two labaestoA relative standard uncertainty of

2 x 10%is introduced for this effect:

half-value layer: the radiation qualities at thePBl and at the NIST were not well
matched in terms of HVL, despite the use of theesaatibrated generating potentials and
similar molybdenum filters; a special analysis wieade to derive the comparison result

for each quality, as explained in the following ggnaph;

distance: similar calibration distances were usedhie two laboratories; nkgist was

applied to the measured current;
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polarity: the transfer chamber was used with thmespolarity at each institute and so no
corrections are applied for polarity effects in thensfer chamber.

The mean calibration coefficients determined atNIeT and at the BIPM, normalized to the
BIPM calibration coefficient for the CCRI 25 kV ditg, are plotted in Figure 6.3 as a
function of the corresponding HVL. Note that theSNIl Mo-23 quality was measured

subsequent to and was not part of the original @epn.
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Figure 6.3. Normalized results for the transfearober calibration coefficients at the NIST
and the BIPM. The dashed blue line through the Nd&t& represents a linear fit to the NIST
data points, including the CCRI 25 kV quality butckiding the Mo-23 quality (see
explanation in text).

It can be seen from the BIPM data that the chamekbibited a smooth and relatively flat
energy response, the total variation being less thaarts in 19 over the energy range
considered. In contrast, the NIST results showgdifstant scatter and a total variation in the

chamber response of 4.6 parts iff.10

The scatter of the NIST data, in combination witte disagreement of the HVL values,

presented a difficulty in deriving a comparisonutefor each of the BIPM radiation qualities.
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To this end, a linear fit was made to the NIST dataavoid the need for extrapolation to the
BIPM Mo-25 HVL, the calibration coefficient for theCRI 25 kV quality at the NIST was

included in the linear fit (the NIST Mo-23 calibi@at point shown in Figure 6.3 was not
included in the fit for the reason outlined belowjom this fit, a set of valudsx nist(BIPM

HVL) was derived, leading to a set of comparissuhs

Ny wsr (BIPM HVL)
Reisr == - (6.4)

NK,BIPM
The uncertainty arising from the fitting procedusghich not only corrects for HVL

differences but effectively smoothes the NIST datas taken as the r.m.s. deviation of the
measured valuelsk nist from the fitted line. This was evaluated as 1.5ar 16 and was
included the total uncertainty analysis.

During subsequent discussions of the comparisantseshe NIST measured the calibration
coefficient for the Mo-23 quality to check the cHaeris energy response and the result is
included in Figure 3. However, due to the posgipdif chamber drift, this new value was not
taken into account in the analysis of the resuits, it nevertheless served to justify the
method used to derive the comparison results.

The final comparison resul®« nist was derived from th8lk values obtained from the linear

fit corresponding to the BIPM HVLs. The results presented in Table 6.3, together with the
combined relative standard uncertainty associatgd the primary standards, the transfer
chamber calibration and the comparison result.

For a given generating potential, differences iea & HVL values of between 22 um and
30 um are observed for the two laboratories. ThelTNiSes a Mo filter 32 pum thick while at
the BIPM the thickness is 30 um. Simulations ofhbséts of radiation qualities using the
IPEM software [41] show that the different Mo filtdricknesses can explain around 9 pm of

the observed difference in the HVL values.

Another possible source of HVL differences is tladibration of the generating potentials. It
can be seen from Figure 6.3 that a change in gemgaotential of 2 kV to 4 kV would result
in better agreement between the NIST and BIPM H\Hswever, such a voltage offset is
significantly larger than the calibration uncertgirof the voltage measurement at each
laboratory. Furthermore, the systematic progrestiom 2 kV to 4 kV with increasing HVL

is unlikely to be due to a voltage calibration erro
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Table 6.3. Comparison results and combined relatiaedard uncertainty

- Relative
Radl?_tlon Mo/M025 | Mo/Mo28 | Mo/Mo30 | Mo/M035|  standard | BIPM | NIST
quality uncertainty
R NIST 0.9974 0.9968 0.9966 0.9962 K 0.0020| 0.0024
N 0.0022| 0.0026
" 0.0032 ‘
RNisT 0.0032

The results show the standards to be in agreemethiealevel of the combined standard
uncertainty of 3.2 parts in 10

6.2.1.4. Key comparison BIPM.RI()-K7 of the &erma standards of the PTB, Germany
and the BIPM

An indirect comparison between the air-kerma stedglaf the Physikalisch Technische
Bundesanstalt (PTB), Germany and the BIPM in theNtdoaAnd W/Mo mammography x-ray
beams took place in September 2010. Two thin-windavallel-plate ionization chambers of
type Radcal RC6M, belonging to the PTB, were usedtrassfer instruments for the

comparison.
To derive the comparison rest& prg, the following considerations were taken into acto

air kerma rates: no correctioks; were applied for ion recombination although thame
rates at the PTB are lower than those at the BIRMirzertainty of 5 x I0is introduced

to account for this effect;

field size: both laboratories used similar fieldes; no correction and no uncertainty is

included:;

radial non-uniformity: no correctioky,  is applied at either laboratory for the radial ©hon
uniformity of the radiation field. For the Radc#&lammber, with collector diameter 30 mm,
the correction factor for the BIPM reference figddaround 1 x 16 and this effect is

likely to cancel at least to some extent at the tedooratories. A relative standard

uncertainty of 5« 10 is introduced for this effect;

half-value layer: the radiation qualities at thé>Bl and the PTB are very closely matched
in terms of HVL and so the correction fackeyris taken to be unity for all qualities, with a

negligible uncertainty;
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distance: both laboratories calibrated the chambera distance of 1 m in the W/Mo
radiation qualities and no correctitd@s; was applied to the measured current in these
beams; however, in the Mo/Mo beams, the refereistarte at the PTB is 1 m whereas
at the BIPM, is 0.6 m (it is not possible to measat another distance in these beams).
To estimate the effect on the response of the cheardadibrated at different distances,
measurements at 500 mm were also made at the BiPtha W/Mo beams. The
calibration coefficients at both distances meastwedthree qualities in the HVL range of
the Mo/Mo beams differ by 2.1 parts in®1@eanNk. 1000 mm/ Nk, 500 mi= 0.9979(5)). A
similar effect was measured previously at the Blf®kMother Radcal chambers, not only
in the W/Mo beams but also in the CCRI referencalijes. Assuming that the same
effect is present in the Mo/Mo beams, a scaledadcs correction factdis; of 0.9983
has been applied to tiNx values measured at the BIPM at the distance o@®0in the
Mo/Mo beams to account for the distance differeheeveen the PTB and the BIPM
(400 mm). Given the approximate nature of thisextion, a relative standard uncertainty

of 1.0x 1072 is introduced for this effect.

polarity: no correctiorky,, was applied as the transfer chambers were uséd beith
polarities at each institute and the mean of thi&redion coefficients measured with each

polarity was used to evaluate the comparison result

Both the PTB and the BIPM were satisfied regardiregoperation of their primary standards
and the corresponding correction factors entennipé air kerma determination to enable the

calibration of the transfer instruments.

The best estimate of the comparison reRultrg for each radiation quality is taken to be the
mean value for the two transfer chambers. The esuét given in Table 6.4 along with the
standard uncertainty of each mean valagean The uncertainties are also included in
Table 6.4.

The comparison results show agreement at the lévelparts in 16 for the Mo/Mo beams,
which is within the combined relative standard utaiaty for the comparison of 3.7 parts
in 10°. For the W/Mo beams, the agreement between tinelatads is at the level of 1.8 parts

in 10°, also within the combined relative standard uratety for the comparison of 3.5 parts

in 10°.
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Table 6.4. Comparison results and combined relatiaedard uncertainty

i Relative
Rad"'i‘_t'on Mo/M025 | Mo/Mo28 | Mo/Mo30 | Mo/Mo35| standard | BIPM | PTB
quality uncertainty
Repre 0.9991 0.9994 0.9991 0.999% K 0.0020| 0.0030
Ornean 0.0015 0.0012 0.0014 0.0012 Nk 0.0021| 0.0035
U 0.0037 Rk pTB 0.0037
_ Relative
Radl?tlon WI/Mo25 | W/Mo28 | W/Mo30| W/Mo35| standard | BIPM | PTB
quality uncertainty
Repte 1.0018 1.0019 1.0019 1.0014 K 0.0020| 0.0030
Ornean 0.0015 0.0015 0.0010 0.001¢( Nk 0.0021| 0.0034
Ue 0.0035 Repre 0.0035

The results presented in Tables 6.1 to 6.4 showtdmelards of the NRC, NMIJ, NIST, PTB
and the BIPM to be in agreement at the level ofdbmbined standard uncertainty for the

comparison.

6.2.1.5. Other comparisons

A direct and indirect comparison was carried outhwhe ENEA (ltaly) in the simulated
mammography beams (W/Mo qualities) as the ENEA digsates the calibration coefficients
in these beams. Measurements with the ENEA primanydsird and one transfer ionization
chamber were made at the BIPM during February 20dthortant discrepancies were
identified at the time of the comparison (the resulere kept blind). Subsequent discussions
with the ENEA about their measuring conditions engiteem to identify some irregularities

in their calibration process, and they requestaepeat the comparison in the near future.

The International Atomic Energy Agency establishdéigslato the international measurement
system by providing dosimetry calibration servidestheir Member States through the
network of Secondary Standards Dosimetry Laborgo(SSDLs). In the mammography
domain, the IAEA is traceable to the PTB. In 200&yt declared their dosimetry calibration
and measurement capabilities (CMCs), publishedthénAppendix C of the CIPM MRA key
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comparison database. To maintain the validity ofGMCs, the IAEA asked the BIPM to run
a bilateral comparison in the Mo/Mo beams. The memsants were performed in 2012 and
the comparison report has be sent to the CCRI¢lafiproval and future publication. The
comparison report will be published in thetrologia Technical Supplemenbut the
comparison results will not be included in the BIFRYI)-K7 as the IAEA doesn’t hold a
primary standard.

A recent comparison with the VNIIM (Russia) has rbearried out in the Mo/Mo beams
using a transfer chamber; repeat calibrations etridinsfer chamber are still being carried out

at the VNIIM, after the measurements made at th&vBlI

6.2.1.6. Degrees of equivalence

The analysis of the results of BIPM comparisonsin-energy x-rays in terms of degrees of
equivalence is described in [35] and a similar ysial is adopted for comparisons in
mammography x-ray beams. Following a decision ef @CRI, the BIPM determination of
the air-kerma rate is taken as the key comparisberence value, for each of the CCRI
radiation qualities. It follows that for each labtoryi having a BIPM comparison resudt
with combined standard uncertainty the degree of equivalence with respect to thereetce
value is the relative differenc®; = (Ki—Kgpmi)/Kepmi= X —1 and its expanded
uncertaintyU; = 2u;. In the case when an NMI participates in the Ky &emparison for the
two sets of radiation beams, the Mo/Mo resultsthose considered to evaluate the degree of
equivalence. The results fBy andU; expressed in mGy/Gy, are shown in Table 6.5.

Table 6.5. Degrees of equivalence

Mo/Mo25 Mo/Mo28 Mo/Mo30 Mo/Mo35

Di ‘ U D ‘ U Di ‘ U, Di ‘ Ui

I(mGy/Gy) I(mGyY/Gy) | I(mGy/Gy) | (mGy/Gy)
NMIJ -1.6 7.4 -1.2 7.4 -1.4 7.4 -1.2 1.
NIST -2.6 6.4 -3.2 6.4 -3.4 6.4 -3.8 6
PTB -0.9 7.4 -0.6 7.4 -0.9 1.4 -0.p 7
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W/Mo23 W/Mo30 W/Mo50

Db | U | D | U | D|uy

I(mGy/Gy) I(mGy/Gy) | I(mGy/Gy)

NRC 0.9 6.0 15 6.0 1.0 6.

6.2.2. Calibration of national secondary standarasammography beams

For those dosimetry laboratories of the MembereStaf the BIPM, being either part of their
National Metrology Institute or a designated inggtin their own right, that do not hold

primary standards, the BIPM is able to charactetimar national standards and provide
calibration certificates in terms of air kerma hetmammography beams. In this way, the
NMiIs then disseminate the Sl unit for air kermadajibrating the ionization chambers used

in the diagnostic radiology departments of theurdoes health-care system.

The calibration process is made following the stagscribed in four technical instructions
(written by C. Kessler) of the BIPM Quality Managem System (QMS) and using a set of
forms, pro-forma spreadsheets (modified or produmedC. Kessler), the output calibration
records and a BIPM-designed data acquisition soéw@he six steps are outlined in the
following paragraphs:

a. Reception of the chamber form is used for this purpose, the correspandigids being

filled with the identification of the chamber, NMdate of reception and data provided by the
NMI needed for the calibration (reference planax&asurement, voltage and polarity); the
instrument is inspected and the general conditiares recorded on the form; electrical

measurements are made to verify that there is mot-shicuit between the electrodes.

Dimensional measurements are also made: exteraaletier, height and entrance surface-
reference measurement plane dimensions are needsst up the chamber correctly in the
beam centre at the reference distance.

b. Set-up of the chamhethe technical instructions “Setting up an ioniaatchamber in

mammography” and “Setting up an ionization chambéow-energy x-rays” are followed to
position the chamber in the reference measurenwaitions, either on the Mo/Mo or W/Mo
calibration bench, respectively, using the corresiory positioning record form. The
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reference point for the chamber is positioned e riference plane with a reproducibility of
0.03 mm. The distance is measured to around 0.02Thenchamber is aligned on the beam

axis to an estimated uncertainty of 0.1 mm.

c. Beam qualitythe x-ray generator is operated according thknieal instruction “Source
operation” which describes also the steps that rbadbllowed to set a particular radiation

quality.

d. MeasurementsThe normal calibration procedure is to measuredwising the NMI
chamber and between these measurements to detettmira@r-kerma rate using the BIPM
standard. The chamber and the standard are preateddat least 30 min before any
measurement is made; this period of time is alszleé to warm-up and stabilize the x-ray
system. A data acquisition program is used to tegibe ionization current measured using
the chamber and the standard, as well as all thammders needed for the calibration
(temperature measured by three thermistors, pmssbhumidity); the program also
communicates and registers data from the voltageaaode current measuring system. The
data are transferred to a proforma Excel file wiualtulates automatically the air-kerma rate
and the calibration coefficient with the uncertginassociated with the calibration
measurements. The calibration procedure is descrilmedthe technical instructions
“Calibration measurements in mammography x-rays’tiie Mo/Mo beams and “Calibration

measurements in low-energy x-rays” for the W/Maatdn qualities.

e. Data analysisthe data are analysed according to the instnuctizata analysis in low-

energy and mammography x-rays”. The calibration @ata entered in the corresponding
fields of the spreadsheet created for this purpdses spreadsheet produces the final
calibration results (calibration coefficients faod quality and uncertainties) that will appear
in the calibration certificate. Once the data asiglys made, it must be verified and approved

by another authorized person.

f. Calibration certificate a standard pro-forma certificate is modified ascessary

incorporating the data recorded in the form produtering the reception of the chamber and
the data from the analysis spreadsheet. The catibreertificate is checked and approved by
the Department Director and signed by the BIPM &oein accordance with the BIPM QMS

policy.
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During the calibration procedure, the chamber imaeed and set up again, and the
calibration is repeated; the choice of the radratjoialities to repeat the calibration depends

on the results and the stability of the chambers Bnisures the robustness of the calibration.

To date, five NMIs have asked for calibration ofitheational standards in the BIPM
mammography radiation beams: the standards of #i®mmal Institute of Metrology (NIM),

China, and the Czech Metrology Institute (CMI), €zeRepublic were calibrated in the
Mo/Mo radiation beams; the Instituto Tecnolégico ecBlar (ITN), Portugal, requested the
BIPM to calibrate its standard in the W/Mo radiatigualities; whereas the Hellenic lonizing
Radiation Calibration Laboratory (HIRCL), Greecendathe Instituto Nacional de
Investigaciones Nuclearg$NIN), Mexico requested calibration in both sets radiation

qualities.

These standards were calibrated, as requestede irethrence conditions described in [16]

and the corresponding calibration certificates weseaed.

It is likely that two or three NMls will make sucbquests each year.

6.2.3. Technical cooperation

Two NMis, in the process of installing a mammogragagility in their laboratories and
developing an air-kerma standard for the beam datsymhave requested and received BIPM
technical cooperation to advise and help them & dbtablishment of reference radiation
gualities in this domain. Once they have completedir projects, each will need a
comparison with the BIPM to validate their standaashd thus be able to disseminate the Sl

unit for air kerma for mammography to their radgtml departments.

6.3. Quality system

The new international facility for mammography comgens of primary standards and
calibrations of national standards has been indudehe quality management system of the

lonizing Radiation (IR) Department of the BIPM.

The overall procedure of the Department entitled sSibeetry comparisons and calibrations”
describes in a systematic way the steps that neustllowed to calibrate a national standard

or conduct a comparison with a NMI in the refereraiation beams at the BIPM. 1t lists all
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the technical instructions and forms needed to nth&emeasurements, the software used for
this purpose and all the relevant documents inehlvedescribes how to record the results

and the way that certificates and comparison repare produced.

Four technical instructions describe the stepsottoWw to make the measurements for a
calibration of a national standard or a comparigbnprimary standards in each set of
mammography beams:

Setting up an ionization chamber in mammograph$eiting up an ionization chamber in

low-energy x-rays (for the Mo/Mo or W/Mo radiatibeams, respectively);

Source operation and security: mammography or ooperation and security: low-
energy x-rays (for the Mo/Mo or W/Mo radiation begmespectively);

Calibration and comparison measurements in mamrpbgra-rays or Calibration and
comparison measurements in low-energy x-rays (fier Mo/Mo or W/Mo radiation

beams, respectively);
Data analysis for low-energy x-rays and mammography

These instructions make reference to the pro-fornpaeasisheets needed for the
measurements, which collectively form, after cortipte the positioning, calibration and data

analysis records.

Regarding radiation protection and source secuaitythe activities are carried out according
to the instruction “Local rules for the ionizingdiation department — dosimetry”, to comply
with the Basic Safety Standards Directive 96/2%aam.

The measurement chain is formed by some fifteen e¢sn such as the electrometer,
capacitors, thermometers, etc., each of which libreéed periodically according to a fixed
planning schedule. All the elements are registaneitie BIPM equipment data base, with a
record of the history and state of each elemest,ctiibration period, results of acceptance
tests and calibration results. All the elementshef measurement chain are calibrated at the
BIPM, most of them within the IR Department withfeneence to the other scientific
departments as appropriate.

The stability of the air kerma rate determination]calated from the ionization current
measured using the primary standard, serves asck ci the whole system. As an example,

Figure 6.4 shows the air kerma normalized to theamméor the radiation qualities
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corresponding to 25 kV and 30 kV, measured sineesitablishment of the Mo/Mo facility in
2009; the relative standard uncertainty of the mg&hx 10%.

In accordance with the BIPM QMS, the IR Departmienaudited internally once per year,
except when an external audit is planned, everd tygar. So far, the mammography facility
has been audited internally in 2010 and in 2011 ameéxternal audit took place in 2012; no

non-conformity was identified.
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Figure 6.4. Normalized air kerma rate at the BIPMresponding to the Mo/Mo 25 and

Mo/Mo 30 radiation qualities

6.4. Conclusions

Six NMls have participated in the on-going mammegsakey comparison BIPM.RI(1)-K7;
among them, the standards of the NRC, NMIJ, NIST, Bmé& the BIPM are in agreement at
the level of the combined standard uncertaintytiercomparison. The comparison results are
published in the BIPM key comparison data base KGIDE in theMetrologia Technical
SupplementThe ENEA (Italy) has requested to repeat their aompn in the near future. A

comparison with the VNIIM (Russia) is in progress.
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Chapter 7. Final conclusions

General conclusions
Over the last five years, | have established a mudimmography dosimetry facility at the
Bureau International des Poids et Mesures (BIPN)msing:
a set of seven reference radiation beams usingxiséing tungsten-anode x-ray tube and
molybdenum filtration (W/Mo beams),

a set of four reference radiation beams, aftemsi@llation of a molybdenum-anode x-ray

tube, and molybdenum filtration (Mo/Mo beams),

a new primary standard free-air chamber designetietaused up to 50 kV, for the

dosimetry of the Mo/Mo beams,

an ongoing air-kerma comparison in the new refaranammography beams, registered
in the BIPM key comparison database KCDB as BIPM)R{7, already with six

participants

a programme for the calibration of national secopddandards by including the new
facility in the quality management system of thaizing Radiation (IR) Department of
the BIPM

This work was requested by the Committee Consuéidtv lonizing Radiation CCRI(I) to
meet the needs of the National Metrology Institi¢slIs):
to have a reference facility to verify the accura€yheir primary measurements by taking
part in a dosimetry comparison,

to be traceable to the international system ofsuSit by having their national standards

characterized and calibrated in well defined rafeeeradiation beams,
to comply with legal requirements imposed in tlogiuntries

The BIPM now maintains a demonstrated stable referestandard for mammography

offering the NMlIs the benefits summarized as fodow
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an international facility that has been approved enmdorsed by the CCRI, and is used for
comparisons of primary standards whose resultsregistered in the key comparison
database KCDB; these results are used to suppertcalibration and measurement

capabilities (CMCs) of the NMI patrticipants,

well-defined reference radiation beams to provialébcations and characterizations of the
national secondary standards of the NMls,

the experience obtained during the developmenthefnew primary standard is now
being transferred to the NMls that are in the psscef constructing a standard for the
dosimetry of x-ray beams; several NMIs have redqestisits to discuss details of a
technical cooperation and to receive advice fordéneelopment and improvement of their

facilities,

the two sets of mammography beams establishedjghtiie beams produced using the
combination target/filter W/Mo and Mo/Mo, serve study the response of commercial
ionization chambers as these instruments can haveomly a non-negligible energy

dependence, but also a different response to diftespectra even with the same mean

energy.
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Cecilia KESSLER

DEVELOPPEMENT ET MISE EN PLACE AU
BIPM D'UN SYSTEME INTERNATIONAL DE
COMPARAISON ET D’ETALONNAGE POUR LA
DOSIMETRIE EN MAMMOGRAPHIE

Résumeé

Un systéme international pour la comparaison dalerét primaires et la caractérisation des étalatiomaux
secondaires pour la dosimétrie en mammographie® anét en place au Bureau international des poig

S ef

mesures (BIPM). Ce développement a été demand@RM Bar les Instituts nationaux de métrologie (INM)
afin de répondre aux besoins des laboratoires tirerice pour la dosimétrie dans le domaine de la

mammographie. Une nouvelle comparaison clé a é&ecet enregistrée dans la base de données du RIP
les comparaisons clés.

Ces comparaisons internationales bilatérales asgasipar le BIPM permettent aux laboratoires natigrde
métrologie de vérifier I'exactitude de leurs mesue¢ de démontrer leurs aptitudes en matiere dereest
d’étalonnages, tel que cela est défini dans I'’Ageanent de reconnaissance mutuelle.

M

La caractérisation des étalons nationaux secorddassure la tracabilité de ces derniers au System

international d'unités.

Summary

An international facility for comparisons of prinyastandards and characterizations of national skogn
standards for mammography dosimetry has been estelat the Bureau International des Poids et Masu

(BIPM). This development was demanded to the BIPMHgyNational Metrology Institutes (NMIs) to me

et

the needs of the reference dosimetry laboratondse field of mammography. A new key comparisors wa

created and registerd in the Key Comparison Databathe BIPM.

These international bilateral comparisons organiaethe BIPM enable the national metrology laboratto
verify the accuracy of their measurements and detnate their calibration and measurement capadslias
presented in the Mutual Recognition Arrangement.

The characterization of national secondary standandsires their traceability to the Internationast8sn of
Units.
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