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Περίληψη

Η παρούσα διπλωματική εργασία αποτελεί μια ολοκληρωμένη μελέτη σχετικά με τον

χαρακτηρισμό υλικών που ακτινοβολήθηκαν στον αντιδραστήρα σύντηξης Joint Euro-
pean Torus (JET), του Ηνωμένου Βασιλείου, εξετάζοντας από ραδιολογική σκοπιά την
καταλληλότητά τους ως δομικά και λειτουργικά συστατικά στον αντιδραστήρα ITER.
Η μελέτη επικεντρώνεται στον εντοπισμό των ραδιενεργών ισοτόπων σε κάθε υλικό και

στη μέτρηση των επιπέδων ενεργότητάς τους. Τα υπό έρευνα υλικά ακτινοβολήθηκαν

στο JET το 2021 κατά τη διάρκεια λειτουργίας με πηγή πλάσματος Τριτίου-Τριτίου
(T-T) και Δευτερίου-Τριτίου (D-T).

Οι μετρήσεις της ακτινοβολίας-γ πραγματοποιήθηκαν στο εργαστήριο φασματοσκο-

πίας-γ του ΙΠΡΕΤΕΑ με χρήση ανιχνευτή υπερκαθαρού γερμανίου υψηλής απόδοσης

(GEM80). Για τον ακριβή υπολογισμό της ενεργότητας, εφαρμόστηκαν στα αποτε-
λέσματα των μετρήσεων κατάλληλοι συντελεστές διόρθωσης. Συγκεκριμένα, ο κώδι-

κας MCNP5 χρησιμοποιήθηκε για τη διόρθωση του φαινομένου της αυτοαπορρόφησης
των ακτίνων-γ μέσα στον όγκο του κάθε δείγματος, ενώ το πρόγραμμα TrueCoinc
χρησιμοποιήθηκε για τη διόρθωση του φαινομένου της πραγματικής σύμπτωσης, δια-

σφαλίζοντας την αξιοπιστία των αποτελεσμάτων.

Εκτός από την τιμή της ενεργότητας, χρησιμοποιώντας την τιμή της μάζας τους, υ-

πολογίστηκε και η ειδική ενεργότητα των υλικών. Και για τις δυο ποσότητες έγινε

αναγωγή χρονικά στο τέλος της περιόδου ακτινοβόλησης, ώστε να μπορεί να υπάρξει

ένα μέτρο σύγκρισης μεταξύ των δειγμάτων.

Τα αποτελέσματα της μελέτης συμβάλλουν στην κατανόηση της συμπεριφοράς και της

απόδοσης αυτών των υλικών μέσα σε έναν αντιδραστήρα σύντηξης, βοηθώντας στην

αξιολόγηση και επιλογή κατάλληλων υλικών, όσο το δυνατόν χαμηλότερης ενεργοποίη-

σης και με μηδενικές ή περιορισμένες ποσότητες μακρόβιων ισοτόπων, για μελλοντικές

εφαρμογές στον τομέα της πυρηνικής σύντηξης. Επιπλέον, τα αποτελέσματα αυτής της

διπλωματικής εργασίας υπογραμμίζουν τη σημασία που έχει η ολοκληρωμένη μελέτη

των φαινομένων και παραμέτρων που επηρεάζουν τη διαδικασία της γ-φασματοσκοπίας,

ώστε να εξασφαλίζεται η ακριβής μέτρησης της ενεργότητας. Τα ευρήματα της έρευνας

παρέχουν πολύτιμη πληροφορία, συμβάλλοντας στην πρόοδο της επιστήμης της πυρη-

νικής φυσικής και στην ανάπτυξη αξιόπιστων και βιώσιμων τεχνολογιών σύντηξης.

Λέξεις Κλειδιά: Υλικά σύντηξης, JET, ITER, φασματοσκοπία-γ, προσδιορισμός
ενεργότητας, συντελεστές διόρθωσης.
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Abstract

Aim of the present study is the radiological characterization of materials that are
expected to be used as structural or functional components in the ITER fusion re-
actor. The study focuses on the identification of radioactive isotopes in each sample
and the determination of their activity levels. The studied materials were irradi-
ated in 2021 at the Joint European Torus (JET) in UK, during its operations with
Tritium-Tritium (T-T) and Deuterium-Tritium (D-T) plasma.

Gamma spectrometry measurements were performed at the INRASTES spectrom-
etry lab using a high purity germanium detector (GEM80). In order to achieve
accurate activity determination, appropriate correction factors were applied on the
spectrometry results to account for the effects of true-coincidence summing and self-
attenuation of photons within the sample volume. In particular, the MCNP5 code
was used to calculate the correction factor for self-absorption of photons, while the
TrueCoinc program was used to provide true coincidence correction factors for all
isotopes and energies of interest.

Based on the corrected spectrometry results, the total induced activity as well as
the specific activity was determined for each sample. Both quantities were corrected
for the decay and determined at the end of the irradiation, so that there could be a
comparison between the different samples.

The results obtained contribute to the understanding of the radiological performance
of these materials inside a fusion reactor, allowing the evaluation and selection of
suitable materials (low activation and without long-lived isotopes) for future ap-
plications in the field of nuclear fusion. Moreover, they highlight the importance
of accurate activity determination, taking into account all parameters and effects
that influence gamma spectrometry measurements. Finally, the findings of this work
provide valuable information, contributing to the advancement of nuclear physics
science and the development of reliable and sustainable fusion energy technologies.

Keywords: Fusion materials, JET, ITER, gamma spectroscopy, activity determi-
nation, correction factors.
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1 Eisagwg 

1.1 Skopìc

Mèqri to tèloc thc trèqousac dekaetÐac, anamènetai h olokl rwsh thc kataskeu c

kai h ènarxh thc leitourgÐac tou megalÔterou mèqri stigm c antidrast ra purhni-

k c sÔnthxhc, tou antidrast ra ITER . Se mia egkatˆstash purhnikoÔ antidrast ra,

exèqousac shmasÐac z thma apoteleÐ h energopoÐhsh twn ulik¸n apì ta opoÐa apote-

leÐtai o antidrast rac. Gia lìgouc aktinoprostasÐac kai asfˆleiac tou ereunhtikoÔ

proswpikoÔ, allˆ kai gia lìgouc diaqeÐrishc twn radienerg¸n kataloÐpwn metˆ to

pèrac thc leitourgÐac tou antidrast ra, eÐnai shmantikì na melethjeÐ h epÐdrash thc

aktinobolÐac sta ulikˆ autˆ kai na prosdioristoÔn ta epÐpeda energìthtˆc touc metˆ

apì thn èkjes  touc se netrìnia.

Skopìc thc sugkekrimènhc diplwmatik c ergasÐac eÐnai h melèth kai o radiologikìc

qarakthrismìc ulik¸n pou èqoun megˆlo endiafèron gia thn teqnologÐa sÔnthxhc.

Prìkeitai gia ulikˆ pou èqoun  dh qrhsimopoihjeÐ   ja qrhsimopoihjoÔn wc domikˆ

 /kai leitourgikˆ sustatikˆ ston antidrast ra ITER kai eÐnai gnwstˆ wcITER

materials. Ta ulikˆ autˆ èqoun kataskeuasteÐ bˆsei sugkekrimènwn prodiagraf¸n

gia th sÔstash kai tic idiìthtèc touc, kaj¸c eÐnai epijumht  h qamhl  energopoÐhs 

touc kai h ìso to dunatìn qamhlìterh periektikìthtˆ touc se prosmÐxeic pou mporeÐ na

odhg soun se isìtopa me megˆlo qrìno hmizw c. Metˆ thn aktinobìlhs  touc ston

antidrast ra sÔnthxhc Joint European Torus (JET) pou brÐsketai sto Hnwmèno

BasÐleio, ta deÐgmata metr jhkan se katˆllhlec diatˆxeic g-fasmatoskopÐac.

Ta upì melèth deÐgmata parasqèjhkan sthn Omˆda SÔnthxhc tou EKEFE �DHMO-

KRITOS�, sta plaÐsia thc summetoq c thc sto ereunhtikì èrgo ACT (Activation

measurements for ITER material & data validation - Metr seic energìthtac gia

ulikˆ ITER kai epikÔrwsh dedomènwn). Stìqoc tou sugkekrimènou èrgou eÐnai h e-

ktèlesh peiramˆtwn gia th melèth twn ulik¸n pou qrhsimopoioÔntai sthn kataskeu 

twn kÔriwn exarthmˆtwn sto eswterikì tou tokamak tou ITER , kaj¸c kai gia thn

epikÔrwsh kwdÐkwn kai dedomènwn pou qrhsimopoioÔntai sthn purhnik  anˆlush tou

ITER .

Anˆmesa sta diˆfora peirˆmata pou, sqediˆsthkan kai ulopoi jhkan sto JET, i-

diaÐterhc shmasÐac eÐnai autˆ pou pragmatopoi jhkan katˆ th diˆrkeia thc leitour-

gÐac tou me phg  plˆsmatoc DeuterÐou-TritÐou(D-T) (JET experimental campaign

DTE2), kaj¸c epeteÔqjh ro  netronÐwn enèrgeiac14MeV, epomènwc kai aktinobìlh-

sh twn deigmˆtwn upì ro  netronÐwn sugkrÐsimh me aut  pou ja upˆrqei stoITER .
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1.2 Dom  thc ergasÐac

H ergasÐa eÐnai qwrismènh se okt¸ kefˆlaia. Metˆ thn parousÐash tou skopoÔ (Ke-

fˆlaio 1), akoloujeÐ mia anaforˆ sth jermopurhnik  sÔnthxh (Kefˆlaio 2), dÐnontac

èmfash sto peribˆllon sto opoÐo mporeÐ na sumbeÐ, parousiˆzontac tic basikìterec

antidrˆseic sÔnthxhc, kaj¸c kai ta pleonekt mata thc paragwg c enèrgeiac apì th

sugkekrimènh purhnik  antÐdrash. 'Amesh sqèsh me ta peiramatikˆ deÐgmata thc er-

gasÐac èqoun oi antidrast recJoint European Torus (JET) kai International Ther-

monuclear Experimental Reactor (ITER), stouc opoÐouc gÐnetai mia mikr  anaforˆ

sqetikˆ me ton skopì kai th leitourgÐa touc. Sth sunèqeia, gÐnetai anaforˆ sto fai-

nìmeno thc netronik c energopoÐhshc (Kefˆlaio 3) kai ston trìpo allhlepÐdrashc

twn netronÐwn kai twn fwtonÐwn me thn Ôlh. Sta epìmena kefˆlaia, perigrˆfetai h

diadikasÐa aktinobìlhshc twn deigmˆtwn ston antidrast raJET (Kefˆlaio 4) kai oi

metr seic pou èginan sto ergast rio g-fasmatoskopoÐac, sto IPRETEA tou EKE-

FE �DHMOKRITOS� (Kefˆlaio 5). Sto 6o Kefˆlaio parousiˆzetai o upologismìc

thc energìthtac twn deigmˆtwn kai twn antÐstoiqwn sfalmˆtwn. AfoÔ gÐnei mia sÔno-

yh twn telik¸n apotelesmˆtwn kai suz thsh ep' aut¸n (Kefˆlaio 7), anafèrontai

kˆpoia sumperˆsmata kai kˆpoiec prooptikèc thc melèthc (Kefˆlaio 8). Tèloc, pa-

ratÐjetai h bibliografÐa pou qrhsimopoi jhke kaj¸c kai orismèna parart mata pou

perilambˆnoun epiplèon plhroforÐa, thn epex ghsh twn aparaÐthtwn majhmatik¸n

sqèsewn kai ta pistopoihtikˆ twn phg¸n.
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2 Jermopurhnik  SÔnthxh

2.1 To peribˆllon thc sÔnthxhc

H jermopurhnik  sÔnthxh eÐnai h basik  diergasÐa paragwg c enèrgeiac ston  lio

kai sta ˆstra, kurÐwc me th metatrop  udrogìnou se  lio. Pio sugkekrimèna, to

udrogìno kˆtw apì polÔ uyhlèc jermokrasÐec kai isqurèc pièseic metatrèpetai apì

aèrio se plˆsma, sto opoÐo ta arnhtikˆ fortismèna hlektrìnia diaqwrÐzontai apì touc

jetikˆ fortismènouc pur nec. 'Etsi oi pur nec èrqontai se polÔ kontin  apìstash, me

apotèlesma h elktik  purhnik  dÔnamh na upernikˆ to frˆgmaCoulombthc apwstik c

hlektrostatik c dÔnamhc kai oi pur nec na sunt kontai apeleujer¸nontac shmantikˆ

posˆ enèrgeiac. Ousiastikˆ, prìkeitai gia thn antÐjeth diadikasÐa se sqèsh me thn

purhnik  sqˆsh, katˆ thn opoÐa sumbaÐnei diˆspash enìc barèwc atomikoÔ pur na se

dÔo jraÔsmata perÐpou Ðshc mˆzac, pou sunodeÔetai apì apeleujèrwsh enèrgeiac.

Sq ma 1 � Sqˆsh vs SÔnthxh [1]

Oi duo autèc purhnikèc diadikasÐec, èqoun stìqo thn dhmiourgÐa pur nwn pou parou-

siˆzoun mègisth stajerìthta sthn perioq  gÔrw apì ton mazikì arijmì A=60, ìpwc

anadeiknÔei kai to Sq ma 2. Akolouj¸ntac antÐjetec diadromèc sto grˆfhma, sth

sqˆsh ènac barÔc pur nac qwrÐzetai dhmiourg¸ntac jraÔsmata me mazikoÔc arijmoÔc

gÔrw apì to A=60, en¸ antÐjeta, sth sÔnthxh, elafrÔteroi pur nec, sunduˆzontai

gia na sqhmatÐsoun ènan barÔtero pur na. Tìso h diergasÐa thc sqˆshc ìso kai

aut  thc sÔnthxhc stoqeÔoun sth dhmiourgÐa pur nwn me th mègisth stajerìthta,

sumbˆllontac se pio energeiakˆ eunoðkèc antidrˆseic kai uyhlìterec energeiakèc

apodìseic [2].
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Sq ma 2 � Enèrgeia SÔndeshc anˆ noukleìnio sunart sei tou MazikoÔ ArijmoÔ [3]

Sth Gh, h epÐteuxh sunjhk¸n sÔnthxhc eÐnai èna dÔskolo egqeÐrhma. H èlleiyh twn

terˆstiwn barutik¸n dunˆmewn pou dhmiourgoÔn sta astèria tic katˆllhlec sun-

j kec sÔnthxhc, prèpei na antikatastajeÐ me jermokrasÐec thc tˆxhc twn ekatommu-

rÐwn bajm¸n KelsÐou. Se autèc tic jermokrasÐec kai upì stajer  pÐesh, ta isìtopa

tou udrogìnou metabaÐnoun se katˆstash plˆsmatoc, thn apokaloÔmenh kai �tètarth

katˆstash thc Ôlhc�, dhlad  èna mÐgma jetikˆ kai arnhtikˆ fortismènwn swmatidÐwn

(Sq ma 3).

Sq ma 3 � Oi katastˆseic thc Ôlhc [4]

Sta peirˆmata kai tic diatˆxeic purhnik c sÔnthxhc, shmantikì rìlo èqei h dhmiourgÐa

kai h sugkrˆthsh tou plˆsmatoc. Me bˆsh to krit rio Lawson[2], gia na epiteuqjeÐ

kajarì energeiakì �kèrdoc� se ènan antidrast ra sÔnthxhc, ja prèpei na ikanopoieÐtai

h akìloujh sqèsh:

n � � � 1020s=m3 (1)
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H sqèsh (1) parousiˆzei to elˆqisto anagkaÐo ginìmeno thc puknìthtac iìntwn(n)

kai tou qrìnou periorismoÔ tou plˆsmatoc (t). 'Oso uyhlìterh h puknìthta plˆsma-

toc   h diˆrkeia diat rhs c tou se arketˆ uyhl  jermokrasÐa qwrÐc megˆlec ap¸leiec

enèrgeiac, tìso pio pijanì eÐnai to endeqìmeno na sumboÔn antidrˆseic sÔnthxhc me-

taxÔ twn swmatidÐwn tou kausÐmou. To krit rioLawsonqrhsimeÔei wc kateujunt ria

gramm  gia touc ereunhtèc kai touc mhqanikoÔc sÔnthxhc gia th dhmiourgÐa apotele-

smatik¸n antidrast rwn, ikan¸n na parˆxoun kajarì pleìnasma enèrgeiac.

Oi duo kuriìterec mèjodoi periorismoÔ tou plˆsmatoc se ènan purhnikì antidrast ra

eÐnai o magnhtikìc kai o adraneiakìc periorismìc.

Ston magnhtikì periorismì, gÐnetai qr sh isqur¸n magnhtik¸n pedÐwn gia ton pe-

riorismì tou plˆsmatoc. O basikìc stìqoc eÐnai h apofug  thc epaf c tou plˆsma-

toc me ta toiq¸mata tou antidrast ra, kˆti pou ja mporoÔse na epifèrei ap¸leia

jermìthtac kai apostajeropoÐhs  tou. H pio apotelesmatik  gewmetrÐa eÐnai h to-

roeid c (toroidal) , se sq ma ntìnat, sthn opoÐa dhmiourgeÐtai magnhtikì pedÐo me

dunamikèc grammèc pou akoloujoÔn speiroeid  troqiˆ ¸ste na perioristeÐ to plˆsma.

Oi duo basikìterec morfèc antidrast rwn tètoiou tÔpou eÐnai tastellarators kai ta

tokamaks.

To stellarator epino jhke apì ton Lyman Spitzer to 1951, sto Ergast rio Fusik c

Plˆsmatoc tou Princeton. Qrhsimopoi¸ntac mia arketˆ sÔnjeth gewmetrÐa strim-

mènwn phnÐwn, oi magnhtikèc grammèc parˆgontai apì mia seirˆ phnÐwn me elikoeidèc

sq ma (Sq ma 4). Tastellarators prosfèroun uyhl  stajerìthta plˆsmatoc kai pa-

rèqoun th dunatìthta gia stajer  kai suneq  leitourgÐa, allˆ h perÐplokh fusik 

touc diamìrfwsh kajistˆ thn kataskeu  touc arketˆ dÔskolh. ShmeÐo anaforˆc a-

poteleÐ o antidrast rac Wendelstein 7-Xpou brÐsketai sto InstitoÔto Max Planck,

sth GermanÐa [5].

Sq ma 4 � SqedÐashStellarator [6]
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To tokamak (toroidalnya kamera ee magnetnaya katushka� magnhtikìc jˆlamoc se

sq ma tìrou) sqediˆsthke to 1951 apì touc SobietikoÔc fusikoÔc Andrei Sakharov

kai Igor Tamm. Se ènatokamak, to magnhtikì pedÐo dhmiourgeÐtai apì ènan katˆllhlo

sunduasmì miac seirˆc phnÐwn omoiìmorfa topojethmènwn gÔrw apì ton antidrast ra

se sq ma daktulÐou kai apì èna sÔsthma orizìntiwn phnÐwn èxw apì autìn, en¸ sto

kèntro brÐsketai mia hlektromagnhtik  balbÐda (Sq ma 5). Mikrèc diataraqèc sth

leitourgÐa touc mporoÔn na dhmiourg soun ap¸leiec energeiakoÔ periorismoÔ, pro-

kal¸ntac megˆlec jermikèc kai mhqanikèc katapon seic sth dom  kai sta toiq¸mata

tou antidrast ra. Up rxan pr¸imec duskolÐec me ton sqediasmì touc, ìtan ta pei-

rˆmata èdeixan ìti ta hlektrikˆ fortismèna swmatÐdia, kaj¸c kinoÔntan katˆ m koc

twn gramm¸n tou magnhtikoÔ pedÐou, parasèrnontan katakìrufa qtup¸ntac stouc to-

Ðqouc kai telikˆ qˆnontan. Autì to prìblhma epilÔjhke me thn dioqèteush hlektrikoÔ

reÔmatoc mèsa sto plˆsma, dhmiourg¸ntac èna prìsjeto magnhtikì pedÐo kˆjeto sto

reÔma. Wc apotèlesma, ta swmatÐdia kinoÔntai se mia trisdiˆstath kampÔlh paramèno-

ntac mèsa ston daktÔlio. H sqedÐashtokamak kuriarqeÐ ston kìsmo thc sÔnthxhc,

afoÔ jewreÐtai to pio pollˆ uposqìmeno sqèdio kai h èreuna suneqÐzetai se diˆfora

tokamaksse ìlo ton kìsmo [5].

Sq ma 5 � SqedÐashTokamak [7]
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Stic diatˆxeic sÔnthxhc adraneiakoÔ periorismoÔ, dèsmec lèizer   iìntwn estiˆzontai

me megˆlh akrÐbeia se èna mikrì sfairÐdio diamètrou lÐgwn qiliost¸n, pou perièqei ka-

Ôsimo sÔnthxhc (Sq ma 6), tupikˆ èna meÐgma DeuterÐou kai TritÐou. H enèrgeia pou

prosfèretai sto sfairÐdio, odhgeÐ to kaÔsimo se akraÐec jermokrasÐec kai pièseic,

purodot¸ntac antidrˆseic sÔnthxhc. Sugkekrimèna, to exwterikì str¸ma tou ulikoÔ

ekr gnutai dhmiourg¸ntac èna mètwpo sumpÐeshc pou kineÐtai proc ton pur na tou

kausÐmou, o opoÐoc mporeÐ na sumpiesteÐ se qÐliec forèc thn puknìthtˆ tou se ugr 

morf , me apotèlesma na prokÔyoun sunj kec sÔnthxhc. H enèrgeia pou apeleuje-

r¸netai jermaÐnei to peribˆllon kaÔsimo, to opoÐo mporeÐ epÐshc na uposteÐ sÔnthxh

pou odhgeÐ se alusidwt  antÐdrash, gnwst  wc anˆflexh(ignition) . Ta peirˆmata

adraneiakoÔ periorismoÔ stoqeÔoun sth beltistopoÐhsh twn teqnik¸n èkrhxhc kai

sth melèth thc sumperiforˆc tou plˆsmatoc upì akraÐec sunj kec, me stìqo thn

epÐteuxh autosunthroÔmenwn antidrˆsewn sÔnthxhc gia paragwg  enèrgeiac.

To National Ignition Facility (NIF) sto Ejnikì Ergast rio Lawrence Livermore

sthn Kalifìrnia twn HPA eÐnai mia megˆlh ereunhtik  suskeu  sÔnthxhc adraneiakoÔ

periorismoÔ pou basÐzetai se lèizer. Estiˆzei 192 isqurèc aktÐnec lèizer se ènan mikrì

stìqo se lÐga disekatommuriostˆ tou deuterolèptou, parèqontac pˆnw apì2MJ

enèrgeiac kai500TW mègisthc isqÔoc [5].

Sq ma 6 � KaÔsimo AdraneiakoÔ PeriorismoÔ [8]
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2.1.1 Basikèc antidrˆseic

Oi antidrˆseic sÔnthxhc, basÐzontai kurÐwc se duo isìtopa tou udrogìnou(1H ),

to Deutèrio (2H   2D) kai to TrÐtio (3H   3T). To Deutèrio apoteleÐtai apì èna

prwtìnio kai èna netrìnio, en¸ to TrÐtio apì èna prwtìnio kai duo netrìnia. To

Deutèrio sunantˆtai sto jalassinì nerì se analogÐa 30g=m3, sunep¸c eÐnai praktikˆ

ˆfjono, en¸ to TrÐtio eÐnai radienergì kai mporeÐ na paraqjeÐ mèsw tou bombardismoÔ

lijÐou (6Li ) me netrìnia (n), dhlad  mèsw thc antÐdrashc:

6Li + n ! 4He(2:05 MeV) + 3T(2:05 MeV) + n + Q = 17:6 MeV (1)

Se ènan antidrast ra elegqìmenhc purhnik c sÔnthxhc, h antÐdrash pou protimˆtai

eÐnai aut  metaxÔ tou DeuterÐou kai tou TritÐou (D-T), exaitÐac thc megˆlhc apeleu-

jèrwshc enèrgeiac, kaj¸c kai lìgw thc uyhlìterhc energoÔ diatom c se sqèsh me

tic upìloipec antidrˆseic.

2D + 3T ! 4He(3:52 MeV) + n(14:06MeV) + Q = 17:6MeV (2)

Suqnˆ qrhsimopoioÔntai epÐshc oi antidrˆseic DeuterÐou-DeuterÐou(D-D) , oi opo-

Ðec ìmwc apeleujer¸noun shmantikˆ ligìterh enèrgeia kai èqoun perÐpou 100 forèc

mikrìterh energì diatom  se sqèsh me tic antidrˆseic DeuterÐou-TritÐou(D-T) .

2D + 2D ! 3He(0:82 MeV) + n(2:45MeV) + Q = 3:3MeV (3)
2D + 2D ! 3T(1:01 MeV) + p(3:02MeV) + Q = 4:0MeV (4)

AxÐzei na anaferjoÔn kai duo ligìtero pijanèc antidrˆseic pou eÐnai oi(D-He) kai

(T-T) .

2D + 3He ! 4He+ p + Q = 18:35MeV (5)
3T + 3T ! 4He+ 2n + Q = 11:33MeV (6)
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2.1.2 Ta pleonekt mata kai h anagkaiìthta thc sÔnthxhc

H purhnik  sÔnthxh mporeÐ na èqei pollˆ pleonekt mata wc pijan  phg  enèrgeiac.

Arqikˆ, sto kommˆti thc energeiak c apìdoshc, oi antidrˆseic sÔnthxhc apeleuje-

r¸noun shmantikˆ megalÔterh posìthta enèrgeiac se sqèsh me ˆllec phgèc ìpwc ta

oruktˆ kaÔsima   h purhnik  sqˆsh. Ektìc autoÔ, ènac antidrast rac sÔnthxhc, den

ja epibˆrune to peribˆllon prokal¸ntac epiplèon atmosfairik  rÔpansh, kaj¸c den

ekpèmpontai aèria tou jermokhpÐou, en¸ ta radienergˆ apìblhta, me kÔrio to TrÐtio,

èqoun polÔ mikrìtero qrìno hmizw c se sqèsh me ta antÐstoiqa thc purhnik c sqˆshc,

kajist¸ntac eukolìterh th diaqeÐris  touc.

Ta kaÔsima pou qrhsimopoioÔntai sth sÔnthxh brÐskontai praktikˆ se afjonÐa sth

Gh, afoÔ to Deutèrio sunantˆtai sto jalassinì nerì, en¸ to TrÐtio mporeÐ na para-

qjeÐ apì to lÐjio, pou eÐnai ˆfjono sto èdafoc. EpÐshc, ènac antidrast rac sÔnthxhc

èqei meiwmèno kÐnduno dhmiourgÐac katastrofikoÔ purhnikoÔ atuq matoc lìgw ane-

xèlegktwn antidrˆsewn, afoÔ oi antidrˆseic sÔnthxhc apaitoÔn akribeÐc sunj kec

gia th leitourgÐa touc kai an oi sunj kec diataraqjoÔn, h antÐdrash stamatˆ kai o

antidrast rac �sb nei�.

Parˆ tic shmantikèc teqnikèc prokl seic pou prèpei na xeperastoÔn gia thn epÐteuxh

praktik c enèrgeiac sÔnthxhc, autˆ ta pleonekt mata thn kajistoÔn wc mia exairetikˆ

epijumht  kai pollˆ uposqìmenh phg  enèrgeiac gia to mèllon, pou ja mporoÔse na

fèrei epanˆstash ston tomèa thc enèrgeiac.

Prˆgmati, h kataskeu  monˆdwn paragwg c enèrgeiac mèsw purhnik c sÔnthxhc mpo-

reÐ na èqei shmantikì antÐktupo sthn anjrwpìthta, tìso apì thn ˆpoyh thc energeia-

k c asfˆleiac se sunduasmì me th biwsimìthta kai tic anˆgkec tou diark¸c auxanìme-

nou pagkìsmiou plhjusmoÔ, ìso kai apì thn ˆpoyh thc katapolèmhshc thc klimatik c

allag c me th shmantik  meÐwsh twn apotupwmˆtwn ˆnjraka sthn atmìsfaira [9].
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2.2 O antidrast rac sÔnthxhc JET

O antidrast rac Joint European Torus, en suntomÐaJET, apoteleÐ to megalÔte-

ro peÐrama magnhtikoÔ periorismoÔ plˆsmatoc kai èna apì ta pr¸ta kai basikìtera

b mata proc th dhmiourgÐa enìc ergostasÐou paragwg c enèrgeiac mèsw purhnik c

sÔnthxhc. EÐnai se leitourgÐa apì to 1983, sthn Oxfìrdh tou Hnwmènou BasileÐou

kai èqei sumbˆlei shmantikˆ sthn prìodo kai thn katanìhsh thc sumperiforˆc tou

plˆsmatoc se sunj kec parapl siec me autèc pou ja upˆrqoun se ènan purhnikì

stajmì sÔnthxhc. To JET eÐnai to megalÔterotokamak ston kìsmo kai katˆ th

leitourgÐa tou qrhsimopoieÐtai wc kaÔsimo Deutèrio(D) kai TrÐtio (T) axiopoi¸ntac

kurÐwc tic antidrˆseicD-D & D-T (bl. enìthta 2.1.1), en¸ èqei gÐnei kai to monadikì,

mèqri s mera, peÐrama me antidrˆseic TritÐou-TritÐou(T-T) [10].

Sq ma 7 � Grafik  apeikìnish tou antidrast ra JET [11]
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2.3 O antidrast rac sÔnthxhc ITER

O antidrast rac International Thermonuclear Experimental Reactor, en suntomÐa

ITER (sta latinikˆ shmaÐnei �o drìmoc�   �to monopˆti�), apoteleÐ to epìmeno b ma

proc thn kataskeu  enìc ergostasÐou paragwg c hlektrik c enèrgeiac mèsw thc pu-

rhnik c sÔnthxhc. BrÐsketai upì kataskeu  sto Cadarachethc nìtiac GallÐac kai

-metˆ thn olokl rws  tou- anamènetai na eÐnai o megalÔteroc kai isqurìteroc anti-

drast rac sÔnthxhc pou èqei leitourg sei mèqri s mera. Oi stìqoi tou ITER eÐnai

h diat rhsh twn sunjhk¸n sÔnthxhc me plˆsma DeuterÐou-TritÐouD-T, h paragwg 

500MW isqÔoc sÔnthxhc entìc tou plˆsmatoc, epitugqˆnontac dekaplˆsia apìdosh

isqÔoc me isqÔ jèrmanshc eisìdou50MW , h paragwg  TritÐou (tritium breeding)

kai telikˆ h epÐdeixh oloklhrwmènhc leitourgÐac twn diafìrwn teqnologi¸n pou a-

paitoÔntai gia mia monˆda paragwg c enèrgeiac sÔnthxhc, kaj¸c kai h diasfˆlish thc

asfˆleiac thc suskeu c sÔnthxhc, me èmfash sthn epÐdeixh elègqou stic antidrˆseic

sÔnthxhc me tautìqronh elaqistopoÐhsh twn periballontik¸n epipt¸sewn [12].

Sq ma 8 � Grafik  apeikìnish tou antidrast ra ITER [13]
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3 Netronik  EnergopoÐhsh

3.1 Teqnik 

H Anˆlush me Netronik  EnergopoÐhsh (ANE) eÐnai mia mèjodoc gia ton poiotikì

kai posotikì prosdiorismì twn stoiqeÐwn enìc deÐgmatoc. BasÐzetai sth mètrhsh thc

qarakthristik c aktinobolÐac-g pou ekpèmpetai apì touc radienergoÔc pur nec pou

sqhmatÐzontai metˆ thn aktinobìlhsh twn upì melèth deigmˆtwn me netrìnia. Oi die-

germènoi pur nec apodiegeÐrontai ekpèmpontac qarakthristikèc aktÐnec-g, oi opoÐec

mporoÔn na aniqneujoÔn kai na qrhsimopoihjoÔn gia ton prosdiorismì twn stoiqeÐwn

pou upˆrqoun sto deÐgma. H tautopoÐhsh twn radienerg¸n isotìpwn tou deÐgmatoc

gÐnetai mèsw thc anˆlushc twn fasmˆtwn pou lambˆnontai me qr sh katˆllhlwn

aniqneutik¸n diatˆxewn.

H ANE melet jhke apì ton brabeumèno me NìmpelGeorge de Hevesy(1885-1966),

en¸ ergazìtan me th Hilde Levi (1909�2003) sto InstitoÔto Jewrhtik c Fusik c

Niels Bohr, sthn Kopegqˆgh kai dhmosieÔthke gia pr¸th forˆ to 1936. Sth diadika-

sÐa thc ANE, to deÐgma topojeteÐtai se ènan purhnikì antidrast ra   opoiod pote

ˆllo pedÐo netronÐwn kai bombardÐzetai me netrìnia. Ta netrìnia sullambˆnontai apì

stoiqeÐa tou deÐgmatoc me apotèlesma thn paragwg  astaj¸n radienerg¸n isotìpwn

(radionouklÐdia). Pio sugkekrimèna, ta netrìnia allhlepidroÔn me ton pur na-stìqo

mèsw miac mh elastik c sÔgkroushc kai sqhmatÐzetai ènac sÔnjetoc pur nac se die-

germènh katˆstash. H enèrgeia diègershc tou sÔnjetou pur na qˆnetai sqedìn a-

kariaÐa, kaj¸c apodiegeÐretai se mia pio stajer  katˆstash, mèsw ekpomp c miac  

perissìterwn qarakthristik¸n aktÐnwn-g. To deÐgma topojeteÐtai se katˆllhlh ani-

qneutik  diˆtaxh, sun jwc basismènh se aniqneut  germanÐou uyhl c kajarìthtac,

pou katagrˆfei tic aktÐnec-g pou ekpèmpontai. Oi enèrgeiec aut¸n twn aktÐnwn-g eÐnai

sugkekrimènec gia èna dedomèno radienergì isìtopo, sunep¸c mèsw aut¸n tautopoio-

Ôntai ta isìtopa tou deÐgmatoc kai prosdiorÐzetai poiotikˆ h sÔstas  tou. Apì ton

arijmì twn aktÐnwn-g pou katagrˆfontai wc kroÔseic sthn aniqneutik  diˆtaxh mporeÐ

na prosdioristeÐ kai h posotik  sÔstash tou deÐgmatoc [14-16].

18



Sq ma 9 � Sqhmatik  anaparˆstash thc Anˆlushc me Netronik  EnergopoÐhsh [17]

EÐnai shmantikì na tonisteÐ ìti h diadikasÐa pou perigrˆfetai parapˆnw èqei mh kata-

strofikì qarakt ra, epitrèpontac thn anˆlush twn upì melèth deigmˆtwn wc èqoun,

qwrÐc na alloiwjeÐ h sÔstas  touc, lìgw thc dieisdutik c fÔshc twn prospÐptontwn

netronÐwn kai twn aktÐnwn-g pou prokÔptoun. Wc apotèlesma, h anˆlush me netroni-

k  energopoÐhsh brÐskei efarmog  se diˆforouc klˆdouc, sumperilambanomènhc thc

arqaiologÐac, thc diat rhshc thc politistik c klhronomiˆc, thc egklhmatologÐac kai

thc epist mhc twn ulik¸n.

3.2 AllhlepÐdrash netronÐwn me thn Ôlh

Ta netrìnia eÐnai upoatomikˆ swmatÐdia pou den fèroun hlektrikì fortÐo, kaji-

st¸ntac ta hlektrikˆ oudètera, en¸ èqoun elafr¸c megalÔterh mˆza apì ta prw-

tìnia. Oi idiìthtèc touc kai oi allhlepidrˆseic touc me touc atomikoÔc pur nec ta

kajistoÔn anektÐmhta gia th melèth thc dom c thc Ôlhc, th diereÔnhsh twn purhni-

k¸n antidrˆsewn kai thn katanìhsh thc sumperiforˆc twn ulik¸n kˆtw apì akraÐec

sunj kec. Pio sugkekrimèna, ta netrìnia allhlepidroÔn me thn Ôlh mèsw skèdashc,

elastik c   anelastik c, allˆ kai mèsw aporrìfhshc, pou mporeÐ na prokalèsei ek-

pomp  fwtonÐou, prwtonÐou, swmatidÐou ˆlfa   akìma kai sqˆsh se bareÐc pur nec.
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Sq ma 10 � Allhlepidrˆseic netronÐwn me thn Ôlh [18]

Sto shmeÐo autì, mporeÐ na oristeÐ h ènnoia thc energoÔ diatom c. H energìc diatom 

orÐzetai wc h pijanìthta na sumbeÐ èna sugkekrimèno sumbˆn metaxÔ enìc netronÐou

kai enìc pur na. H mikroskopik  energìc diatom  (s) ekfrˆzei thn pijanìthta na

sumbeÐ mia sugkekrimènh allhlepÐdrash metaxÔ enìc memonwmènou swmatidÐou   akti-

nobolÐac kai enìc memonwmènou pur na stìqou, en¸ h makroskopik  energìc diatom 

(S) ekfrˆzei thn pijanìthta na sumbeÐ mia sugkekrimènh allhlepÐdrash mèsa se ènan

makroskopikì ìgko   deÐgma.

3.3 AllhlepÐdrash fwtonÐwn me thn Ôlh

Ta fwtìnia eÐnai ta jemeli¸dh swmatÐdia thc metˆdoshc tou fwtìc kai thc hlektro-

magnhtik c aktinobolÐac. Sto kenì kinoÔntai me thn taqÔthta tou fwtìc, en¸ mèsa

se ulikˆ h taqÔthtˆ touc allˆzei anˆloga me th fÔsh tou ulikoÔ. To fwtìnio èqei

dittì qarakt ra, mporeÐ na sumperifèretai eÐte wc kÔma (p.q. se peirˆmata sumbol c

kai perÐjlashc) eÐte wc swmatÐdio (p.q. sto fwtohlektrikì fainìmeno). Oi basikèc

allhlepidrˆseic twn fwtonÐwn me thn Ôlh eÐnai oi ex c (Sq ma 11):

i. Fwtohlektrikì fainìmeno: 'Ena fwtìnio aporrofˆtai apì èna atomikì hle-

ktrìnio, kˆti pou odhgeÐ se ionismì kai apeleujèrwsh tou hlektronÐou apì

to ˆtomo. To fainìmeno autì mporeÐ na sumbeÐ mìno an to fwtìnio èqei ar-

ket  enèrgeia gia na upernik sei thn enèrgeia sÔndeshc kai na afairèsei to

hlektrìnio apì to ˆtomo. H enèrgeia tou apeleujerwmènou hlektronÐou eÐnai

h diaforˆ metaxÔ thc enèrgeiac tou fwtonÐou kai thc enèrgeiac sÔndeshc tou

hlektronÐou me to ˆtomo.
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ii . Skèdash Compton: H skèdash Compton sumbaÐnei ìtan èna fwtìnio uyhl c

enèrgeiac allhlepidrˆ me èna qalarˆ desmeumèno hlektrìnio mèsa se èna ˆtomo.

Katˆ th diˆrkeia aut c thc diadikasÐac, to fwtìnio ufÐstatai allag  kateÔjun-

shc kai metafèrei mèroc thc enèrgeiˆc tou sto hlektrìnio.

iii . DÐdumh gènesh: Ta fwtìnia uyhl c enèrgeiac, ìpwc oi aktÐnec-g, mporoÔn na

metatrèyoun thn enèrgeiˆ touc se Ôlh parˆgontac èna zeÔgoc hlektronÐou-

pozitronÐou sthn perioq  enìc atomikoÔ pur na. Gia na paraqjeÐ to zeÔgoc, to

fwtìnio prèpei na èqei enèrgeia Ðsh   megalÔterh apì1:022 MeV, dhlad  di-

plˆsia apì thn enèrgeia hremÐac tou zeÔgouc swmatidÐou-antiswmatidÐou. Gia na

diathrhjeÐ h orm  tou sust matoc, to zeÔgoc ekpèmpetai sun jwc se antÐjetec

kateujÔnseic [19].

Sq ma 11 � AllhlepÐdrash fwtonÐwn me thn Ôlh sunart sei thc enèrgeiˆc touc [20]

Ektìc twn tri¸n basik¸n allhlepidrˆsewn pou anafèrjhkan parapˆnw, ta hlektrìnia

allhlepidroÔn me thn Ôlh mèsw thc skèdashcRayleigh kai thc skèdashcThomson,

stic opoÐec ja gÐnei mia xeqwrist  sÔntomh anaforˆ, afoÔ den axiopoioÔntai sth

g-fasmatoskopÐa.
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H skèdashRayleigh apoteleÐ mia diadikasÐa elastik c skèdashc, sthn opoÐa ta fw-

tìnia diaskorpÐzontai proc ìlec tic kateujÔnseic, ìtan sugkroustoÔn me swmatÐdia

  domèc mikrìterec apì to m koc kÔmatoc tou fwtìc.

H skèdash Thomson, gnwst  kai wc klasik  skèdash   elastik  skèdash fwtìc,

anafèretai sthn allhlepÐdrash fwtonÐwn me fortismèna swmatÐdia, sun jwc hle-

ktrìnia, sthn opoÐa ta fwtìnia allˆzoun kateÔjunsh, qwrÐc shmantik  allag  sthn

enèrgeiˆ touc.

3.3.1 Autoaporrìfhsh aktÐnwn-g

Sth g-fasmatoskopÐa, ìtan melet¸ntai deÐgmata ìgkou, mia shmantik  diìrjwsh pou

prèpei na efarmosteÐ eÐnai aut  gia thn exasjènhsh twn fwtonÐwn mèsa sto Ðdio to

ulikì tou deÐgmatoc, gnwst  wc diìrjwsh autoaporrìfhshc aktÐnwn-g (gamma self

attenuation correction). H autoaporrìfhsh anafèretai sto fainìmeno katˆ to opoÐo

h ekpempìmenh aktinobolÐa apì èna radienergì deÐgma   phg  exasjeneÐ   aporrofˆtai

mèsa ston ìgko tou deÐgmatoc   thc phg c, kˆti pou sumbaÐnei lìgw twn allhlepi-

drˆsewn metaxÔ twn fwtonÐwn kai twn atìmwn   morÐwn tou ulikoÔ tou deÐgmatoc.

H puknìthta tou deÐgmatoc eÐnai kajoristikìc parˆgontac sto fainìmeno autì, afoÔ

megalÔterh puknìthta ulikoÔ shmaÐnei perissìterec allhlepidrˆseic twn fwtonÐwn

ˆra kai megalÔterh aporrìfhs  touc mèsa sto ulikì. EpÐshc, to fainìmeno eÐnai pio

èntono gia ta fwtìnia qamhlìterwn energei¸n kaj¸c autˆ eÐnai pijanìtero na qˆsoun

mèsa ston ìgko tou ulikoÔ ìlh thn enèrgeiˆ touc kai na aporrofhjoÔn se sÔgkrish me

fwtìnia uyhlìterwn energei¸n. Praktikˆ, h autoaporrìfhsh ephreˆzei tic metr seic

kai mporeÐ na odhg sei se shmantik  upoektÐmhsh thc metroÔmenhc energìthtac, an

den lhfjeÐ upìyin. Gia th diìrjwsh twn epipt¸sewn tou sugkekrimènou fainomènou,

qreiˆzetai na efarmosteÐ katˆllhloc suntelest c diìrjwshc, o opoÐoc mporeÐ na

upologisteÐ mèsw prosomoÐwshcMonte Carlo, ìpwc kai ègine sthn paroÔsa ergasÐa.

3.3.2 Fainìmeno thc pragmatik c sÔmptwshc

KleÐnontac autì to kefˆlaio, ja  tan skìpimo na analujeÐ to fainìmeno thc pragma-

tik c sÔmptwshc, pou aforˆ isìtopa pou ekpèmpoun fwtìnia se seirˆ. To sugkekri-

mèno fainìmeno emfanÐzetai ìtan dÔo   perissìtera fwtìnia ekpèmpontai se seirˆ apì

thn Ðdia diˆspash enìc radienergoÔ nouklidÐou kai aniqneÔontai �tautìqrona�, dhlad 

entìc tou qrìnou apìkrishc tou aniqneut .
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O qrìnoc metaxÔ thc ekpomp c twn fwtonÐwn exartˆtai apì th diˆrkeia zw c twn

diegermènwn katastˆsewn ston jugatrikì pur na kai eÐnai sun jwc polÔ mikrìteroc

apì ton qrìno apìkrishc gia ènan aniqneut , pou eÐnai thc tˆxhc twn mikrodeuterìle-

ptwn. Autì èqei wc apotèlesma, o aniqneut c na mhn mporeÐ na diakrÐnei metaxÔ thc

anÐqneushc enìc   perissìterwn fwtonÐwn, na ta �blèpei� wc èna fwtìnio me enèr-

geia Ðsh me to ˆjroisma twn energei¸n twn xeqwrist¸n fwtonÐwn, epomènwc na to

katagrˆfei se èna kanˆli uyhlìterhc enèrgeiac sto fˆsma.

Sto Sq ma 12 faÐnontai oi duo ekfˆnseic tou sugkekrimènou fainomènou gia thn pe-

rÐptwsh tou60Co. Ta dÔo fwtìnia (enèrgeiac 1173keV & 1332keV) pou ekpèmpontai

se seirˆ apì to 60Co enapojètoun pl rwc thn enèrgeiˆ touc ston aniqneut  tau-

tìqrona, dhmiourg¸ntac mia nèa koruf  sto kanˆli pou antistoiqeÐ sto ˆjroisma twn

energei¸n touc (summing in), h opoÐa den apoteleÐ �pragmatik � koruf  tou sugke-

krimènou isotìpou, me thn ènnoia ìti den antistoiqeÐ se aktÐna-g pou ekpèmpetai apì

autì. Thn Ðdia stigm , parathreÐtai �meÐwsh� tou embadoÔ twn fwtokoruf¸n sta 1173

keV kai sta 1332keV (summing out), kaj¸c ta antÐstoiqa fwtìnia den katagrˆfhkan

ekeÐ allˆ sthn ajroistik  koruf , sta 2505 keV [21].

Sq ma 12 � Fainìmeno pragmatik c sÔmptwshc gia toCo-60 [22]

Gia thn diìrjwsh tou fainomènou thc pragmatik c sÔmptwshc, qrhsimopoioÔntai di-

ˆforec mèjodoi, mèsw twn opoÐwn ektimˆtai h èntas  tou gia kˆje isìtopo kai meleto-

Ômenh gewmetrÐa kai upologÐzontai katˆllhloi suntelestèc diìrjwshc. Sthn paroÔsa

ergasÐa qrhsimopoieÐtai to prìgrammaTrueCoinc.
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4 Aktinobolhmèna deÐgmata

4.1 DeÐgmata

Sta plaÐsia thc paroÔsac ergasÐac melet jhkan 21 deÐgmata, ìla touc metallikˆ

elˆsmata (foils) se sq ma dÐskou me aktÐna0:9cm kai pˆqoc 0:5mm. Sta deÐgmata

autˆ perilambˆnontan 17 deÐgmata apì ulikˆ pou qrhsimopoioÔntai stoITER (ITER

materials) kaj¸c kai 4 dosimetrikˆ foils (duo nikelÐou (Ni) kai duo kobaltÐou (Co)

gnwst c sÔstashc, pou qrhsimopoi jhkan gia ton prosdiorismì thc ro c twn netro-

nÐwn katˆ thn aktinobìlhsh. Ta deÐgmata pou melet jhkan anagrˆfontai analutikˆ

ston pÐnaka pou akoloujeÐ, mazÐ me thn tim  thc mˆzac kai thc puknìthtˆc touc, en¸

sto Sq ma 13 faÐnetai se poia shmeÐa   exart mata tou antidrast raITER prìkeitai

na qrhsimopoihjeÐ to kˆje ulikì.

DeÐgma Ulikì Mˆza [g] Puknìthta [g/ cm3]

Co #1 Co Dosimetry foil 1.1090 8.90

Co #2 Co Dosimetry foil 1.0150 8.90

Ni #1 Ni Dosimetry foil 1.1297 8.90

Ni #2 Ni Dosimetry foil 1.1312 8.90

ITER #1 SS316L(N)-VV plate (Industeel) 0.9224 7.95

ITER #2 SS316L(N)-VV plate (R. Kind) 0.9260 7.95

ITER #3 SS316L(N)-VV plate (Thyssen) 0.9254 7.95

ITER #4 SS316L(N)-TF radial plate 2500/64 0.8792 7.95

ITER #5 SS316L(N)-TF radial plate 2500/68 0.8895 7.95

ITER #6 SS316L(N)-TF radial plate 2501/33 0.5081 7.95

ITER #10 Divertor Alloy 660 0.9214 7.95

ITER #11 Divertor Alloy 660 0.9186 7.95

ITER #14 Divertor W monoblock 0.7086 19.11

ITER #15 Divertor W monoblock 0.7068 19.11

ITER #16 Divertor XM-19 0.9111 7.88

ITER #18 Inconel 718 0.9633 8.17

ITER #19 Eurofer 97-3 0.3568 7.80

ITER #23 In-wall shield SS304L 0.9247 7.95

ITER #24 In-wall shield SS304L 0.9132 7.95

ITER #25 PF Jacket SS316L 0.8896 7.95

ITER #27 Divertor Nadege SS316L 0.9206 7.95

PÐnakac 1. DeÐgmata pou melet jhkan
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Sq ma 13 � Jèsh ulik¸n entìc tou antidrast ra ITER

4.2 Aktinobìlhsh twn deigmˆtwn

Ta deÐgmata pou melet jhkan sthn ergasÐa aut , aktinobol jhkan ston antidrast ra

sÔnthxhcJET stic kampˆniec (campaigns) TritÐou-TritÐou(TT, C40) kai DeuterÐou-

TritÐou (DTE2, C41). Pio sugkekrimèna, ta deÐgmata topojet jhkan se katˆllhlo

deigmatoforèa (ACT holder - Sq ma 14), o opoÐoc sth sunèqeia eis qjh ston Stajmì

Makroprìjesmhc Aktinobìlhshc (Long Term Irradiation Station-LTIS) polÔ kontˆ

sto plˆsma, ìpwc faÐnetai kai sta Sq mata 15-16.

Sq ma 14 � Deigmatoforèac ACT holder (phg : UKAEA )
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Sq ma 15 � Jèsh ACT holder sto LTIS (phg : UKAEA )
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Sq ma 16 � Stajmìc Makrˆc Aktinobìlhshc ( LTIS) (phg : UKAEA )

Ta deÐgmata aktinobol jhkan arqikˆ sthn pr¸th kai monadik  JET T-T campaign

pou èqei sumbeÐ mèqri s mera, h opoÐa èlabe q¸ra apì ton Ianouˆrio mèqri ton IoÔlio

tou 2021. Lìgw thc jèshc touc polÔ kontˆ sto plˆsma kai epomènwc twn polÔ

uyhl¸n dìsewn, den  tan dunat  h apomˆkrunsh twn deigmˆtwn prin thn ènarxh thc

epìmenhc aktinobìlhshc. Sunep¸c, aktinobol jhkan ek nèou sthnD-T campaignpou

akoloÔjhse, me ènarxh ton AÔgousto kai termatismì ton Dekèmbrio tou 2021.

O deigmatoforèac me ta aktinobolhmèna deÐgmata anakt jhke apì toLTIS stic 25

SeptembrÐou 2022, metˆ to pèrac twn duocampaigns(Sq ma 17). Ta deÐgmata para-

dìjhkan sto EKEFE �DHMOKRITOS� stic 4 NoembrÐou 2022.

Sq ma 17 � ACT holder metˆ thn aktinobìlhsh
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Se ìti aforˆ tic paramètrouc thc aktinobìlhshc, oi kÔrioi stìqoi thc T-T campaign

 tan h diereÔnhsh thc sumperiforˆc tou plˆsmatoc me thn parousÐa TritÐou kai h

axiolìghsh thc sunolik c apìdoshc kai biwsimìthtac tou kÔklou kausÐmou. H mègisth

isqÔc pou epeteÔqjh katˆ th diˆrkeia orismènwn peiramatik¸n fˆsewn  tan perÐpou

16 MW, en¸ sthn phg  par qjhsan 8:52� 1018 netrìnia se sunolikˆ 546 palmoÔc.

H D-T campaign (DTE2) epikentr¸jhke sthn epÐteuxh plˆsmatoc uyhl c apìdoshc

me sugkekrimènec paramètrouc, ìpwc h jermokrasÐa, h puknìthta kai o qrìnoc su-

gkrˆthshc. Katˆ th diˆrkeiˆ thc shmei¸jhke pagkìsmio rekìr apìdoshc enèrgeiac

sÔnthxhc sta59MJ, allˆ kai rekìr suneqìmenhc isqÔoc sÔnthxhc sta10:3 MW katˆ

mèso ìro gia 5 deuterìlepta. Sunolikˆ par qjhsan sthn phg  8:5 � 1020 netrìnia,

ek twn opoÐwn1:04 � 1020 par qjhsan stic 21 DekembrÐou 2021, pou  tan kai to

mègisto posostì hmer siac apìdoshc [23]. AxÐzei na shmeiwjeÐ pwc h sugkekrimènh

peiramatik  ekstrateÐa eÐnai h monadik  me kaÔsimoD-T sthn opoÐa ta toiq¸mata

eÐqan diamorfwjeÐ katˆllhla ¸ste na moiˆzoun me autˆ pou ja qrhsimopoihjoÔn ston

antidrast ra ITER .
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5 Metr seic g-fasmatoskopÐac

H fasmatoskopÐa-g qrhsimopoieÐtai gia thn anÐqneush kai katagraf  thc aktinobolÐac-

g pou ekpèmpetai apì radienergˆ ulikˆ. Epitrèpei thn tautopoÐhsh kai thn posoti-

kopoÐhsh twn radionouklidÐwn pou upˆrqoun se èna deÐgma, prosfèrontac polÔti-

mec gn¸seic gia th fÔsh kai th sÔnjes  tou. Sth fasmatoskopÐa-g, h enèrgeia twn

prospÐptouswn aktÐnwn-g metrˆtai qrhsimopoi¸ntac ènan katˆllhlo aniqneut , ston

opoÐo enapotÐjetai h enèrgeia twn aktÐnwn-g pou sth sunèqeia metatrèpetai se h-

lektrikì s ma. Pio sugkrimèna, to �apotèlesma� pou prokÔptei apì thn aniqneutik 

diˆtaxh, pou perilambˆnei ton aniqneut  aktinobolÐac, ta aparaÐthta hlektronikˆ kai

sunduˆzetai me kˆpoio exeidikeumèno logismikì, eÐnai èna fˆsma se morf  istogrˆm-

matoc pou antiproswpeÔei ton arijmì twn metroÔmenwn gegonìtwn se kˆje epÐpedo

enèrgeiac (fwtokorufèc). H kˆje kroÔsh-anÐqneush aktÐnac-g katagrˆfetai se èna

kanˆli, tou opoÐou h enèrgeia antistoiqeÐ sthn enèrgeia tou ekpempìmenou fwtonÐou.

Oi aniqneutèc germanÐou uyhl c kajarìthtac (HPGe) qrhsimopoioÔntai eurèwc sth

fasmatoskopÐa-g lìgw thc uyhl c energeiak c anˆlushc kai euaisjhsÐac touc.

5.1 Aniqneutik  diˆtaxh

Gia tic peiramatikèc metr seic thc ergasÐac qrhsimopoi jhke ènac omoaxonikìc ani-

qneut c germanÐou(GEM80) uyhl c kajarìthtac (High Purity) kai apìdoshc85%, o

opoÐoc apoteleÐ hmiagwgì tÔpoup. 'Eqei energeiak  diakritik  ikanìthta ( Full Width

at Half Maximum-FWHM ) Ðsh me 1.67keV sta 1332 keV tou 60Co kai lìgo fwto-

koruf c proc Compton (peak to Compton ratio) 93:1. EÐnai kataskeuasmènoc apì

thn etaireÐaEG&G ORTEC. O aniqneut c sundèetai me doqeÐo ugroÔ az¸tou (LN2),

¸ste na yÔqetai, en¸ o q¸roc tou ergasthrÐou brÐsketai diark¸c se jermokrasÐa pe-

rÐpou20°C. EÐnai sundedemènoc me èna pl rwc automatopoihmèno hlektronikì sÔsth-

ma paroq c uyhl c tˆshc (2500V), allˆ kai yhfiopoÐhshc tou s matoc, analogikì

pro-fÐltro, analut  Ôyouc palm¸n, kaj¸c kai mÐa hlektronik  monˆda diìrjwshc twn

apwlei¸n lìgw tou nekroÔ qrìnou ( DSPEC—). Ta fˆsmata sullègontai kai analÔo-

ntai apì to exeidikeumèno logismikìGammaVision—, thc etaireÐacEG&G ORTEC.

H diˆtaxh perilambˆnei epÐshc ènan deigmatoforèa apìplexiglass, me op  kuklik c

diatom c, ¸ste na topojetoÔntai ta deÐgmata. O deigmatoforèac eÐnai topojethmènoc

pˆnw se rˆgec alouminÐou, ¸ste na mporeÐ na metakineÐtai gia metr seic se diˆforec

apostˆseic. Oi rˆgec diajètoun 9 diaforetikèc jèseic katˆ m koc tou ˆxona tou ani-

qneut . H pr¸th jèsh brÐsketai se apìstash 1 cm apì to parˆjuro tou aniqneut ,

en¸ h teleutaÐa se apìstash 60cm.

29




	Εισαγωγή
	Σκοπός
	Δομή της εργασίας

	Θερμοπυρηνική Σύντηξη
	Το περιβάλλον της σύντηξης
	Ο αντιδραστήρας σύντηξης JET
	Ο αντιδραστήρας σύντηξης ITER

	Νετρονική Ενεργοποίηση
	Τεχνική
	Αλληλεπίδραση νετρονίων με την ύλη
	Αλληλεπίδραση φωτονίων με την ύλη

	Ακτινοβολημένα δείγματα
	Δείγματα
	Ακτινοβόληση των δειγμάτων

	Μετρήσεις γ-φασματοσκοπίας
	Ανιχνευτική διάταξη
	Βαθμονόμηση ανιχνευτικής διάταξης
	Πειραματικές Μετρήσεις

	Ανάλυση
	Πυρηνικές Αντιδράσεις
	Υπολογισμός ενεργότητας και ειδικής ενεργότητας
	Διάδοση σφαλμάτων και υπολογισμός αβεβαιότητας

	Αποτελέσματα και συζήτηση
	Συντελεστές διόρθωσης
	Ενεργότητα
	Συζήτηση

	Συμπεράσματα
	Προοπτικές

	Βιβλιογραφία
	Παραρτήματα

