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TPLUEANG CUBOUAEUTLKY ETLTPOTIN:

Movuotailng Ztavpog
AvarmAnpwtn¢ Kabnyntng 2xoAng Mnxavikwyv Napaywyng kat Aloiknong Tou
MoAuteyxveiou Kpning

KavSduAakng AnpuAtpLog
KaBnyntng 2xoAng Apxttektovwyv Mnxavikwyv tou NoAutexveiou Kpntng

Nanadoyiavvng NektapLog
KaBnyntrg Tuiuatog Mnxavikwv Mouowkng Texvoloyiag & Akouotikig TEI KpAtng

E€etaotikn emtponn:

ZtavpouAakng MFewpylog
KaBnyntng 2xoAng Mnxavikwyv Napaywyng kot Atoiknong tou MoAutexveiou KpAtng

NikoAdg lwavvng
KaBnyntng 2xoAng Mnxavikwyv Napaywyng kot Atoiknong tou MoAutexveiou KpAtng

AgAng Avapyupog
AvarAnpwtn¢ KaBnyntig ZxoAng Mnxavikwv Napaywyng kot Atoiknong tou
MoAutexveiou KpAtng

T{wpTtlAKNG ZTUALOVOC
AvarAnpwtn¢ KaBnyntig Tunpatog Emotiung kat Texvoloyiag YAKwV ZX0AAG
OeTIkwV Kal Texvoloywkwv Emotnuwy tou Maveniotnuiov KpRtng
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Euxaplotieg

Me tnv oAokApwaon autng TG HEAETNG Ba nbela va ekdpAcw TNV EVYVWHOOUVN
HOU O€ QUTOUG TTOU XWPLG TNV unootnpEn toug dev Ba ntav duvatn n oAokAnpwon

ne.

Katapyxnv Ba nbeha va suxoaplotiow tov emiPAEnwy kabnynt kot AleuBuvtr Tou
Epyaotnpiou Aoung g YAng kat Quowkng Aéwlep AvamAnpwtr Kabnynti Ztalvpo
Mouotaily yla tnv ouvepyooia pa¢ OAa QUTA T XPOVLA, TNV UTIOUOVETIKN Kol

ouveyn kabodnynon Tou yla TNV MEPATWON TNG EPYACLAC.

Itn ouvéxelwa Ba nBela va suxoploTiow Toug Kupiloug kaBnyntég KavOuAdkn
Anuntplo kot Mamadoylavvn Nektdplo yia tTnv mMOAUTIUN Bonbesla toug péow TG
CUMMETOXNC TOUG OTNV TPLUEAN OUPBOUAEUTIKN miTponr) KaBwe Kot OAa ta HEAN TNG

EMTAUEAOVUC EEETOOTLKNG EMLTPOTING TIOU TIHNOAV UE OTNV UTIOOTAPLEN TNG SLaTpLPng

Akoun Ba nBela va guxaplotiow Tov cuvepydtn Kal ¢ilo Ap. lwavvn Tooxavtln
e€WTEPIKO ouvepydtn Tou Epyaotnpiou, yla 6An tnv moAuTtiun BonBela Tou og OAn

TNV nopeia Tou S16AKTOPIKOU LECA ATTO TIC TOAUWPEG CUVAVTHOELG MOG.

ErmutAéov guxaplotw OAo to Suvaplkd tou epyactnpiov QUOLKAG, yla TNV APLOTH

ocuvepyaoia mou eixape kKabBwg Kal TNV uTOoTHPLEN TTOU Eixa .

T€Aog Ba nBsAa va euXaPLOTHOW TNV OLKOYEVELX HOU Kal Toug ¢piloug pou yla thv
UTOoTNPLEN TOUG 0€ OAN auTH TNV mopeia autr. EldIkotepa oToug yoveig pou Nwpyo
kKat Ewprjvn mou maAvta TIOTEVUOUV Ot MEVA Kol OEV OTOHOTOUV TIOTE VA HE

umootnpilouy .
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NepiAnyn

Avtikeipevo autng ¢ Sdaktopikng SlatpBig €ival n PeAETN TNG MOPAYWYNAS
OWHOTOlWYV  avi-owpaTldlwvy  amdé  To  KeEVO  Topoucia  UTEP-LOXUPWV

NAEKTPOUAYVNTIKWY TESIWV amo ouyxpova cuotriuata Aéwlep.

H mapaywyn ocwpatdiwv avti-cwpatidiwv eival éva medlo MOU CUYKEVIPWVEL
€vtovo evbladEpov, mpayua mou anodelkvUETAL Ao TNV €vtovn §pactnpLoTnTa Tou
napotnpeital  oe  emninebo  BewpnTKAG HEALETNG QAN KOl  TIELPOUOTIKAG
emiBeBaiwong. EdkoTEpa TO TEAeutaio Sldotnpa PE TNV avamtuén VEwv
EYKATOOTAOEWV AEL(EP TTIOU UIMOPOUV VA GTACOUV O OKOUN UEYOAUTEPEC EVTAOELS,
UTIAPXEL N duvatotNTa va TIANCLACOUUE OKOUO TIEPLOCOTEPO OTNV TELPOLLATIKN

ermuBeBaiwon tou dawvopévou.
H napovoa dlatppn xwpiletal o técoepa Kepaiala

210 MPWTO KepAAalo mapouctaletal N BewpNTIKA AVILLETWTILON TOU GALVOUEVOU
péoa amd Owddopa HoviéAa Tou avamtuxbnkav pe €udacn OE Autd TOU
ocuotnuatog U0 oTABUwWY OE CUVTOVIOUO Kal auTd Tou pavtaoTtikol xpovou. Kat ta
6Uo povtéla Baoilovtal oe mMoAudpwToVvIiKEG Sladlkaoieg kal okomog pag sival va
umootnpifoupe TNV Xpnon Tou¢ KaBwG UMOPOUUE VO ETMITUXOUUE LKOVOTIOLNTLKA
arnodoon mapaywyng (EVYWV. ZEKLVWVTAG LE TO POVTEAO TOU ouvtoviouou, Seifape
v omoudaldtnta TNC XPNonG OAPUOVIKWV OCUXVOTATWV OTnv  £miteuén
LKOVOTIOLNTLKOU aplBpol mopayouévwy (Euywy Kal LEAETHONKavV Ta opLa ePpapUoyng

™¢ uebodou.

Ito Oevtepo keddAalo Ba mpotabouUv SUO VEEC TELPAUATIKEG OSLATALELS yla TN
HEAETN TOU CUVTOVIOUOU LLE OKOTIO VO aVASELXTOUV Kol AAAOL TPOTIOL TIELPAUATIKAG
epapuoyng tou datvopévou. Mpwrta Ba meplypadel n mapaywyn {evywv anod éva
Aéwlep XFEL pkpotepng KALpakoG epapuoloviag tnv mpocEyyLlon Tou cuvioviopou. H

O€0oUN TWV OXETIKIOTIKWY NAEKTPOVIWV TIOU XPNOLUOTIOLOUVTAL YLa TNV TIApAywyn

[MAovpiotaxng Iwavvng TeAiba 10
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TWV OKTIVWV X TIApAYETAL KL ETUTAXVUVETOL LE TNV Xprion LoxupoL Aéllep avti yla Twv
HEYOAWV SLaoTACEWV KOl TTOAUTIAOKO €mLTA)XUVTH. ME XPron TUTUKWY TTOPOUETPWY
yia tnv 6éoun tou Aéwlep Oa umoAoylotel n emtevélun amdédoon. H Seltepn
TIPOTELVOUEVN SLatan €XEL QPKETH OHOLOTNTA UE TO Telpapa E144, n mpwin Kat
pHovadikn HEXPL onuepa TEpapaTikn emiBefaiwon tou dailvopévou Eylve OTO
Stanford otov emwtayuvtr) SLAC . Me éva Aéllep LOXUOG MAPAYETAL KOL ETILTAYVUVETOL
O€ OXETIKLOTIKEG TAXUTNTEC Hia S€oun nAektpoviwv n omoia aAANAemidpd Ue HEPOG
™G 6éoung Aéllep tou cuoTtnuatog. To cuotnua AélWep TOU XPNOLUOTIOLELTOL EXEL
UNKOG KUMOTOC O0TO UTEPUBPO 1) 0TO 0paTO. AV yLa TOUC UTIOAOYLOUOUG ETUAEYEL TO
cvuotnua avadopd TWV CXETIKIOTIKWY NAEKTpOVIWY, Ta dwTovia £xouv uPnAdtepn
EVEPYELA KOL OE QUTH TNV TEPLOXN EVEPYELWV AOYW TNG UEYAANG €vtaong Tou
NAEKTPLKOU Tedlou TOU OdeIlAETOL OTO HETOOXNUATIONO Lorentz, €xoupe TIC
npoUnoBEcELC ylo apaywyr] e'e” e oxXeTikd oAU peydAn anddoon Edappdlovrag
TO HOVTEAO TOU OUVTOVIOHOU yla To cUoTnua avadopdc TwV NAEKTPOVIWV EXOUUE
TNV gukatpia va cuykpivoupe tnv anddoon napaywyng (EUYwWV UE TIG TTPONYOUEVEC
TIEPUTTWOELG KOl VA avadEPOUE TA AmoTEAEoUATA.

310 Tplto KepaAalo TNG epyaociag xpnowomnownbnke tn péBodo tou daviaotikol
XPOVOU TIOU TPWTOG €lonyaye o Popov oe pa Sidtaén avaloyn HE OUTA TOU
newpapato¢ E144. H pébodoc autn eival pla moAudpwrtovikn Stadikaocio He TtV
Sladopad otL Twpa dev elpaote og cuvtoviopo. Eywve n mapouciaon tng uebodou kat

avadEpovtal oL OXETELS KAL OL TIOPAETPOL TIOU XPNoLUomoLtnonkav.

Enion¢ mapouaoialovtal ta anoteAéopata avadoplka Pe ToV aplOpd mapoyouevwY
{euywv TOU HoOvVTEAOU Popov péoca amo ypadniuata tou aplBpol leuywv o€
ouvVAPTNON HE TNV €vtaon Tou nAektpkou mediou. EmiBeBatwbdnke n moAudwTtovikn
duon Tou dawvopévou kal mapouaotalovtal Miong Katl AAAQ OToLXElQ TTOU EVIOXUOUV
TOV LOXUPLOMO OTL UTOpPEL va amoTEAEDEL Lo LEAAOVTLKN TIELPOUATLKA TIPOTAON yLo
napatnpnon tou ¢atvopévou. Emekteivape t Slepelivnon kat otnv duvatotnta
TIaPOYWYNG TILOVIWV HE TNV Xprion t¢ Sldtagng mou mapoucLAoTNKE oTNV apX TOU
kedalaiov. TEtola owpatidla pmopoulv va xpnolpomolnfolv Otnv CUVEXELD OF

AAAeG edappoyEG, OANA WOTOOO AMALTOUV OKOUO HEYAAUTEPECG EVTAOELG NAEKTPLKWV
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nebiwv. Ta amOTEAEOUOTO TOPOUCLACTNKAV — HECH QO TIC KOUTUAEG TwvV

TIAPAYOUEVWY CWUATIS LWV 08 GUVAPTNON LE TNV EVTAon TOU NAEKTPLKOU Ttediou

Atepeuvartal n Suvatotnta va GTACOUE OTO YEYOVOC TNE OPAYWYNG TILOVIWY Xwpig
va €xeL To TPV avaAwBel n evépyela Tou Aélep ot ouppavta mapaAywyng
nAektpoviwv / molttpoviwv. KataAnfaue o€ €va UNXOAVIOUO TIOU ETUTPEMEL TNV
€TAOYN TOU €l60UC¢ TWV MOPAYOUEVWY (EVUYWV CWHATIOIWY KL £TOL va UTIAPXEL N

Suvatdtnta KaBopLopoU TOU TUTIOU TWV TTAPAYOUEVWY CWHATLSWV.

T€Aog oto tétapto kedpalalo Ba yivel pia eMLOKOTNON TWV TPEXOUOWV eEeAEewV Kal
HEANOVTIKWV Bepdtwy mpog Ta omnola Ba pnopoloe va enektabel n mapouotaldpevn
epyacia. To teAevtaio SlaoTnua UTIAPXEL KA EvTovn SpacTnPLOTNTA LE ETKEVTPO
™V TNelpopatiky  emiBefaiwon Ttou dawvopévou. Ita mAAlol  AUTAG NG
Spaotnplotntag npoteivovtol SLAPOPES TEXVIKEG KAl TIELPAMOTIKEG SLATAEELC UE TO
OKEMTIKO va yivel melpapatiky emiPeBaiwon tou datvopévou pe Adn umapyovia
ocuvotiuata Aélep. Ml Tétola TpoTaon meplypadetal oto apbpo tou Pike et.al,
[Nature Photonics 8, 434—436 (2014)] 6mou, pwtodvia y Snuoupyndnkav amo pia
6éoun nAektpoviwv uPnAng evépyelag aAAnAemdpouv pe dwtovia akTivwv-X mou
ponABav oo EKMOUTH LEAOVOC OWUATOC, LUE AMOTEAECUA TNV Snuoupyia (eVyoug
e'e’ . H mapamdvw mpOTAch CUYKEVTIPWVEL To evdladépov amd tnv drmodn 4t
xpnotpornolel U0 amodoTIKEG wWE TIPOG ToV aplOuo pwtoviwv SEoUeg Le avtioTolxa
QmoTEAEOUOTA OTOV aplOuo mapayouevwy {euywv. H mapaywyn tTwv cwpatdiwy
yivetal péow tou moAudwTovikoU pnxaviopou Breit — Wheeler mou neplypadet tnv
oAnAenibpacn evoc ¢wtoviou y pe éva aplBud ¢wtoviwv X. H umoloylopol

ETUKEVTPWVOVTAL 0TNV aAAnAentidpaon evog pwtoviou y pe éva pwtovio X.

Emopévwg apxikd Oa yivet n mepwypadn g OSdtagng kal Tmoapouocioon

QMOTEAECUATWY 000V adopd tnv andédoaor] tn¢.

ZTn OUVEXELA UE TNV XPAON KOVILWVWV TOPAUETPWY UEAETACAUE TNV (Ola ddtagén pe
£€va TMoAUPWTOVIKO pnxaviopo Breit - Wheeler, wote va e€etdooupe tnv anodoon
TOU UNXaviopol KOL VA  OUYKPIVOUUE Ta QMOTEAECHOTA  UE OUTA TOU

npoavadepopevou apbpou.
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TéNOG peAetdpe TUOAVEG PEANOVIIKEG €DAPUOYEG TNG Tapoucag epyaciag. M
TéTola €lval n mapaywyr Huoviwv amd tnv Sidomaon Twv moviwv. Ta pudvia
UMopOoUV va xpnoluomnolnBouv oe avidpdoelg ocuvtnéng Asutepiov - Asutepiou N
Asutepiov - Tputlou ocav kataAutng. Efetdoape tnv amodoon upiag TETOLAG
Sladkaolag Kal MPOTElVETAL Pla CUOKEUR ToU Ba UMopoUcE va XPNOLUOTOLHOEL

QVTLOPACELG OUVTNENG KATAAUOUEVEG QIO LUOVLAL.
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Kedalawo 1

Napoaywyn cwpatidiwyv ord to cUOTNUA TOU KEVOU

1.1 OcwpPNTIKEG MPOCEYYLOELG (LOVTEAQ) TNG MOLPAYWYNE
{euywv Ao to KevO.

H mapaywyn UANG - avtlAng amd To KEVO TAPOUCLA LOXUPOU NAEKTPOMAYVNTLKOU
neblov amoteAel £va amo ta 1o eviladEpovta pn YPOUULIKA dalvopeva ot ¢uoLki
KOl TILO OUYKeKPLUEVA otn KBavtikn nAektpoduvauikry (QED). And pdévo tou Tto
YEYOVOC OTL amod To KEVO Umopel va SnuoupynBel UAN eival KATL To omoio dev eival
€UKOAO va YIVEL QVTIANTITO, av Kot amd TNy apxoldtnta eixav StatunwOel dtadopeg
d\ocoPpLkEG anoPelg 6oov adopd TNV £LKOVA TOU KeVOU LoLlaitepa oL TTOAU BaCIKEC
€vvoleg Tou adopd To oV, TO KN-0V Kal TNV ox€on Toug (I aAAnAenidpacn toug). To
evbladépov yla TNV HEAETN TOU ALVOUEVOU £XEL OOV OdeETNPLO TNV EMOXN TNG
BepeAlwong NG KPAVTIKAG UNXAVLKAG Kal BewpnBnke to kat g¢oxnv palvopuevo pn-
YPOUMULKNG dUCIKAG TTou Ba amobelkvue TNV UN-YPAUUIKOTNTA OTO GUVOAO TWV
duokkwv dawvopévwy, S10TL adopd aAlAnAemibpaon ¢wtoviou pe wToVIo. ITN
ouyXpovn €mMoXN ME TNV KATAOKEUN UEYAANG LOXUOG Seopwv AEWEP QTMOKTA VEQ
onuaoctia, and Tn oty mou éva cUVOAo amo SLadopETIKA TMEPAUATA KAl LOVTEAQ
UIopoUV va enaAnBeuTtolV MEPAUATIKA OTIG LEYAAEC EUPpWTIAIKEG EYKATAOTAOELS
Aéwep [1] Ze autn TNV gpyacia Ba eoTiAcOUUE oTnV Mapaywyn (Euywv cwpatidiwy
Ue €udaon otnv mapaywyn NAEKTpoviwv molltpoviwv amod to Kevo Pe TNV enibpaon
loxupoU nAektpopayvntikol medlou TOU TAPAYETAL OO UEYAANG LOXUOG

Bpaxuxpovoug maApoug AELep.

Oa &eklvioOUUE HE HLOL oUvToun Teplypadr Twv BACKWV TPOOCEYYIOEWV TOU
606nkav e XPOVOAOYLIKN) Oe€lpd KataAnyovtag otnv 1o Tmpoodatn Tou
xpnotwgorowBnke otn mopovoca epyacia Kat adopd TNV  Sadlkaocia  TNC
noAudwtovikng Tapaywyng leuywv nAektpoviou molltpoviou Bswpwvtag To
cvuoTtnua tou Kevol oav KPaviko cvotnua dUo otabuwv mou aAAnAemdpolv pe

Loxupng €vtaong nAektpopayvntikd medio. H ocuumepidopd TOUu KEVOU Mapoudia
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NAEKTPOUAYVNTLKOU TIESIOU €lval N TILO EKTEVWG HEAETNUEVN TIEpIMTWON Ao OTL yLa
aAAoug tumoug mediou, emeldn €ival kal n MO APECO ETUTEVELUN TELPOUATIKA. H
npwtn €véeltn mapaywyng nAektpoviou molltpoviou amod 1o Kevo, PEAETAONKE amo
tov Klein[2],( 6onwg emiong anod toug Sauter[3],Heisenberg kat Euler[4]) o omoiog

€\voe tnv e€lowon Dirac ywa tnv nepinmtwon ¢payuarog duvapikou V (BA. Ewkéva

1.1)
\"
V0+m0c2
e € Vc,—mc,c2
% % e+ E
myC
-m,c’

Ewkova 1.1 Ixnuatiki avanapdoctoocn tou napddofou tou Klein. Apiotepd eivar n meploxn Xwpig

y . . y 2
Suvapko evw n Se§Ld €xel Suvapkd Vo>E+m,c”.

OL apvnTkAG evépyelag otabueg, oOmwc daivetar otnv Ewkéva 1.1 elvat
KATENNUUEVEG amo nAektpovia. Av ebpappocoupe Suvaulko otn defLd meploxr Tote
TO pAopa TWV evepyelwv aufavetal Katd Vo. Tote onwg BAEMOUUE amod TNV €KOvVa
1.1 pépog tou BeTIKOU PACUATOC EVEPYELWV (TIEPLOXN OPLOTEPA) ETUKAAUTITETOL LUE
TUAMO TOU PACHATOC TWV XOUNAOTEPWV EVEPYELOKA OTABUWY TNG TEPLOXNG OTA
6e€ld. HAektpovia mou ocuykpouovtal UE Tto dpdyua Suvaulkol amd apLotepd,
UMOpOoUV va €€AYOUV NAEKTPOVIO OO TIC KOTEWANUUEVEG OTABUEG XaUNAOTEPNC
evépyelag. Etol To pelpa Twv NAEKTPOVIWVY TIou avakAwvtal eival LEYaAUTEPO Ao
TO peV A TWV NAEKTPOVIWYV TTOU TIPOCTILTTOUV.

To ¢dawvopevo autd ovouadletal mapddoo tou Klein kat n Abon tou 0drynoe oto
HoVvTéAo Tou Dirac yla to Kevo, To omolo ekppalel TNV ELKOVA TIOU £XOULE CrUEPA YLa
TO Kevo Kal Baociletal oto £€nG poviéNo: AnoteAeital anod pla BadAacoa cwpatidiwy
HE APVNTIKEG EVEPYELEG KAl MANPWEG KATEIANUUEVEG KATAOTAOELG. AV UTIAPEEL pLa

Slatapayn OTo Kevo, OMwG £va NAekTplkO mebio, TOTe pmopel €va ocwpatidlo
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OPVNTIKNAC EVEPYELAC VO LETABEL O KaTAOoTOON BETIKNAG EVEPYELOG adrivovTag Tiow

TOU pLa omr). Auto amnoteAel tn dnuoupyia {ELyoug CWHATIOU-AVTIoCWHATIOU.

H mpwtn 61e€odikn Bewpntik avaluon tng moapaywyns (EVYWV Ao TO KEVO HE TN
xpnon H/M oktwoBoliag €ywve amd tov Schwinger[5](moAwon Ttou Kevol).
Baoclotnke otn BepeAwdn napatnpnon, otL n eaywyn avalloiwtwv otn Babuida
QTOTEAEOUATWY amod pia avaldoiwtn otn Babuida Bswpia, dtaopailetal povo av
KATIOlOG  Xpnoldomoliosel  ueBodoug emiluong OTIC omoileg  eumMAEKovTaL
ouvavaAloiwteg otn Pabuidba moodtnteg. EENyaye T €€n¢ otabepéc kat
oVaAAOLWTEC TOCOTNTEG.

1 * 1 - 1 % - = * 1 a
F=ZF_F =§(82—c282), G==F,F, =c€B ue F,, =(z,,F")

4 uveouv 4 uvouv 2 uvepf

yla 1o ewtepikd epappolopevo mnedio. Onov F ,F’  elval o cUPPETPIKOC KOl O

v v
OVTIOUMUETPLKOG TAVUOTAG TNG £vtaong tou nAektplkol mediou avtiotorya. O
TMOOOTNTEG OUTEC  €lval  otabepég¢ Kal avaAlolwTeg Oe  XWPO-XPOVLKOUG
HETAOYNUATIOHOUG. TNV Tepimtwon mou F<O0 , G=0 (otatikd nAektplkd medio )
UTTOPOULE VO £XOULE CUVONKEG apaywyng (EVYWV.

O Schwinger umoAodyloe tnv mBavotnta Snuwoupylag evog (evyoug ava povada

OYKOU Kal avd povada xpovou va sivat

W, ~Z_;(1/ X*) exp —XZ; ,  M=0Képaiog

MeTa oo KAToLa OTACLUOTNTA TAVW OTO TPOPANUA TNE mapaywyns UANG avtluAng
oo TO KEVO TAPOUCLA LoXUPWV NAEKTPOUOYVNTIKWY TESlwV TPOEPXOUEVWY OO
6€opec Aéwlep, NpBe n epyacia twv Brezin kat ltzykson[6] va dwoel pla véa wbnon
oto {Atnua. YmoAoylwoav tnv mbavotnta mapoaywyng evog (eUyoug oo TO KEVO
mapouaoia Xpovika evaAANacoOpueVoU NAekTpkoU mediou. H pébodog mou edpappoocav
xpnotgornotovtav Adn yla TNV HEAETN TOU GALVOUEVOU TOU LOVIOMOU TWV OTOUWV.
E€nyayav tnv TR NG €vtaong tou Kplolpou mediou mou amatteitol yla tnv

mapaywyn {gVyoug UANG avTlUANG Kal TILO CUYKEKPLUEVA NAekTpoviou molitpoviou. H
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€vtoon auth umoAoyiletal av eELOWOOUUE TO £€py0 TIOU TTOPAYETAL ATO EEWTEPLKA
edappolopevo otatikd nAektplkd medio MAvVw o0 €va NAEKTPOVIO, O ULl

XOPOAKTNPLOTIKNA Sldotacn tou mpoPAnuatog mou eival to piko¢ Compton yla ta

nAektpovia A, = o =386 fm, pe v evépyela adpdvelag evoc Levyouc e'e” mou

ooutat pe 2mc? =1.022 MeV.

Mo CUYKEKPLUEVAL:

2 2mc? 18
A =2mct =& . =——=13x10"V/m
critical C critical YR
H T auti ™ ouvavtape otn BiBAoypadia [7] wg to kpiowo nedio tou Schwinger
n medio Schwinger kal PEMeL n évtacn tou mediou va mPooeyyilel auTh T TIUN yla

va €lval ETPAOLUN N TTOpOaywyH CWHATISLwv.

Mo va ertixoupe KaBapod NAEKTPLKO eSO TOU TAAAVIWVETOL OTO XPOVO OTIWGE ALUTO
Twv Brezin kat Itzykson mpémnet SVo avii-mapdAAnia Stadidopeveg deopeg Aéllep
dlag ouyvotntag va cupuPalouv, wote oToug SECUOUC TOU OTACLUOU KUUATOG TIoU

oxnuatiletal va LoyveL F<0.

Xpnowomnowwvtag tnv mpocéyywon Wentzel-Kramers—Brillouin (WKB) mou é€xel
epapUOOTEL OTNV MEPIMTWON TOU LOVIOUOU TWV ATOUWV (OTTIOU GUVOVTALE TOUC TPELG
BaolkoUC HNXOVIOUOUG LOVIOHOU: TOAUDWTOVIKOG , ONpoyyos Kol UTEP-Avw
katwdAiou (above threshold ionization) kot Bswpwvtag ta (evyn S€ouLa 0TO KEVO UE
evépyela Seopol 2mc?, BpAKaV TO TEAKO QIOTEAEOHA TNC TILOAVATATAC TTAPAYWYAC

+ - ’ ' '
e’'e’ava tetpa-oyko Compton W, va givatl:

e2&?
Wer= hec
g(y)+

1 exp —”—ng( )
79’ () ec V7 |1)
2
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Onou y= Mo _ hoé, (1.2)
& mc’E

9(y) = —j[ yj dy

H mapAdueTpoC y LloouTal HE TO AOYO TNG EVEPYELAC TOU dwTOVIiou TPOG TO £py0 TOU
nediov évtaonc € oe amootaon ion pe T0 A givat l0oSUvapn He T TOPAUETPO

Keldysh [6]otov loviopod twv atopwv. H oxéon yw tnv mbavotnta Wy
napepBareTal petafy dvo meploxwv pe peydAn duotkn onpacia. Otav & K &,
W, = Wy, . Ztnv meploxn pe y<<l, dnAadn nAektpwod medio vPpnAig €vtaong kot

XaUNAng ouxvotntag n cuvdptnon g(y) kot n avtiotoyn mbavotnta Wy, , Sivovrat

and TG oxéoelg g(y) =1—%y2 +0(r*) kaun wy, ~ exp(—;r(é?C /6‘) g(y)).

O uNXaviopog mapoywyng owpatidiwv mou emikpatel elvol autog pECW TOU
dawvouévou onpayyag.

Itnv nepimtwon mou 1o y>>1 £€xoupe xapnAng évtaong kat vPnAng ocuxvotntag
nAektpiko medio, n ouvaptnon g(y)kat n avtiotoyn mBavotnta W, , divovtal amnd

TLG OXEOELG

2n,

g(y)=[4—”jln[4—7]+0(1/f) ww, -| 2| @sop?) . n =2
/4 e &, hao

2

Ornou N, eivatl n moAvpwtovikn Taén. H e§aptnon tg W, amd to nAektpiko nedio E

glval évéelgn moAudwTtoviknG cuUTEPLPOPAG.
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1.2 Nepypadn TG mMPocEyyLlong Touv GpavtaoTiKoU XpOvou
(novtélo Popov).

JUVTOMO PETA TNV gpyacia Twv Brezin kat Itzykson dnupooievovral ta apbpa Tou
Popov[8- 12] ota omola yivetal avadopad Kal xprion tn¢ ueBodou tou pavtaotikol

xpovou(Imaginary Time Method), avtipetwnilovtag To cUCTNUA UE TPOTO AVAAOYO

LE aUTOV TOU LOVIOUOU €vVOC atopou. ESw oL ouvBnkeg yia €va kabapo

eVAANOOOOUEVO  NAEKTPIKO Tedio kavomolouvtal o€ €va OTACLUO KUHO TIOU
napayetal ano dVo aviumapdAAnAeg 6éopeg Aéwlep. H elkdva mou meplypadetal oTo
apBpo tou Popov yLa to Kevo otnpiletal otnv elKOVO EVOG CUOTAHATOG SUO oTaBuWV
omou Tmapaywyn (evyoug nAektpoviou-molltpoviou eival n petafacn amod Tnv
KOTWTEPN OTAOUN O€ AVWTEPN TOU «KPaVTIKOU cuoTnuatocy. H petafaon pmopei va
oUMPel elte péow TOou daLVOUEVOU ONpayyag, LT PE TIOAUDWTOVIKEG SLASLKAOLES
OToU 0 gAAXLOTOG aplBUOC dwToviwv ToU XPeLAlETAL EVOL (OOC PE TNV EVEPYELOKN
Sladopad twv SUo oTadbuwv.

Itnv nmopouoa €peuva HEAETNONKE mapaywyrn cwHOTIOlwY HECW TIOAUPWTOVIKWV

Stadikaciwv [8], [9], [12], 6mou o eAdxLoTog aplBUog pwToviwy ou amatteital elvat

2

loog pe n, = . H mBavotnta yla pia tétola petdfaon mapouvcio NAEKTPLKWY

nediwv umopel va ypadel cav dbpolopa mbavottwy Sadlkaclwv TOAAWV

dwtoviwv W, .

2
.C

- A kot n mbavotnta mapaywyng (euywv yla ToAUPWTOVLIKN Taén n
w

Orou n=

Slvetal amnd tn oxéon:
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1/2
(2s+1) how (n—n, 2me® ,  2f
W = J_exp| — f——L(n-n 1.3

" 27[2VC mc? A, n &XP ho Al( 0) (13)

3tn oxéon (1.3), o cuvteheotng s=0 otnv mepintwon twv pnoloviwv Kat s= 1/2 yia
v nepimtwon Twv depuoviwy, M, =9.1093x10*'kg (0.5MeV /¢?) elvar n pdla
twv nAektpoviwv, m_=2.488x107"kg (139,570MeV /c’) n pdla twv moviwy,
V, =h4/m:” ¢’ elvat o tetpa-dykoc Compton Tou nAektpoviou f Tou moviou mou

elvat 7.48 10™° kat 2.16 10 *®m?3s avtiotowa. Emuthéov

mc? 4 >
= & A= SEWO) w(7) =11+ 77 (14)

omou N, eivat n katwtepn TaEN ToAudpwrtovikig Stadkaociag wote va cupPel

napaywyn euywv Kal To A ekppalel TOo EUPOG TOU EVEPYELOKO KEVOU HETAEU TOU

ouvexoUg kat E(.) elvat to mAnpeg eMemtikd olokArpwpa deutépou eidoug. Ot

ouvaptioelg A, A,,J I, T, T, f, ekdppalovral avtictoya

n't

M=2 KON A =2 (EGO),

J, :J'Ole'(“’“f’)X2 [1+ o(-1)" cosfnx} dx,

|_of fi_ T v P (1.5)
Al AZ ) p i)
(n—n,)mc?
=2 AL Pilo g
& =2y (7) P

f=r 2’ f=myw(y)2=(11y)f
e (r)12=(117)1,

Onou K(.) elval to mAnpeg eMeutikd oAokApwpa mpwtou gidoug, o=1 yla ta
nAektpovia kat -1 yia ta movia kat P, givat n mapdAAnAn mpog To NAEKTPLKO medio
OUVLOTWOO TNG OPHNG P TOU TOPAYOUEVOU cwHaTLSoU.

Amo tnv (1.3) €ayovtol ol arMAOTIONUEVEC OLOUUMTWTLKEG OXECELG OTIG OToleg Ba

avadepBoupe av kat Sev Ba xpnolponotnbouv otnv mapovoa gpyaocia. lMNa tig dvo

nepoxegTov y ¥y <1 kat y>1 €xoupe:
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Ma tnv nepintwon onov y «1lto pdopa Nhw twv Sadikaowyv n pwioviwv givat

TIPAKTLKA CUVEXEC Kol SIVEL TO N SLOTOPAKTIKO ATOTEAETHA

= g (.18 o0 (612127 vl

c

Evw 0 aplBuog twv mapayopévwy evywyv divetal amnod:

N(7)=2"ni(&,1&)" exp ey 1

(w7 /27)(1.6)

T €lval n XpoviKn SLApKELA TOU TIOALOU.

Opwg yta tnv moAudwtovikn Kat Statapaktikig duoewg nepintwon y>1

w =) (2] aton)

4y

KataAnyovtag otig e€nc:

1 si2[ € o
R VAL
4 —2n,
N (7)~ 20" ({] (wr/27)

EXEL yilvel ektevh MeAETN TNG Mapoywyng e'e pe tn xprion tng pebodou tou
davtaoTtikol xpovou AapBavovtag urtoyn tn popdr) Tou MaAUOU Kal T XPOVLKN ToU
SldpkeLa yla TNV meploxn Tou opatou Kal Twv XFEL otnv epyaocia [12],evw otnv [13]

n mepimtwon twv XFEL avaAvetal emiong pe AeMTopéPEL. AV KOL ylo TNV TIEPLOXN

y>1, o apbpdg twv mopayopévwy Leuywv N(7) akoloubel cuumepipopd
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Suvapng KoL EMOMEVWC TIOPEXEL €val KATA TOAU Tio amodoTKO HNXAVIOUO
Snuovpyiag leuvywv, amattolvral GwTOVIO OPKETA HEYAANG eVEpPyELOG Tou Ba
Slvovtat amd peMovIkad ocuothuata  AEWEp OKTIVWV-Y  €KTOC KAl Qv
XpnothomnotnBouv AAAeG TEXVIKEG OmwG avadEépetal otnv [13]. Na mapdadsiypa yla
pHeAAovTIKA cuotruata Aéwlep Exawatt 1 Zetawatt pe evtaocelg mou mAnotalouvv TO

10°W /cm® kau dvw, n efiowon (1.6) pe hw=1eV,n, =1.02x10° kat évtaon
nAektptkol mediou &€ =10 - 10Y'V/m (kovtd oto &), y=133x10" kot Sidpkela

nahpol 7 ~150fs Siver N (7)=1.5x10" Zedyn nAektpoviwy nofitpoviwv.

Ano TIC TAPOMAVW OXEOELC GTAVOUUE €UKOAA OTO OCUMMEPAOUA  OTL Ol
TIOAUDWTOVIKEG SLadLkaoleg elval KAt MOAU AmoSOTIKOTEPEG yla TNV Tapaywyn
[14]-[17].

H mpwtn kat povadikr HEXPL onuepO MElpOpATiky emBefaiwon TG mapaywyns

nAgktpoviou-molltpoviou Baclopévn otnv pn-ypopuptkny aAAnAenidpaocn ¢pwrtoviou-
dwTtoviou éywve oto SLAC pe TO Telpapa ou €xeL Tov KwOLKO ovoua E144[18]. Ito
nelpapa autd mapatnpnbnke mapaywyr (Euywv MoOuU oPENOTAV OTN 1N YPOHULKA
okédaong tumou Breit-Wheeler kat adopd tnv aAlnAenidpacn petafy omicbo-
okedalOUEVWV PWTOVIWV OO OXETLKLOTIKA SE0UN NAEKTPOVIWV HE QUTA TNG APXLKNC
6€oung tou Aéwlep. MetpnBnkav 175+ 13 molitpovia o 21962 maApoug Aéllep, eVw
n moAudwrtoviky tagn tng Swadikaociag Ppébnke va eivar N=51+02. Ta
amoteAéopata eival o KaAl ocupdpwvia pe tn Bswpla. e OXETIKA MpoOodATN
epyacia and toug (Kamberidis et.al.)[19] €6si&av o1l n Bewpia TOU Popov yla
kaBapa moAudwtovikny Stadikacia kot €vtaon nAektpltkoU mediou OMwG aAUTH
umoAoyiletal oto ocvotnua avadopag tnG SECUNG TWV OXETIKLOTIKWY NAEKTPOVIWY
gpunVveveL €€ (00U KAAQ T TIELPAUATIKA AOTEAECUATA TOU TIElpApatog E144. Auto
Oeiyxvel OtL pmopel va yivel edapuoyn tng Bewpiag Popov OxL pévo ywa tnv
auBopuntn mapaywyn evywv (nepimtwon aAAnAenidépacnc oto Kevo) aAAd Kal yla
Vv eavaykaopuevn mapaywyn (euywv mou adopad otnv aAAnAsmnidpacn pwrtoviwv
HE OXETWKLOTIKA O€oun nAekTpoviwv. Ze auTi TNV MepiMTwon, oto ocuoTnua
ovadopadc Twv NAEKTPOViwV TO NAEKTPIKO Tedlo maipvel MOAU UEYAAEC TIUEC OF

oX€0n HE TO AVILOTOLXO OTO cuotnua avadopag Tou epyaoctnpiou. Emiong 6Aeg ot
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Stadkaoieg yla tnv mapaywyn euywv gival MOAUDWTOVIKEG PE SLadopeTIKn TAEN
avaloya tnv erhoyn TnG Sladlkaoiag Kot TG EVEPYELAG TOU apxlkol GpwToviou Tng

6éouncg Aéwlep.

Ta amoteAéopata Tou nelpapatog E144 mpokdaleoav véo evlladépov yla Tnv
napoaywyn (euywv, €lOIKOTEPA PE TA VENG TexvoAoyiag ocuotipato Aéwlep ToOU
UIOPOUV VO TAPAYOUV LOXUPA NAEKTPLKA TTESIA TTOU AIALTOUVTOL YLO TNV TTOPAyWYn
{euywv.

O Ringwald[13]efetalovtag Tt pebBodoug mou umnpxav (WKB kat péBodo tou
$avTaoTikoU XpOVOoU) ylal TOL OTITIKA CUCTHUATA, KATEANEE OTL SeV €lval apKeTA yla
™V dnuoupyia {euywv, HE TIC TPEXOUOEC EMIBOOELG OTNV LOYXU KAl OTNV €VTACHN TOU
NAEKTPIKOU TIESIOU. ITO OXETIKO APBPO TOU TPOTEWVE TO VEQ cuoThuata AEWlep
eAevBépwv nAekTpoviwyv aktivwv X yla tTnv mapaywyn {euywv nou Ba prmopoloav va

QIMOTEAECOUV HLa TTIOANA UTTOOXOUEVN EYKOTACTAON.

1.3 NoAuvdwrtoviki mapaywyn nAektpoviwv nolitpoviwv anod
TO KEVO XPNOLLOTOLWVTOG TN MPOCEYYLON TOU CUVTIOVIOHOU OE
oclotnua Vo octaduwv.

Mwo npoodatn PeAETN Tou TPoPANUATOC £YlVve otV gpyacia Twv Avetissian[20]. Ze
auTh avTEeTWleTaL n mapaywyr e'e” 6e oTAoLo KUpa TTou oxnuatiletat and SUo
avtiBetng katevBuvong Sladidoueveg Séopeg AEWlep, YPOUMULKA TIOAWUEVEC TIOU
€XOuV ouxvotnTa W Kol HUAKOG Kupato¢ A. H Sdtadopd pe tnv mponyoUUEVn TOU
Itzikson, f; Tou Popov Bploketal oto OTL BewpoUpe TO CUCTNUA TOU KEVOU oav &va
cvotnua dUo otabuwv oTo omoio oL HETABACELS amd Tt XapunAdtepn otabun otnv
udnAdtepn yivovtal pe moAudwtovikéG Sladlkacie¢ o€ ouvtoviopo. AmO TIG
EKTLUAOELG TIOU £X0UV NON yivel [21]n CUYKEKPLUEVN TIPOCEYYLON UIMOPEL var odnynoEeL
o€ peyaAUTEPOUC pUBUOUC Mapaywyng (EVYWV yla TNV TEPIMTWON TWV OUUPBATIKWV
AéWep. AutO odeiletal kaBapd otn cuvOnRKN TOU CUVTOVIOHUOU, KATL OVAAOYO HE

0QUTO ToU cupBalvel Ye Ta AToua.
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Oswpolpe U0 ypappikd moAwpéva H/M kOpata ouxvotntag w Kal TAATOC Tou

Sltavuopatikol Suvaptkou A,.
A.= A.cos(awt —Kk -r)

A.= A.cos(at +Kk-r) (1.7)

Onou onw¢ daivetal and tig e€lowoelg Sladidovral oe avtiBeteg kateubUVOELG KL

oxnUatilouv éva oTACLUO KUUA LE SUVAULKO

A=2A cos(wt)cos(kr) (1.8)

ITn TEPLOXN TIOU TO TMAATOC TOU OTACLUOU KUPOTOC €ival HEYLoTo, N €vtaon Tou
payvntikoU mediou Ba pndeviletal omote B=0. Autd cuvemayetal OTL N ouvOnkn
E?—B® >0 V&L KOL O QUTH TN TIEPLOXN UIOPOUHE VAL TOPAYOUHE NAEKTPOVIAL —

nolltpovia.

OewpoUME OTL N TMopaywyn TwWV CWMOTWlwY yivetal kata tn StevBuvon Ttou
NAEKTPLKOU Tediou to omoio tonmobetoupe otov afova Oy Kal AOyw CUPUETplag o€
aut t™ 6levBuvon pmopoUpe va TOToBeTooUUE TO SlAVUoUA TNG OPUNAG Vo

Bploketal oto eninedo X-Y (Ewkéva 1.1). Autd onpaivel OTL N CUVIOTWOA TNG OPUAG

otov d€ova z Ba eivar undév p, = 0katr A= (0,2A, cosat,0), E = (0, 2E, sin wt,0)

Ewkova 1.3 ALaVUOHOTIKO SLAYPOLLA TNG OPHIG KoL TOU NAEKTPLKOU Nediou os cUotnua 3 afovwv.
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MpémelL TWPA VA ELCAYOULE TOV 0po aAAnAenidpaong mou odpelAeTal 0TO NAEKTPLKO

nedio. H mapouoia tou nAektpikou mediou Sivetal amo to cuvnBeg minimal coupling

—

dnhadhy P — P— A.Etoun e€iowon Dirac [20] yivetat

ih%y :{d[f)—Zer(cos kr) cos a)t]+,Bmcz}‘P_ (1.9)

Eneldn BéAloupe 1o medio otnv meploxn Snuouvpyilag Twv (EVYWV VA ELVOL OLLOYEVEC
KOl OTATIKO, N TLEPLOXN TIOU Tapdyovtol Ba €xel xwplkég Slaotdoelg (K A, 6mou A
TO MAKOG KUMOTOG Tou Aélep. Tautoxpova OPWG N XwpLkn dtaotaon [ ival oAU
peyaAUtepn amd w0 A,. Emopévwc A << A. E§outiog autoy TO ywopevo

kr = % Ba elvat oAU HKPO Kat emopévwe coskr ~1.

To nAektplkd medio €xeL Twpa tn popdn A= 2A, coswt katn (1.9) yivetat

ih%y:{d[ﬁ—Zercosa)t]+,Bmcz}‘P (1.10)

Ot AUoelg TG (1.10), pmopoulv va ypadolv w¢ YPAUULKOE oUVOUAOUOG TwV AUCEWV
¢ e€lowong Dirac xwpig tov 0po aAAnAemidpaong pe mAAtn a; (t) mou eaptwvral

HOVO Ao To XpOvo, TG LopdnG.

Po(F,t) = iai OP® PO 1.11)

i=1

Orou ‘Pf ) elvat ot AUoelg tng Dirac xwpig Tov 0po aAAnAenibpaong.

2 0 .
E +mc? L2 1 [
O = cG B ex {— ”F—Et}
1,2 [ oF ] - Gp2¢1’2 o h p h(p )
+me (1.12)
2 Xaa .
E +mc? ' 1 i
v :( ] cGp exp {—(pr + Et)}
2E —— 5 X4 |N27h h
—-E+mc
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Melétn mopdywyns cmuaTidiwv-avtiomuaTioimy amo 10 KEVO Tapovoio. fpoydypovay Kol
VIEP-1OY VPOV NAEKTPOUOYVHTIKDV TEOLWY OTTO COYYPOVO, GOOTHUATO, AE1(ED

P eival oL KULATOOUVAPTATELG yla cwHaTiSLa BETIKAG EVEPYELOG KAl OTILV TTAVW,

KATW ovtiotolya, EVw oL ‘I’goz glval oL KUHATOOUVAPTACELC YO owuaTidL apvNTIKNAG

EVEPYELAG KOL OTILV TAVW N KATW avtiotolya. Ot AUCEL €lval KOVOVIKOTIOLNUEVEG O€

1
1 owpdtio avd povada oykou. Emiong E=(c*p’+m*c?)"?, ¢ =7, =[ J,

0
poncli) e
2= = 1' p

o =(o,,0,,0,) énou o,,o,,0,, oLTivakes Pauli.

. _ (0 o - (1 0), , .
—nvV, a=| _ , = elval oL mivakeg Dirac kal
c 0 0 -I

AvtikaBlotwvtag TIG oxEoelg equation reference goes here(1.11), (1.12) otnv (1.10)
KataAryoupe og dUo ocuotipata Stadoplkwy e€lowoswv (BA. oxéoelg (10) tou [20])

, €va yua ta mAdtn bavotntag a,,(t) kat éva yua ta a,,(t) HE apXikéG UVBRKEG
‘33,4 (—oo)‘z =1, ‘31,2(—00)‘2 =0. H mBavémta mnopaywyAc nAeKTpoviwy Kot

no{itpoviwy  Sivetal avtiotoxa amno ‘am(t)‘2 KoL 1—‘a3‘4(t)‘2. Enuthéov Aoyw
4 2

dlatripnong tou HETPOU LoXVEL N ouvlnkn Z:|ai (t)| =2 , n omnoila ekppdleL Tnv
i=1

LOOTNTA TOU apLlOoL TwV MAPAYOUEVWY NAEKTPOVIWV Kal Ttolltpoviwy.
H eniluon oautwv Twv OUCTNUATWY OLEUKOAUVETAL QIO OCUYKEKPLUEVOUG
povadlakol¢ petaoxnuatiopoug (BA. oxéoelg (14), (15) tou [20]) pe toug omoioug

uetafaivoupe ard ta mAdtn & (t)ota C(t) mou wkavomowolv TG Stadopikég

eflowOoEeLC:
de, (t) _
ra— f(t)c,(t)
dc, (1) )
=-—f
ot ()1
omou

. E Z m
F()=1 3 1™ f”:4_py{ ‘%j”h”‘]”[“%;—;j .
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Kot J (Ahfgﬁj elval n ouvaptnon Bessel mpwtng td&ng . Me § cupBoAiloupe tnv
@

adldotatn , OXETWKIOTIKA avallolwtn otnv emdoyny Babuidag tou mediou evog
T(POOTIMTOVTOG KU LATOC, TTOCOTNTA KoL LOOUTAL UE
&= & (1.14)
MmCw
omou &, elval To MAATOC TNG éviaong evog amo ta cUuBaAAopeva kKUpota. Artoteel
pa Baoikn TAPAETPO TOU LOVIEAOU Kot €ival TO avtiotpodo TNG MOPAUETPOU ¥
(avtiotown autng tou Keldysh yia tov 1oviopo twv atopwv) (BA. oxéon (1.2)). MNa to
OUYKEKPLUEVO HNXQVIOUO Ttopaywyng leuywv n § maipvel povo tg tpeg <1
E€altiog TNC OOLOYEVELOG TOU XWPOU N YEVIKEUUEVN OPUNR €vOC ocwpatidiou
Slatnpeltal, TMPOYUATIKEG UETAPBACELG UMOpoUV va ocupBolv amd pla otdbun
apvnTIKNG evépyelag —E oe ua Betky +E. OuL TMOAUDWTOVIKEG TUOAVOTNTEG
napaywyng e’ e Ba éxouv HEYLOTEC TUUEC yLoL LETARACEL, GUVTOVIOHOU OTou
n=2E
w

(1.15)

AuTth n wotnta ekppalel TNV apxn dlatpnong TG EVEPYELOG — OpUNG cUUPWVA UE
NV omolo T NAEKTPOVIO Kal Ta Tolltpovia TPAyovTol HE (Oou HETPOU Kol
avtiBetng katevBuvong OpHEG , ONA PetPe+=0. Xapakinplotikd peEyeBog Twv
ovotnuatwyv &vo otaBuwv (amd —E oe +E ) €lval 0 OpOC AMOCUVIOVIOHOU TOU

ouotnuatog A, =2E —w. 2 autn tn npoogyyon pe An=2E —No < @ €xoupe amo
TG €€nc €€lowoelg yla ta TAATN HETABACEWY, Cl(") ®), Cf‘") (t), mag, n tagng
oAU pwTtovIkN ¢ Stadilkaclag EXouE.

(n)
d;1t —if_exp(iA t)c (1)

o (1.16)

C4 _ - - (n)
=if exp —IA t)c, 7 (t
dt n ( n ) 1 ( )
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ot omoieg oxUouV yia Ti§ apyd petaBaAlopeves cuvaptioels (slow varying) ¢ (t),

0) . |de (1) ) . , ,
c, "’ (t) ,6nAadn T <<‘C1'4 (t)‘a) . OL Aboelg twv (1,16) bivouv tnv TEAKA

mlavotnta t¢ N TMOAUPWTOVIKAG TAPAYWYrG OE CUVTOVIOUO HE OUYKEKPLUEVN
evépyela E, aBpolopévn o€ OAEG TIG KATAOTACELG OTILV

2 2 2
W, =20 = [1- PO nzwzaf(%mszinz(ﬂnr)
2Q p°cos O E E o

onou Q n «ouxvotnta Rabi» Tou kevol
Q =,[f? +A—ﬁ
4
ormou B eival n ywvia petafd tng SlevBuvong TNG OPUNAGC TWV TIAPOYOUEVWV
CWMOTLOIWVY Kol TOU MAATOUC TNG £VIACNG TOU GUVOALKOU NAeKTplkoU mediou Kal T
glval o xpovog alnAenidpaong. H ouvBnkn yla apyd HeTABAAAOUEVO NAEKTPLKO

nedio ekppdletal péow TG ouxvotntag Rabi wg €2, K @ kat avramokpivetal o

el&o
EVTAOELG yla éva mediou aktivoBoAiag yia Tig onoleg LoxveL n ouvOnkn & = |— <l1.
c
Ma tnv MePLMTWOoN Tou HikpoL xpovou alAnAenidpaong, SnAadn
Qrl (1.17)

n Oladoplk TUKVOTNTA mbavotntag ¢ n-moAudwtovikng Sladkaoiag,

3

p
(27)°

0OpOoLopEVN OTIC KATAOTACELG TWV OTTV Kal 0To ¢actkd oyko V KOl N YWVLAKA

katavoun tng divovrtat avtiotoya anod

2,2 (E*—p®cos’ @
_No ( p )J2(4er pcos@j\/dgp

dw 1.18
" 167* p’cos’d "\ E o (1.18)

dw. 0’ n2w?sin?@+4m?cos? @ _,[ 4e|&|(n*®’ —4m?)"?

do  64r? (n°w* —4m?)"? cos® @ ) nw® cosé (1.29)

H ywviakn Katavoun tTng oAWK ¢ mukvotntag mibavotntag Sivetal anod tn oxéon
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dw & dw
— = n (1.20)
do ; do
anod tnv omoia 0AoKAnpwvovtag Maipvoupe TNV oAk TukvoTnTa TBavoTnTag TNG
napaywyng (euywv e'e” oto medio mou Snuioupyolv Suo oxupd H/M kUpata,

avtiBeta Stadldboueva oto KeVo

W:i n°w’ 2202 JZ(Z )+Zoz~]nz_1(zo)+zoz‘]nz+1(zo)_4p2 Zgn y
& 32zp|[4n®-1] " 7 2n(n-1)  2n(n+1) n’@’ (2n+1)(n!)”

xzFs(n+%,n+%;n+1,2n+1,n+g;—zoz)}

(1.21)

Omou N st(n+%,n+%;n+1,2n+1,n+g;—202j glval n  YEVIKEUHEVN

1/2

UTLEPYEWHETPLKA ouvdptnon kat Z, =(4m§][1— 42m22j .
0] N“@

I TPAYUOTLKEG OUVOAKEG O OUVOALKOG aplBuog Twv TMAPOAYOUEVWV
cwpatidiwv efaptatat amd tov Oyko NG aAAnAenidpaon¢ tTwv Secpwv
AéWlep, mou kaBopilovtalL amd tn SLdpetpo NG S€0UNG otn SLATOMA TNG
€0TlO¢ TNC KAl amd TN XPOVLKN SLAPKELA TWV MAAUWY T. Na TUTILKEG TLUEC
d~102 cm, ©10 " sec katl =4/10 , 0 GUVOALKOG APLOHOC TWV TOPOAYOUEVWY
Zeuywv eivalt ~wd?lz. AvTiKaBLOTWVTAC TIG TIHEG TIEPLUEVOUUE VO EXOUME
~10® Tevyn. AUTOC 0 apOpoc eivat katd TOAU HeyoAUTEPOC amd TLC
TIPONYOULEVEG OQVIIMETWILOEL TOU TpoPAnuatog kol odeldeTal o1n
XPNOLUOTIOLOUEVN TIPOCEYYLON OTou To olotnpa PploKeETOL OE CUVTOVIOUO

HE TO NAekTplko medio.

Eva gpwTNUO TOU yevvatal pe dedopéva TNV ouxvoTNTA KOL TNV EVEPYELA

Tou AéLlep Kkat Sev €xel e€eTaotel oe gpyaocieg omwe Twv Avetissian[20]eivat
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TO gUpo¢ TWV MBavwv MoAvdwTovIKwY Stadikaoclwy ( A Looduvapa To eUPog
TWV EVEPYELWV TIoU SnuLoupyouvtal tTa {evyn To omolo ekppaletal Ye TO q
TIOU €lvall 0 AGyoC TNG EVEPYELOC TWV € TPOG TNV EVEPYELA NPEULAG TOUG) Kal
To €UPOG TWV TLUWV TIOU UIopel va mapel to € ( to eVpog TNG Eviaong Tou
nAektplkoU mediou) yla TG omoieg mpaypatomolovvtal ot Stadikaoieg. Ta
anodekta &g mpénel acdaAwg va cupdpwvolv PE TNV ouVOAKN yla TNV
edappoyn tng mpoogyylong tou cuvtoviopol Q <K w (f £<1), al\d Kot pe
tnv apxn Swatnpnong tng evépyelag. To TeEAgutalo ouvemadyetal OTL N
EVEPYELA aVA TTAANO Ep TNG MpooTintovoag aktvoBoAiag dev umopet va givat
HLKPOTEPN QMO TNV EVEPYELQ TwV (EUYWV TOU TapdyovTtal, TO Omoio

ekdpaletol HEOW TNG OXEDONG

2
E, =2gmc°N (1.22)
Omnou N eival 0 cUVOALKOG aplBUOC Twv {euywy TIOU dnLoUpyoUVTaL.
, , , , 1 ~, ,
H Ep, urtohoyiZetat ano tnv oxv tou Aédep S, = — & ano Th OXEoN
LLC
2
E, =S, 70t (1.23)

Me o cupBoAiloupe TN aktiva TG MePLOXNG mou cupPaivel n aAAnAenibpaon kat T
elval n xpovikn dtapkela Tou MoApoU.

Amnavtnon ota epwtnpata Ba dwoel n Stadopd evépyelag

AE, =S, 7o’ —2qmc®N, =i€027r0'22'—2qu2N0 (1.24)
//IOC

AnAadn AEy,= evépyela ava MOoARO Aéwlep TNG TpooTnmToucag okTvoBoAilag -

EVEPYELA TWV TTOPAYOUEVWYV (EUYWV.
N, elvat o aplBuég Leuywv ou €xou e yla ywvia 6=0.

Onwcg Ba beioupe otnv emopevn evotnta[21] n oxéon (1.24) ouolaotikd €xel dVo

apapETPoUC To g Kot To € (To Ny e€aptatal anod ta g,€). Kpatwvtag to E,otabepo,
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Kot ya Sedopévo g >1, to § umopet va avénBei péxpt pia tun €=h ywa tnv onoia
LoxVeL AE,=0, tnv eAdylota anodekTn TLUA TTOU Unopel va mapeL. To h Sev pumopel va
€XEL TIHEG TTOU va uTtepPBaivouv TNV povada. Emopévwg yia Se50UEVO ¢ UTOPOUUE va
urtoAoyiooupe apBuNTka Ta dvw opla h tou &, dnAadn To eVpog edbapuoynS TNG
T(POCEYYLONG. ZNUELWVOUME OTL UMTOPOULE VA UTIOAOYICOUME TO q KPOTWVTAG TO &
otaBepd amod TNy Lo LooTNTA, AAAA YLO TTELPOHOTIKOUG AOyoug evOLladepOUOOTE yLla
10 péyloto € (kat &.). O urnoloylopog Ba yivel oxeSLdloviog To SLAypopUpo TwV
TLWWV h oav cuvaptnon tou g ywa AE,=0. Meploodtepeg Aemtopépeleg Ba Soupe otnv
gvotnTa Tou akoAouBel mapouaoialovtag Ta availoya ypadipota, €Nywvtag moLo

{elyOC TLUWV ETAEYOUE KaL TO AOYO TIOU YIVETAL N ETUAOYH.
H eflowon mou ekdppaleLtnv f eivarn (1.13)

Mo pa otaBepn TN Twy §n, 6nwg daivetal amo t napandavw oxéon n f, yivetal
péylotn yla 6=0 kal oyxVeL ya 0Aa ta &n. Mavw o auth TN ywvia mapatipnong da
ETUKEVTPWOEL N avaluon pag. H emhoyr) autr ektog and To OtL Ba pag Swoel o
amAonotnuéva anoteAéoparta, Ba BonbnosL otnv anocadrnvion TnG CUUTEPLPOPAS
TIOU €XEL QUTI N TIPOCEYYLON VL0 LETEMELTA TIELPAUATIKY eMBeBaiwon.

Ekppdloupe TNV EeVEPYELX TWV TAPOAYOUEVWY nAekTpoviwv (molltpoviwv) o€

OUVAPTNON HE TNV EVEPYELX NPEULAG TOUG

E=gm¢’® q=>1 (1.25)

To g yapaktnpilel To paoua NG €VEPYELOC TwV {EUYWV TIOU TAPAYOVTAL KO
TIPETIEL VAL EXEL TIUECG LEYOAUTEPEC TNG EVEPYELAG NPEULACG.
Ma tnv MePUMTWon Tou BPLOKOUOOTE OKPBWE O CUVTOVIOUO O OplOPOC N Twv
dwtoviwv mou €xouv anoppodnBet ( moAvdwtovikr taén tng dradikaciag) divetal
amo tnv €N¢ oxéon
G_2E_ 2gmc’
ho  ho

,q=1 (1.26)
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1 2 1 1/2
S ST

4(q2 _1)1/2 q q2

n omola givat n teAkn popdn TNG CUVAPTNONG TTOU B XPNOLULOTIOL)COULE.
Ooov adopd Twv aplOuo Twv MapayopeVWY (EUYWV N YWVLOKI KOTOVOI TOU yLa pLo

noAudpwtovikn Stadikacia tagng n ekppaletal we EAG:

dN, _ dw,, - (1.27)
do do

O aplBuoc twv Levywv yia ywvia 6=0, N, amno ta napandavw eivat

dN n‘e’ 4m?*c* o[ 4e|&|(n*w® —4m?c*)"?
N, = ° =Vv7 2 72 2 24\1/2 J; 3
do |, 647° (n“@” —4m°c") No
.. , 2mc?
Kat peta amod npagelg, B<tovtag n= - :
w

1 Vrqygi-1 .

°  Ar? V, m?c*

(1.28)

Ano6 auth tn oxéon eival epdavig n e€dptnon Tou apBpol Twy Mapayopévwy e'e’
n tn oxeon K nen ptnon pPLOH payou

armo TN ouvapTnon f,, OAA Kot amd to € dnwg avadépape oto téAog thg 1™ evdtntog

A

compton

-1
j elval o tetpa-oykog Compton €vog
C

autol Tou Kedpahaiou. V, =(

nAektpoviou, (ooc ue 7.4 10° m3s.
H oxéon (1.26), yla tnv mePUTTWon Twv onTtikwv A£lep (OTOU To W Elval ULIKPO TNG

taéng twv eV ), bivel cav amotéAeopa HeEYAAn TAEn n NG TMOAUPWTOVIKNAG
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Swadikaciag, kat kabwg to § mpenel va eivat <1 10 OpLopa TNG cuvaptnong Bessel

1/2
otnv oxéon yw tnv f, (1.24), ( 6nhadn o 0Opog ﬁ[l—izj ) elval
q
ouvemakolouBa  Ttafng blag pe TO n. N va €KTEAECOUMPE APLOUNTLKOUG
UTTOAOYLOMOUG, €MELSN €XOUME VA KAVOUUE WE MEYAAEG TAELELG TOU oplopaATOg TNG

ouvaptnong Bessel mou kaBwotouv SUokoAo Tov UTOAoywopO Tng, Oa

XPNOLLOTIOL|COULE TNV OCUUTTWTIKA cupmeptdopa tng J, (X) yia X = N kat éxoupe:

] %(1—i] :Jn(n_sech(a)):exp(ntanh(a)—na) 1.29)

J2zntanha

1/2
pe a=sech™ E(l—izj
q aq

Kavovtag xprion Twv mapandavw oxEcewv Ba peAeTnooupe Tn cupnepidpopa tng f,
yla TNV TEPLITTWON TWV OTITLKWVY AELTEP KAL TILO CUYKEKPLUEVA EVOG ouoTApatog Nd —
Yag upe evépyela ¢wrtoviou 1.17 eV kot évtaon 1.35 102W/m’ T toug

UTTOAOYLOHOUG Xpnotpomoltnkay ta padnuatikd maketa Maple kat Mathematica.

Me xprion t™¢ oxéong ywa tnVv f, onwg €xetL dtapopdwbel amod tnv mMpooéyylon yla

HEYAAEG TALELG TOU N

. 1 exp(ntanh(a)—na)

nhw
" 4(q2 _1)1’2 J2zntanha

2gmc?

KaL oqutAg yla to n, N= , Ba oxebldooupe TNV neparlouvoa TNG vV Adyw

ouvapPTNONG WG MPOC TN oTtabepd g, yla ouxvotnTa W, 3w Kal 5w yla otabepn TN
Tou & Auto Ba pog emtpePel T HEAETN TNG cupmepldopag TN f, avadoplkd pe Tnv

€vtoon tou nAektplkol mediou Kal tn ouxvotnta NG aktvofoAiag.
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Mpotou mpoxwpriooupe BEAouUe va PpoUpEe TOLEG TIUEC TwV &,q €lval OMOSEKTEG,
moleg SnAadn MAnpoUuV TG cuVONRKEG Tou BECAUE yla va LOXUEL N TPOCEYYLON TIOU
HEAETAUE.

AuUTO Ba yivel epdavég av oxedlaooupe Ta avw opla h Tou € cav cuvaptnon Tou q
yla TG TIEPUTTWOELG oUXVOTNTAG W, 3w Kal 5w. YrmoAoyiloupe aplBuntika ta {evyn
Twwv & q mou pnbdevidouv tnv efiowon (1.24) kot anelkoviloupe oe ypoadlki
napdoctacn Tta amnoteAéopoata  pog (Mpadnua 1.1). OL mopApeTpol TOU
xpnowonotiBnkav eivat w=1.17eV, Sy=s*1.35 10> W/cm? (s=1, 3 ,5% avtiotoxa yla
k4Ot mepimtwon), 06~10°m kat ™10 *sec. O cuVTENESTAC s 0TO S, Sikatoloyeitat
oo TNV TEXVLKA TOU eTAECQUE Yyl TNV avénon tn¢ évtaong tou AELlep Kal TG
EVEPYELAG ava TOAMO Ep, au&dvovtag tn ouxvotnta, avii Tou v €0TLIACOUUE OTO
opLo nepiBAaong tou Aélep. Kat ol SUo TpOTOL elval TEPAUATIKA armodeKTol, UE TOV
SeUteEPO va elval TPOTIUOTEPOG OTNV MepimMTwon nmou dev emBUUOUUE va GTACOULE

TNV eotioon oto oplo.

1E0 5
9.998E-1]
] w
9.996E-14
9.994E-1-
h ] 3w
9.992E-1-
9.99E-1 4 5w
9.988E-1-
9.986E-1}+—+—1—1——7"r—"r—"r—"r—"—""r"rr"Tr"r """ """ T T T T
1.38 1.39 1.4 1.41 1.42 1.43 1.44
d

fpadnua 1.1 Avwtato 6pwo h tou § cav cuvdptnon tou g yia w=1.17eV (navw KaunvAn), 3w(

peoaia KourmUuAn Kot 5w (KATw KapumuAn).

2

, OE Jla n

2qmc
h

KaBe onueio Twv mapandvw KAUmMUAWY avILOTOXEL HEOW TNG N =

taén moAvdwtovikng Stadikaciag kal péow TG (1.25) oe pa evépyela E twv
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mapayopevwy nAektpoviwy (molitpoviwyv) otnv mepLoxi Twv KOWWVY ToU OTACLUOU
KOpotog oOtav edapupootel €va otabepng éviacng kot ouxvotntag mnedio

A=A cosaot.

Yuveyilovtag Ba otpadolUe O Ml TIO KOWA TEPAUATIKA emBefatwaotun
ocuuneplpopd Twv MoAupwTtovikwy Stadikaowwyv mou Sivetal amod ta AoyoplOuLka
Slaypappoata Tou aplOpol Twv cwpattdiwy mou Mapdyovial 0 cuvaptnon LE TNV
gvtaon tou nAektpkol mediov &£,. Oa §ekwrjooupe pe tv AoyaplBukn ypadn
napdotacn tou aplBpol {euywv N, CUVOPTAOCEL TOU §, KOL KATA OUVETELA TNG
évtaong tou nAektpkoL nediov &£, adou ta U0 autd peyEBN e§apTwvTal, Lo TPELG
noAupwtovikéc Swadikaoiec pe ny~1.233 10° (v g~1.41), n,~1.237 10° (yw«
q~1.4141) kot n3~1.242 10° (yio q~1.42) (Fpddnpoa 1.2)

No

1.10%°

T T Il

1. 01010

T T Iy

8

E

0.9995 0.99952 0.99954 0.99956 0.99958

fpadnua 1.2 NoyaplOuikd diaypappa tov apldpov {euywv No cuvaptiosl tou § , yla ywvia 6=0,

ywa tpelg moAudpwrovikég Stadkaoieg pe =1.41 (kOKkwn ypaupun), q=1.4141 ("\/E ) ( pumAe
ypappn) kat g=1.42(npdown ypapun).

OL evépyEleG TWV TIAPAYOUEVWY OWHATIOWY Elval apKETA KOVIWVEC Kal eival
E;=0.721MeV, E;=0.723MeV kat E3=0.726 MeV , yw n; ny n3 avtiotoyya.
MapatnpoUpe Aoumov OTL To VPO aAAayn G Tou NAekTplkoL mediou eival TOAU ULKPO
OKOMO KOL Yylot MEYAAUTEPEG QPMOVIKEG, TPAYHO ToUu odelletal otn HeyaAn

gevalodnoia mou mapouctdlel n ouvaptnon Bessel kal n mpooéyylwon tng otnv
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e€dptnon ¢ amd 1o & Auto Oeiyvel OtL mepapatiky emPeBaiwon NG
OUYKEKPLUEVNG KAUTIUANG €lval HaAAov SUOKOAN, yla TNV MEPMTTWON TWV OMTIKWY
AéWep, ylati amattel mapa mMoAU AemtéC puBuiocelg otnv €vracn, oL omoieg Oev

ETULTUYXAVOVTAL EUKOAQ.

KaBwg kpatdpe 1o w otabepod (Mpadnua 1.2) kat emeldn n epdavion StadopeTikwv
TIOAUDWTOVIKWY SLEPYACLWV TIPOEPXETAL HOVO ATIO TIG SLUPOPETIKEG EVEPYELEG TIOU
geumAékovtal (autd ¢aivetal amod TIG TIUEG TOU ( ), OEV TEPLUEVOUUE VA EXOULE
OnNUela TOUAG TWV KAUMUAWY, OMwe mapadoolakd cUMPalveEL 0TOV TIOAUPWTOVIKO
LOVIOMO. EmumAéov Oonwc ival evkoAa mapatnpRoo KABs KaumuAn teppatilel oe
Slapopetiki TN Tou €. AuTO £lval CUVETELA TNG CUVONRKNG TTOU OIMALTOUE VOl LOXUEL
yla Tnv dlatrpnon tng evépyelag. MNa kABe TR g umapxeL éva avw opto h tou ¢
omou &ev umopel va umepPel auTh TN TN KL EXOUUE TEPUATIOMO Tou €. AKOUN
UIopoU e va SoUWE ylaTl eival TPOTIUOTEPO Vo ETUAEYOUE TO KATWTIEPQ ChUELQ
TWV KapmuAwy tou ypadnuartog 1.1. Ito nponyoupevo ypadpnua 1.2 €Xoupe onueia

TEPUATIOMOU TIOU HEYLOTOTOLE(TOL 0 aplOpog leuywv ta (1.41, 0.99957), (\/5

,0,99956), (1.42, 0.99959) ue 10 (\/5,0,99956) va €lval To xapnAotepo. Av KAmoLog
eTAEEEL v SouAEPel pe h=0.99959 tote amod to ypadpnua 1.6 dev pumopolpe va
TIOPOTN P OOV E EVEPYELEC UE <1.42.

Y10 enopevo ypadpnua (Fpadpnua 1.3) mapouctaloupe tn AoyaplOuKr mapaotoon
Tou aplBpou No cuvaptioel Tou € yla Tig To mibaveg moAudwTtovikég Sladilkaoieg
Twv w=1,17 eV, 3w , 5w mou &ixaue oto ypadbnua 1.2. OL TIHEC TWV onUEilwv elval
(Np» Gpr €)™ (1.2369 10°, 1.41408, 0.9995), (4.1226 10°, 1.41395, 0.9990) ko (2.4734
10°, 1.41387, 0.9987)
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|

No
1. 2101

1. —10%?
1. 010°

1000

0

0.9984 0.9986  0.9988 0.999 0.9992 0.9994 0.9996
fpadnua 1.3 NoyaplOuiko diaypappa tov apldpou {evywv No cuvaptioel Tou § , yia ywvia 6=0,
ywa Tt o mibaveg moAupwtovikeég Stadikaoie¢ pe w=1.17 eV (kOkkwn ypoppn), 3w ( pmAe

yPoppn) kat 5w (pdotvn ypoppn).

Ye avtiBeon pe 1o MponyoUuevo Slaypappa 6w TMEPLUEVOUUE va €XOUUE onueia
Toung edooov arlaloupe TN ouxvotnta Tou AELWlEP, OUWG OL TIMEG TOU & yla TIG
omole¢ auto cupPaivel dev eival epapudoueg ylati Bpiokovtal otnv neploxn €>1.
To onpeio Topng ekppalel OTL yLa TN CUYKEKPLUEVN EVTAON TOU NAEKTPLKOL ediou oL
MoAUPWTOVIKEG Sladikaoiec mou ekppalovtal HE TIG KAUMUAEG, €xouv Tnv (Sla
mBavotnta va cuppouv.

OAa ta mopandavw anoteAéoparta ywvav ylo ywvia 8=0. 8 untevBupiloupe otL elval n
ywvia pHeTagl tng S1lelBuvong TG OpunG TWV TAPAYOUEVWY (EUYWV KOL TOU TTAATOUG
NG €vtaong Tou nAeKTplkou mediou.

MNpoodata £xouv SNUOGCLEUTEL TTOANEG ONUOVTLKEG EPYAOCLEC OTNV TTApOywWYH (EUYWV.
Ze QLo amo auUTEG, o Popov enekteivel tn HEB0SO Tou PavtaoTikol XpPOvou, yla TIG
TIEPUTTWOELS €VOC oTABEPOU NAEKTPIKOU TESIOU KOL €VOC XPOVIKA OHOYEVOUG
NAEKTPLKOU Ttediou yla évav f ToAAamAoUG aApoU g A€Lep.

Emiong opketég epyaocieg peletouv tnv aAAnAemiSpoon pag uPnAng £vtoong
TIOAWUEVNG SEoUNG AELEP E TO KEVO OTWG TtepLypadeTal oTiS [22]-[24], ue otdxo va
napatnpenOetl mapaywyrn (euywv o eviAoelg AELlep XOUNAOTEPEC Ao TNV KPLoLn
évtaon. 2tnv [25] peAetnOnke n aAAnAemnidpacn SU0 KUKALKA TMOAWHEVWY avTiBeTa

Sladdopevwv moApwv kot Seixtnke OtL n Snuwoupyia leuywv pmopsl va
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napatnpnOel melpapatika yla déopun Aélep €vtaong pLog n Suo tafswv xapunAotepn

amo TNV MEPUTTWON MOV €lXAUE EvVa TTAAUO.

Téhog, otg [23], [25] peEAETWVTAL TELPOHOTIKEG SLOTALELC OTIC OMOlEG €XOUUE
oaAAnAentidpaocn moAamAwv deopwv Aéllep oav Eva TPOTIO Va XAUNAWGCEL TO OpLO yLa
™V napaywyn {euywv.

Ta mapandvw amoteAéopata Snupooleltnkav otlg epyaocieg [21], [26], [27] (BA.

Mapaptnua)
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Kedalaio 2

Mpotewvouevee MeEpAMATIKEC  MEBoSOL  yia  ThV
noAUdwtovikl mapaywyr] e’ e amd To KEVO ME TN
XPRON NG MPOOEYYLONEC CUVIOVIOUOU o€ cuotnua duo
otaduwv

21O TPONYyoUUEVO KEDAAALO €PEVUVACAUE TN AELTOUpYia TNG TPOCEYYLONG TOU
oUVTOVLIOMOU o€ €va cuotnua dUo otabuwv [20] yla Tnv nepimtwon evog Aélep Tou
EKTEUTIEL OTO OPATO WOTE VO TTOPOUCLOOTEL OGO TILO AVAAUTLKA YIVETOL N TTPOCEYYLON
Kal To Kuplotepa onuela tng. H mbavh xprion VEwv eykataotaocswv AéWlep TOU
€xouv Nén avamtuxBel n Ba  KATAOKEUAOTOUV OTO AUECO UEAAOV, odnyel otnv
avalnTnon VEWV TIPOTEWOUEVWY TIELPAUATIKWY Slatdéewv PEow Twv omoiwv Ba
yivel mapatpnon tou poalvouévou. EMopEVWG aVTIKEIUEVO auToU Tou KedaAaiou
elvat n pelétn 6U0 amd QAUTEC WG TPOC TOV TPOMO AELTOUPYLOG TOUG KOl TNV
KATAAANAOTNTA TOUC WG TIPOG TNV €hapHOyr) TWV HOVIEAWV QVTLUETWTILONG TOU

dalvopévou.

It mpwtn evotnta Ba avadepbolue oe €va olOTNUO TOU PBplokeTOl OE
avamnrtuén kal Oa e€eAlyBel ta emopeva XpoOvia O€ EVA OXETIKA ULKPOTEPN KALHOKOG
Aéwlep eAeuBépwyv nAektpoviwv aktivwy -X. H evépyela tng S£0ung Twv NAEKTPOVIiwY
mou Ba mapdyovtal kot Ba emtayvvovtal and déoun Aélep Ba eival g TA€Ng Tou
GeV. H apxn Asttoupyiag tou eival (dta pe auvt tou XFEL, pe tn Swadopa otL
B€Aoupe va TETUXOUUE OavAAOya QTOTEAECUATA UE TN XPAON UIKPOTEPNG XWPLKA
Suataéng. Avti Tng xprong emtaxuvty NAEKTPOVIWV UAKOUG KATIOLWV XIALOUETPWY
UMOPOULE va eTITAXUVOUUE Tn &€oun He TN BonBela Aélep peydAng LoxVog, wWoTe
OTn CUVEXELX va Snuloupyrnooupe aktiveg X mou Ba xpnowuomotnfolv KatdAAnAa
yla tnv mopaywyn {euywv. Aol ohokAnpwBel n mepypadn ¢ dataéng pe TIg
TIAPOAPETPOUC TNG akTvoBoAiag mou Ba efayoupe, Ba yivouv kol ol avrtiotolyol
oplOuntikol umoAoylopol TwWV XOPOKTNPLOTIKWY HEYEBWV TNG TPOCEYyLoNnG. TN

beltepn evotnta Ba xpnowomowjooupe fava tn UEB0SO TNG Mapaywyng Kal
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ETUTAXUVONG TwV NAEKTPOVIiWY amod cuotnua Aéllep. 2 autn tn Sidtagn Ba unapxel
pa akopn &éoun AéWep MEYAANG OXETIKA €vtaong mou Ba aAAnAerudpd pe TNV
OXETIKLOTIKA O€0un Twv nAEKTpoviwv mou mapnyaye n mpwtn 6éoun Aélep. H
T(POTELVOEVN TIElpApATIKY Sladikaoia lval avaAoyn HE aUTH TOU MELPAUATOC TTOU
€ywe oto Stanford, to E144, 6mou mapatnpndnke ywa mpwtn ¢dopd n dnuoupyia
nAektpoviou molltpoviou. Ito cuoTnUa avadopdg Twv NAEKTpoviwv N eVEpyela
(uAko¢ kKUpaTOC) TwV PwToviwv TG Mpoomintovoag déoung Ba aAlalel Baon Tou
HETAOXNMOTIOMOU Lorentz oe aktiveg X. Avtiotolya petaoxnuatiletal oto cuoTnua
avadopds Twv nAekTpoviwv Kat To NAeKTPLIkO Tedio [28]. Oa yivouv oL avtiotol ol
umtoAoyLlopol pe Baon TG ox€oelg Tou KepaAaiou 1. Méoa amd auth tn diepelivnon
Ba avadelyBel n duvatdTnNTA TTOU EXOUME HE XPHON CUCTNUATWY Tou PBplokovtal
UTO avamtuén 1 Kat otn ¢Acn TNG KATAOKEUNG VO TIPOTE(VOUUE TELPAUATIKES
SloTAgelg Kal vo TIPOCOMOLWOOUE UTIOAOYLOTIKA OTTOTEAECHOTA TIOU €XOUV
LkavormoLlnTik anodoaon, evw TIAEOVEKTOUV 000V 0popa TNV TIELPAUATIKI) OKOTILA.
(6uvatotnta kaAutepwy pubuicewv kal evatobnoiag ). TeAewwvovtag to kKepalalo
Ba ouvoylotouv Ta amoteAéopata kat Ba avadepbolv TA CUUMEPACUOTO TIOU

e€nxbnoav

2.1. NoAvdwrtovikl mnapaywynn J{euywv nAEKTpoviwv
no{ttpoviwv amd 1o Keve Me edappoyn TNG MPOCEYYLONG
cuotipatog dUo ocTaBuwWv o€ GUVTOVIOMO ME TN Xprnon Laser
XFEL

Ze auth TV evotnta Ba e€eTaotel n xpron evog cuotipatog Aéllep aktivwv X
HLKPNC OXETIKA KALHOKAC O oX€on HE Ta TUTKA cuothpata X-FEL. H Stadopa tou
XFEL pe auti ™ Sataén mou meplypadoupe edw adopd Kupiwg ToV TPOTO UE TOV
OTol0 TOPAYOVTOL KOL EMITOXUVOVTAL TA NAEKTPOVIO. AVIL €VOG EMITAXUVTN
nAektpoviwv pmopel va xpnowuomnolnBet aktvoBolia Aéllep wg mnynR tng S€oung

TWV NAEKTPOVIWV KAl ETUTAXUVONC TNC.
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H mpotewopevn Ouataln amoteAeital amd €va ovotnua Aélep mou Ba
onuloupyet Tt &€oun nAektpoviwv, Omou adol emTayxuvBel peETA  amo
oAnAenidpaocn &éoung Aéllep pe otoxo [29], [30] OBa €l0éABelL oe pia Siataén
payvntwv wingler [31]-[33], 6mou péoa eKel N OXETIKLOTIKY) SE0UN PECW OKESACEWV
Compton Ba mapayel aktivoBoAia aktivwv X. XTn ouvéxela péoa amod KOTAAAnAn
odnynon tg 6éoung Ba Snuioupynooupe Vo Uépn ta omoia Sdadidoueva oe
avtiBeteg kateuBuvoelg Ba dnuloupynoouv OTACIHO KUpa. Adyw Twv ocadwg
HLKPOTEPWVY SLACTACEWV TOU Ot oxéon Me €va X-FEL To cuotnua cuvavtatol otn
BBAloypadia wg Table top X-ray Free Electron Laser () LaserX-FEL ) [34]. Ag doUue

KATIOLEG ETIUEPOUC AETITOUEPELEC OO0V adopd Ta HEPN TTOU aOoTEAOUV £va L-X-FEL

Me tnv oAoéva auvfavopevn BeATiwon TwWV XOPAKTNPLOTIKWY TWV CUCTNUATWY
AéWlep €xoupe dTAOEL 0 onuelo Omou n évtaocn TNG oktwoBoAiag toug pmopel
ETUTUXWG VO TIOPAYEL OXeEOOV HOVOXPWHOTLKA evepyelakd O&€oun nAeKTpoviwv
HEYAANG evEpyelaG av aAAnAemidpdacel e OTEPEO N 0€plo otoOXo. EtoL av
XPNOLUOTIOLoOUUE €va AELlEp LOXUOC TNG TAENG Twv dekadwv Terawatt péxpL Kal Tou
Petawatt pe évtaon aktwoPoliog tne tdéng tou 10%° — 10%*W/cm? , Siudpketa
TMaAHoU tn¢ taéng twv 10-30 fs (femtosecond) kat aAAnAemidpdoel pe KataAAnAo
OTOXO UIOPOUUE va apAyoUHe S€opn nAektpoviwy evépyelag nepimou 1GeV [35]—
[37] kat oAwkoU doptiou 1InC. O pnxoviopog mapaywyns NAEKTpoviwv pPeE oToX0
OTEPED, AEPLO N MAAOUA lval amd HOVOC TOU EVa OPKETA UEYAANG €KTaonc medio
€peuvag kal 6ev Ba amOTEAECEL QVTIKELHEVO QUTAG NG epyaciag. Mepaltépw
TIANPOdOPLEC YLO TOUC UNXAVIOMOUC EMITAXUVONG NAEKTPOVIWV pmopouv va Bpebolv
pHéoa amo tnv oxetikn BBAloypadia.[32], [35]. Evag amd autolg eival n emtdyuvon
NAEKTPOVIWV TTOU TIPOEPYOVTOL ATIO AEPLO GTOXO, XPNOLLOTIOLWVTAC PEYAANG EVTOONG
Bpaxuxpovn 6éoun Aéwlep[29], [38]. To peydho nAekTplko Tedio Tou TMaApol ovilel
oKkaplaio To aéPLo HETATPETOVTAC O MAAOUA TNV UAN 0TV MEPLOXA TTOU E0TLAOTNKE
N oAk 8éoun Aéllep. AOyw Twv SUVAUEWV TIOU OLOKOUVTOL, Ta NAEKTPOVIO TOU
TMAAOUOTOG armoomouvtal adrivovtag pla meploxy eAelBepn amd nAekTpoOvVIQ TTOU
ovopaloupe puoaiida[29], [34]. Itn ouveéxela emoTpEdouV Kata tn dievbuvon Tou
afova dLadoong g S€oUNG UETA Ao pLon TeEPLodo TaAdvTwaong Tou TAACHATOC Kal

naytdevovral otn puoaAida. Evag Tumikog aplBuog nAektpoviwy mou puAakilovral
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elvat tne t@énc tou 10° pe 10M . And ekei Adyw tou BeTikd poptiopévou urtdBabpou,
Snuloupyeital Lloxupo NAekTpLKO medio ou emitayUVEL TA NAEKTPOVLA. € EPALATA
mou €xouv Nén yivel pe aéplo otoxo e AEWep LoxLOC NG TAfewg twv 40 TW
eTuteLXOnke n mapaywyn 6éoung nAektpoviwv evépyelag 1 GeV [36], wotdoo n
6éoun mapouciaoce ¢optio pkpdTEPO amod tnv TR tou 1nC mou emBupovpe. Me
0EPLO MEYAAUTEPNG TIUKVOTNTOC KOL HE Xprion Tio LoxupoUl AélWep Kal BEATLWOELS
OTNV TEXVLKA TIOPAYWYNG UIMTOPOUUE VO TIEPLUEVOULE TIOAD KOAUTEPO AMOTEAECUATA

OTO QUECO HEANOV.

Ultra hni'
m}_ Agl

s Positrons
Ultra high R

current density

Relativistic
Electrons

Return

currch

Laser pulse

3 . . >
10 Wem? Ntll"‘(m\

-‘e»‘

Nuclear excitation
Nuclear reaction

Ewkova 2.1 Aéopn Aélep uPnANRG £vtaong CUYKPOUETAL ME OTOXO, HE QUTOTEAECHO TNV TAPAYWYN)
Stadpopwv ocwpatiwv petafd autwv Kat S€oung nAektpoviwv. © SLAC Experiment 144 Home Page.
https://www.slac.stanford.edu/exp/e144/
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Elkova 2.2 ITIYULOTUTIO TNG TUKVOTNTOG TWV NAEKTPOViwV OMw¢ ¢aivetal and MPOCOLOLWOELS,
Swakpivetar n nepoxf tng pucalidag. © https://plasma.desy.de. 2017, Deutsches Elektronen-

Synchrotron.

Adou emitayuvboUVv ta NAEKTPOVLA N TTAPOYOUEVN LE TOV TPOTIO QUTO OXETLKLOTIKN

6éoun odnyeital oe pla dataén payvntwv (wingler) evaAAooooOpEVOU XWPLKA

payvntikoU medlou mou avaykalel Ta NAEKTpOVIA va  akKOAouBoUvV NULTOVOELSN

TPOXLA, OTWG dAlVETOL OTNV MAPAKATW ELKOVAL

permanent

trajectory tle | |

Ewova 3.3 Ixediaypappa tng Asttoupyioag pag diatagng wingler pe npaowo xpwua daiveral n

S1evBuvon Tou payvnTikou Mediov Kat Pe UITAE N TPOXLA Tov akoAouBoUv ta NAEKTPOVLAL.
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Ito olotnua avodopds TwWV OXETIKIOTIKWY NAEKTPOVIWY TO OTOTIKO XWPELKA
EVOANOOOOUEVO HAYVNTIKO Tedla TOU CUOTAHOTOG avadopdg Tou epyactnpiou
eudaviletal ocav NAEKTPOUAYVNTIKO KUHUO OUYKEKPLUEVNC CUXVOTNTOG TOU €ival
ouUVAPTNON TNG XWPLKAG TEPLOSOU TOU payvnTKoU otatikou mediou. Ta nAekTpovia
okedalouv TNV aktvoBoAia Kal oTo oUOTNUO TOU €pyaoctnpiou peTd amd dvo
HETAOXNMOTIOMOUC Lorentz petpdatal nAektpopayvntik aktwoBoAia (i ¢wtovia)
HEYAANG evépyelag (MOAU HLKPOU HNAKOUG KUMATOG) Mo OUYKEKPLUEVA EXOUUE val
KAVOUE LE OXETIKLOTIKA okéSaon Compton Kol TO UAKOG KUMOTOG TNG aKTvoBoAiag

miou Ba mpokUPEL oTo cuoTnua avadopdg Tou epyaoctnpiou otnv £€0do tn¢ Stataing

a

e€aptatal ano tnv nepiodo A, tou wingler, cuudwva pe tn oxéon A= 2/1“ [33],
[34]. Me y oupPoAiletal o ouvteAeotriclorentz n oxetikloTiko Tapayovta [y=1/(1-
BA) M2, B=V/c] mou yia 8£0pn OXETIKLOTIKY NAeKTpoviwy ooUTaL pe Tto TRAKO TNC

, , . , E ,
EVEPYELQ TWV NAEKTPOVIWVY TPOG TV EVEPYELX NPEpingG TOUG y, =—222 . Og mepioSo
m.C

opiloupe TNV xwpkn anodotaon PeTafL dUo payvnTwy mou €xouv idlag kateuBbuvong
HayvnTko medio. TUTIKA TLUA TNG TEPLOSOU yLa TNV dlatagn mou e€etaletal ival Ta
5mm, T Tou umnopel va petaBAnBel av Béloupe va mapdyoupe SLadopeTiko
UNKOC KUMOTOG TwV aktivwv X. Ao tnv €€obo tou wingler pe KataAAnAn omrTikn
Swataon xwpiloupe T 6é0un oe OUO UEPN Kal GEPOUMPE TO €va HPEPOG va
oAnAerudpacel pe To GANO WOTE VO OXNUATIOOUUE OTACLUO KUMQ, WOTE va
OXNMOTIOTOUV oL KATAAMNAEG OUVOAKEG yla TNV Tapaywyr (euywv e'e” pe ™

T(POCEYYLON TOU CUVTOVIOHOU.

JUpdwva LE TIC OXECELC TTOU Ttapoualactnkayv oto 1o Kedpalalo Ba kabBoplotouv ol
XOPOAKTNPLOTIKEG TTOCOTNTEC TNG MPOCEYYLONG TOU CUVTOVLOMOU KAl TA OTMOTEAECOTA
[28]. Npwta OpwG TPEMEL var avadepBolv  TA XAPAKTNPLOTIKA TNG SE0UNG TIOU
Xpnotuomnoteitat.

To AéWlep MOU XPNOLUOTIOLEITAL YLO TNV TIAPAYWYH KAl EMTAXUVON TwV NAEKTPOVIWV
€XEL LOXV TNC Tafewe Twv 107 Watt/cm? kat Xpovikr Stdpkela Aol e TEEew
Twv 20fs - 30fs . H 6éoun nAektpoviwv onmwg €xel emiBefaiwbdel and npoécdata

TIELPALATO TIOU €ylvay, PTavel os evépyela To 1GeV Kal to dpoptio Tng S€o0uUng Twv
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nAektpoviwv ¢tavel To 1nC. H mopayOUevn Kal EMITAXUVOUEVN SEOUN UE TNV Xpron

AéWlep mou Ba l0€NBeL o€ €vav wingler pe mepiodo A, =5mm.
H ekmepmopevn Séoun amd tnv aAAnAemidpacn TNG OXETIKIOTIKAG SE0UNG TwvV
nAektpoviwv e tov wingler Ba £xet ptiKkoc KUpatoc A=0.65 10° m fj 0.65 nm , drou

_ 1x10°MeV
"= 0 511MeV

=1960.70. KaBe dwtovio €xeL evépyela 1.909 keV kal n XpOVLIKN
Sldpkela Tou MaApoU eival pikpotepn twv 100 fs. EMAEXONnke meploxn €otiaong n
omola €xel KUKALKN Statopn Kal aktiva o = 100 nm. Tnv woxV mou Ba €xeL n aktiva
tou L-XFEL tnv umolAoyiloupe yvwpilovtag To cuvteAeotr anodoong, To MOCOoTO
SnAadn g eVEPYELAG TWV NAEKTPOVIWV TIOU UETOTPATINKE OE EVEPYELA GWTOVIWY
akTivwyv X. O ocuvteleotng edw elval epinmou oto 10%. H 1oxUg Tng mMaAUKAG S€oung
TWV NAEKTPOVIWV Pepeam €lval (on pe TO YWWOHUEVO TNG TAONG €ML TNV £ViOOn TOU
PELUOTOG.

1x10°Cb

110 P eec 1x10"Watt
X

P, =V.1=1x10°-

ebeam

MNa xpovikn dapkela moApou 100fs n evépyeld Ecpeam €lval ton pe 1 Joule kat yia
anodoon otnv €060 tou wingler ion pe 10%* n evépyela aktvofoliag tng S€ouNg

Ba eival Eepeam= 0.1 Joule. N'vwpilovtag tnv evépyela Pplokoupe TV oYU Twv X-ray

1012

W=3.18><1021W/Cm2 . Evd n évtaon
72'.

P=1*1012 Watt kaL tnv évtaon | =

Tou nAektpikol mediou £ bSidetal amo tn oxeon & =,/ Cl =1.09x10" V /m.

KaBopilovtag TG amapaitnteg MopaUETPOUC TIoU xpelalovtal, TO €MOUEVO PBAua
elvat n oapBuntiky avalvon wote va Olamotwbel kotd mocov pmopel va
epapuootel n mMpPooEyylon Tou ouvtoviopou. Avalntouvtat ta leuyn (h,q) mou
undevitouv tnv (1.24) [21], [28], dnAadn To Avw OpLO TIOU UTTOPEL va TTAPEL TO € Kal
TNV EVEPYELA TTOPAYOUEVWYV (EUYWV TIOU avtloTtolxel. H xpovikn Sldpkela Tou moApou
elval T = 100 fs kat o aplOuog Levywv divetal and tn oxéon (1.28). Ito Npadnua 2.1

oxeblalovtal ta onueia (h,q) mou wkavormoloUv Tn cuvobnkn Tou TEBnKe yla to AE
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1.00

0.99

0.98

0.97

| | q
15 1.6

fpadnua 2.1 Avwtato 6pto h tou § cav cuvaptnon tou g yia w=1.909keV

0 6ykog V ou cupBaivet n mapaywyn opiletat V = o2 - (0.14)7 = 6.5 10*°m?,
EmiAéyoupe To onueio mou BPIlOKETAL OTO KATWTEPO CNUELO TNG KOUTUANG He (€,q)=
(0.9532, 1.40). H moAudwtovikr dladikaoia €xel tagn n = 750 kol n €vtacn Tou

NAEKTPLKOU TIESIOU GTNV TEPLOXH TOU OTACLHOU KUpatog sivat 4.70 10° V/m.

21N ouvéxela oxedlaotnke n ocupmnepidopd tng nepBariovoag tng f, oe cuvdptnon

UeE To g ya £€=0.9632 (Mpadnua 2.2)

[MAovpiotaxng Iwavvng TeAiba 48



Melétn mopdywyns cmuaTidiwv-avtiomuaTioimy amo 10 KEVO Tapovoio. fpoydypovay Kol
VIEP-1OY VPOV NAEKTPOUOYVHTIKDV TEOLWY OTTO COYYPOVO, GOOTHUATO, AE1(ED

1.x107"7F
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4.x1078

\
2.x107 "8

|

1.30 135 1.40 1.45 1.50 155

fpadnua 2.2 H nepifarlovca tng f, ouvaptrosL TNG HOVASAG TNG EVEPYELAG NPEUiag g yua
€=0.9632 ko w=1.909 keV.

TNV Mepimtwon aut) xpnowomowtnke n kavoviky popdn tng oxéong ywa v f,
Xwpic va yivouv mpooeyyioslg tng ouvaptnong Bessel, 60tL n TtAén NG
TIOAUDWTOVIKAG EMITPENEL TOV aneuBeiag umoloylopd. And tn péylotn twun tng f,
Bpioketal otL n mo mBavr dwadikaoia €xel q=1.40 onwg sixe Bpebel apyika kot
ekppaletal and tnv tprada (np,qp,§)=(750, 1.40, 0.9632).

O aplBuog Twv cwpatldiwv N, Tou mapdyovtal cUVAPTACEL TOU ¢ amelkovi{ovral

oto Npadnua 2.3.
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4x10"t

3x100+ \

2x10%0} \

1x 100} /

1.35 1.40 1.45 1.50

Mpadnua 2.3 H nepBarouca Tou apldpol Twv MAPAYOHEVWY e’ e GUVAPTAGEL TNG HOVASAE TG

evépyelag npepiag g yia §=0.9632 kat w=1.909keV

O o mBavog aplBuog (euywv elval autog ou avtlotolyel oto q=1.40 (kopudn) kat
woutat pe 4.28 10 kau xapaktnpiletat and wm tpiada apBuwv (Np , qp ,€) = (4.28
10", 1.40, 0.9632 ). H évtaon tou nAektpikoy mediouv mapapével n Sl adol Sev
unnpée petafoln oto €. Ektog amd tnv €dptnon Tou aplBpol Twv TAapPOoyOUEVWY
{euywv amnod 1o g Ba efetdoou e Kal TNV e€aptnon tou amo Tto € (i and tnv évtaon
Tou nAektplkol mediou mou apeca €aptatal to € ) (Mpadnua 2.4). Mall pe tnv

KOQUTTUAN Ttou avtiotolxel oe g=1.40 oxedldoape kat auteg yla q=1.30 kat g=1.60.
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10101

fpadnpua 2.4 AplOpog napayopévwv {euywv No cuvaptiost Tou § (Kot tng £viaong Tou NAEKTPLKOU

nediov) yia w=1.909keV

Ano TO TAPAMAVW TOPATNPEELTAL OTL O&V UTIAPXEL ONUELO TOMPNG EVIOC TWV

ETUTPEMTWY 0PLWV TWV TLHLWV ToU &.

H mapamndvw avaAuon €ywve yla evépyela tng SEoung Twv nAektpoviwy ion pe 1 GeV,
EVEPYELX TIOU €lval €MITEVELUN TIELPOUATIKA, WOTOCO €lval n peyalutepn duvartn
HEXPL OTLYMNG. M autd to AOyo €xeL peyaho evdladépov va SOKLMOOTEL N
T(POCEYYLON TOU GUVTOVIOMOU KOL yla GAAEC ULKPOTEPEG EVEPYELEC TNG OECUNG TWV
NAEKTPOVIWY, WOTE va UTTOAOYLOTELN Ttapaywyr (EVYWV O EVEPYELEG TTIOU £lval TTOAU
€UKOAO va dnuoupynBolv xpnNOoLULOTIOLWVTAG TNV TTapouoa TEXVOAOyLa TTOU UTIAPXEL
OTIGC MeyaAe¢ Eupwmaikég eykotaotaoel Aélep. Oa akoAoubnBouv ol idlot
umtoAoylopol ylat Eepeam= 400MeV, 200 MeV kat Ba oxeblaotel 1o ypddnua tou

apLlOUOU TWV MAPAYOUEVWY CUVOPTHOEL TOU £ KAL YLA TLG TPELG TIEPUTTWOELC,.
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No
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0.92 0.94 0.96 0.98

fpadnua 2.5 AplOpdg mapayopévwv (EUYWV OUVOPTACEL TOU § yla €evépyela nAeKkTpoviwv

1GeV(kdkkivo) , 400MeV (npdoivo)kat 200MeV (UmAE).

KaBe kapmuAn tepuatilel oe SladopeTikod € OV €lval n HEYLOTN TLUA TTOU UTOPEL va
TAPEL Kal PplokeTal amd tnv amaitnon va diwatnpeitat n evépyela. MNa 1GeV n
noAudwtovikn tagn eivat 750, yia 400 MeV eivat 4723 kat yia 200 MeV 18833.

ErmutAéov OUYKEVTPWOAUE OTOV TOPOKATW TIVOKA TLG TIOUPAMETPOUG TNG SEOUNG

Aéllep

Evépysla MnKog Evépyela AplOpuog ‘Evtaon
HAektpoviwv | kUpatog XFEL | dwrtoviou (eV) | pwrtoviwv NAEKTPLKOU
Ee-beam laser (nm) niediov (V/m)
1 GeV 0.65 1909 3.27 10*® 4.7 10%

400 MeV 4.06 305 6.54 10 7.8 10*

200 MeV 16.3 76 1.63 10" 1.9 10"

JTOUC TAPOIAVW UTIOAOYLOHOUC To dpoptio tng S€0ung Twv nAeKTpoviwv eival ya
Vv evépyela tou 1 GeV nepinou oo pe 1nC, evw ota 400 kat 200 MeV 0.4 nC kat
0.2 nC avtiotolya. AUTEG OL TIHEC EMEAEYNOAV VLA VA UTTAPXEL LKOLVOTIOLNTLKY £VTOon

TOU PEVHATOC TNG SE0UNG TWV NAEKTPOVIWV.
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Emopévwg armo ta mponyoUeVa amoTeAEoUATA TTApATNPELTAL TO €€AG : AKOUN KOl oV
ehattwbel n evépyela NG SE0UNG TMPOKUMTOUV AVAAOYQ QATMOTEAECUATO HE TNV
apxkf evépyela tou 1 GeV. MdAlota o aptBudc Twv mapaydpevwy e’ e eivat tng
dlag taéng yla TG evépyeleg tou 1GeV kat twv 400 MeV. EmiBeBatlwvetal ya pia
okopa ¢dopd OTL oL HEYAANG TaEng moAudwTtovikeég Sladikaoieg (4723 évavtt 750 )
elval OXeTIKA QMOSOTIKOTEPEG KAL UE TO QTMOTEAECHUA QUTO €VIOXUETAL N Xprnon
OXETIKA HLKPOTEPNG EVEPYELAC OXETIKLOTIKNG S€oung nAektpoviwv. Ewdikotepa av
OUYKpLOel pe Ta avtiotolya amoteAéopata NG edaApUoyng TNG TPOCEYYLONG TOU
OUVTOVLOMOU UE €va cUoTnua AELWEP TIOU EKTTEUTIEL OTO OPATO, N MOAUDWTOVLKA TAEN
elval tpeig¢ taelg xaunAotepn, Yeyovog mou evBappUVEL Tn XPNOoN HLAC TETOLOG

SLatagng yLo MEPAATIKY EdapUOYH TOU GUVIOVLOUOU.

2.2 NoAudpwToVIKA Ttapaywyn e’ e amod To KEVO HE T Xprion
NG MPOCEYYLoNG TOU GCUVTOVIGUHOU Ot €va cuotnpa &uo
otaOpwyv, and pla dwataén availoyn tov nelpapatog E144

H Seutepn dataén mou Ba efetaoctel Paoiletal otn Siataén pe tv omoia
npayuatonolionke to meipapa E144 oto Stanford Linear Accelerator Center (SLAC)
TIOU LOTOPLWKA €lval n mpwtn melpapatiky enBeBaiwon tou ¢avopevou Tng
napaywyng nAektpoviwv molltpoviwv amd aAlnAenidpaocn dwrtoviou-dwtoviou
[18], [39], [40].

Apxiloupe pe pla ocLVTON Tapouciacn Tou nelpapartog E144, Ba cuveyiocoupe
HE TNV Slataén mMou XPNOLUOTIOLOUUE Kal Ba OAOKANPWOOUWE TNV €vVOTNTA UE TA
QIMOTEAECUOTO  TNG XPNONG TNG TPOCEYYLONG TOU OUVTOVIOMOU TAVW OTN
TPOTEVOEVN SLdtaln.

H avtipaon mou ekppdlel tnv alnAenidpacn dU0 PwToviwv ypadTnKe MPWTN

dopad amnod toug Breit - Wheeler kat eivaln e€ig [17]:

w+aw —ee
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H mukvotnta mbavotntag yla avtr tnv avtidpaon ivatl [40]
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Omnou opwelval n evepyog Statopn TnG aviidpaong, w, W’ oL EVEPYELEG TwV SUo
dwTtoviwv Kal py, Py’ OL TTUKVOTNTEG TWV SU0 dwTtoviwy tou aAAnAemidpouv. AKOUN
ro €lval N KAQOGOLKI) QKTLVO TOU NAEKTPOVIOU KAl m n HAla TWV MOPOYOUEVWV
owpatdiwv. Na toxupd H/M nedia n mapandavw avtidpacn Unopel va

TipaypoTomnoLnBel 6tav n MAPAUETPOC N ival peyaAUTepn TNG povadag, e

e,
Mmcw’

77:

Onwg Stamotwvou e eivatl dla pe tnv mapdpetpo § . EmutAéov auth n dStadkaoia
UTMOpPEL va POy Lo TOTIOLNOEL LE TTEPLOCOTEPA TOU EVOG PWTOVLA OTIOTE UMOPOULE VOl
HAdpe yla moAudwTtoviki Stadikaoia tou Ba tnv ovopaletal MoAudwTtovikog
UNxoviwopog Levywy Breit-Wheeler (Multiphoton Breit-Wheeler mechanism MBWPP)

Kal Ba ekdppaletal ano tnv avridpaon

w+nw —e'e

Omou n eivat o aplBpog Twv dwtoviwy ou aAAnAeTdpoLV pe Eva dpwtovio uPnAng

evépyelag. H evepyog Statoun yia tnv MBWPP [40] eivat:
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u, =nu,
k kat k' elvat Ta tetpadlaviopata TG opung Twv Gwtoviwy,
p KaLp' €lval OL TETPOOPUEC TWV TOPAYOUEVWVY owUATLSWY,

a eival n ywvia aAAnAenidpaong twv SUo decuwv.

H Swadikacia mapaywyng {euywv oto neipapa xwpiletal oe Svo Baolka otadia
(Ewova 2.3) : Ito mpwto n 6éopn evoc Aéllep aAAnAemidpd He o SEoun
nAektpoviwyv ( Mn ypapuikn okédacn Compton, Non Linear Compton Scattering) pe
QIMOTEAECHA TNV Ttapaywyn ¢wTtoviwv y uPnAng evépyelag. Xto deUtepo Ta dwtovia
mou napAxOnoav amnod 1o mpwto otddlo aAAnAerdpouv pe ta dwtovia g SEoUng
ToU A€llep KoL TOPAYOUV NAEKTPOVIA — TOUTPOVIO HECW TOU TOAUDWTOVIKOU

punxoviopou Breit Wheeler.
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Ewkova 2.3 Mapaywyr] {euywv nAektpoviwv molitpoviwv and tnv aviidpaon ¢wrtoviwv y He
dpwrovia tng 8éopung tou Aélep. Ta pwtdvia y mpoépxovral and tn okédaon pwrtoviwv tou Aélep
oo ta NAEKTPOVLAL.

© SLAC Experiment 144 Home Pagehttps://www.slac.stanford.edu/exp/e144/

H péylotn evépyela twv nAektpoviwy ya tn Stataén tou SLAC ntav 46.6 GeV Kot Twv
omnoBookedalopevwv dwtoviwv Aéwlep 29.9 GeV pe pnkog kopatog 527 nm [18],
[40]. H ywvia oMnAentiSpaong Twv Vo deopwv eivat 17°. H §éoueg eivat umd ywvia
WOTE VA UMOPECOUME Vo LEAETAOOUUE TNV avtidpaon og éva cloTnua avadopag
OToU UTtAPXEL HOVO NAekTPLKO Tedio. Av Sladidovtal mapdAAnAa dev uUTIAPXEL N
duvatétnta va eUPOVIOTOUV UN YPAUUKA GOLVOUEVA KAl ETMOMEVWG TAPAYwWYN

{euywv.

To armoteAéopata TOU MEPAMATOS ATy OTL mapatnpndnkav 175+13 nmolitpovia oe
21962 maApol¢ tou AéWlep. H e€aptnon tng mapaywyng molitpoviwv R pe tnv

TIAPALETPO N dailvetal otn mapakatw Ewova 2.4
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na af positroms ¢ laser shit

T al leised Bl
Ewoévo 2.4. O apBpog Tov molitpoviov mov tapdyovral amxd Evav wolpo Aélep cuvapTicel
™G TOPUpRETPOL 1| oL YopokTnpilel TV évraon Tov mediov. H oxiaypaenuévn meproyn eivan
o 00pvfog otn pétpnon tov molitpoviov. IMapatnpodpe 6TL 01 peTpfoElS pPmopovv va
0cpnBoVV oA peyordtepes amd 10 00pVPo, cuveEn®S pwopovv vo. EpunveLBOVY g didvun

véveon amd 1o Kevo pe Ty arlinieniopaocn pe to H/M medio Tov Aéilep.
© https://doi.org/10.1103/PhysRevLett.79.1626, License Number: RNP/18/JAN/001004

H ypaupn mou xapaxtnke yla va Mpooeyyiosl ta Sedopéva Tou TEIPAPATOC EXEL
oupmepLpopd VOUoU SUVAMNG KAl TO CUYKEKPLUEVO NG Mopdng Rocn®. H
noAudwTtovikn Taén n eivat ion 5.1+0.2. AnAadn 5 pwtovia tng déoung aviedpaoav
HE €va ¢wtovio TNG okedaldopevng S€oung ywo v Snuwoupyia evog levyoug

nAektpoviou molltpoviou.

Jtn ouvéxela yivetat mepypadn NG TPOTEWOPEVNG Slataéng mou  Ba
xpnowlornownBel yla HeAAOVTIKO Telpapa o€ auth TV gvotnta. MMmopoUue va thv
Xwploovpe 6U0 Paockéc ¢aocelc. H mpwtn ddaon adopd TNV Tapaywyr Kot
ETUTAXUVON NAEKTPOVIWV OE OXETIKLOTIKN ToxUTnTO HE TNV XprAon Ppaxuxpovng
6€ouncg Aéllep peyaAncg évtaone. H Seutepn dpaon adopd tnv eotiaon déoung Aélep
TIOU TIPOEPXETAL OO TO (1610 cuoTNUA HEYAANG LoxUog Aéllep ou Ba aAAnAeTudpacel
LE TNV OXETIKLOTIKN SEOUN TWV NAEKTPOVIWV KATOTILV XWPO-XPOVIKOU GUYXPOVLCHOU
Twv SUo deopwv. Avadepopeba OMwWE KaL TPONYOUUEVWG 0€ SECN NAEKTPOVIWYV E

evépyela 1GeV Tmou mapdyetal and woxupd AMwep évtaonc 1=10%° W/ecm?  kat

[MAovpiotaxng Iwavvng TeAiba 57



Melétn mopdywyns cmuaTidiwv-avtiomuaTioimy amo 10 KEVO Tapovoio. fpoydypovay Kol
VIEP-1OY VPOV NAEKTPOUOYVHTIKDV TEOLWY OTTO COYYPOVO, GOOTHUATO, AE1(ED
evépyelag pwtoviwv tou 1 eV. H Baotkn 6€a yLa tnv Xprion auTr¢ TNG TMEPAUATIKNAG
Slatagng eival otL oto clotnua avadopdg TwV NAEKTPOVIWV TO NAeKTPKO medio
KaBwg Kal n evépyela Twv GwToviwy elval OXETIKA TTOAU HEYAAX PE ATIOTEAECUA TNV
BeAtiwon tng amodoong mapaywyng {euywv. H yewpetpila tg okédaong Sivetal

amo tnv €lkova 3.5:

Ewkova 2.5 H YEWHETPLKA ELKOVA TNG 1N YPOULULKIG okESaong Compton.

Av g€eT@O0OUE TO ALVOUEVO PE cUOTNUA avadopds To cUOTNHO TOU €pyacTtnpiou

TOTE n evépyela tou okedalopevou dwtoviou divetal ano tn oxéon [62]

~ 2n(k-p)&
" m?+2n(k-p)+E%6°

)

omou (k-p)=8a)(1+cosa). H evépyela tou omioBookedalopevou ¢wtoviou

gfaptatal amd TNV MAPAUETPO € pHéow Tou Opou mM*. Na ywvia 6=0 n evépyela
yivetal péylotn. Epeic ekpetalAevodpevol to avaAloiwTto Tou GalVOPEVOU WG TIPOG
TO ouotnua avoadopag, EMAEYOUUE VO EPYOOTOUME OTO ocUOTNUA oavadopdac Twv
NAEKTpoviwyv. AUTA AOYW TNG OXETKIOTIKAC Kivnong toug Ba «douv» éva
HETAOXNUATIOMEVO TteSlo o€ €vtaon Kal evépyela dwtoviou (patvopevo Doppler). O
HUETAOXNHUATIOUOG YIVETOL LECW TOU OXETIKLOTIKOU ouvieleotn Lorentz y.. Me auto

TO OKEMTIKO Ta NAeKTpOVLa BAEMOUV éva HeTaoxnpatiopévo H/M medio pe évtaon
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8* :yLé‘laserlab :7L \]luoCI (22)

Eepean  1GEV

an. _ =1956.95.
mc?  0.511MeV

HE 7 =

$TO GUOTNHO TOU epyactnpiou n évtaon tou Aéwep eivat 1=1 10°W/m? kat and v

(2.2), &=2.110""v/cm.

14 14 I U r *
H petaoynpatiopevn evépyela Twv GwTtoviwv oTo oUoTNUA TWV NAEKTPOVIWY E photons

divetal and tn oxeon E ;o0 = 71 E photons -

Ephotons€lvVaL N EVEPYELA TV PwTOViwv 0TO cUoTNpa avadopdg Tou Epyactnpiou.

*

photons

‘Etol éxoupe E =1956.95-1eV =1.956keV evépyela mou Bploketal otnv meploxn

TWV aKTivwv X.

, . . , . c
To MAKOG KUMATOG TNG METAOXNUATIOUEVNG OKTWVOBOALQG LooUTaL e l:h—=
0]

0.1nm.

2to E144 kal otn dataén mou mpPoTeivoupe eV €XOUUE OTAOCLUO KUPQ, aAAd av
EPYQOTOUUE O0TO cUOTNUO avadopdg TwV NAEKTPOVIWV n €viaon Tou NAEKTPLKOU
nediou maipvel peydhec tpée, (¥10%° V/m) kau n oxéon E2—H? >0 wavomnoteital.
Emopévwg pmopet va cupPel moAudpwtovikn mapaywyn Euywv mapoucia Loxupou
NAEKTPLKOU Ttediou. Auto mou pog evoladEpel otn oUVEXELA lval n meplmTwon TG
moAupwTOVIKNG Tapaywyns leuywv avtipetwrilovtag to kevod wg cvuotnua dvo

’ I I I I ’ *
otaBuwv oe ouvioviopo. H evtaon tng 6€oung oto cuoTnUa TwV nAekTpoviwv |

’ * l * y ' 1 .
glvat | =—(&")? = 7.56 10°°W/cm” H évtacn tou nAektpikol mediou yia To (510

o

cvotnua eivar £*=5.37x10" V/cm.0 apBués twv dwrtoviwv ota Svo
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ocuotuata avadopdg eivat iloog. Ano tnv évtaon | Tou AéLep TOU XPNOLUOTIOLOUHE (
1 10%°W/cm?) ka yvwpilovtag TiC SLacTdoeLS Tou e0TIE{OUME T 60N (SLAUETPOC
KUKALKNG €0Tlag r = 50um) kot tn Xpovikn Stdpkela tou maApou (10 fs) Bplokoupue
TNV €VEPYELO avA TOAMO TNV omola SLOLpOUUE UE Tn evéEpyela evog pwtoviou Kkal
urtoloyioupe Tov apOud Twv dwrtoviwv. E=l-7-r?-7=15.7). KoL 0 apOUOS
dwroviwv evépyelag leV eivar 9.8 x10™. Autéc ol Tpéc adopolv To cloTnua
avadopdg Tou epyoaotnpiou. Av petaBoupe oto ovotnua  avadopds TwvV
nNAeKTpoviwy TOTE N evépyela elval (on HE TO YWVOEVO TOU aplBpol Twv dwTtoviwv

HE TNV METAOXNHOTIOUEVN €VEPYELD TOUu ¢wtoviou mou eivat 1.956 keV.

E" =9.8x10"*1956 =30713J .

3TN CUVEXELa Ba MPOXWPNOOUUE OTNV apLlBuNTIKA avaAuon yla tThv edappoyn

NG MPOCEYYLONG TOU CUVTOVIOUOU.

Availntoupe ta Zevyn (h,q) yla ta omoia n e€iowon (1.24) yivetal pndév. H evépyela
TOU €L0AYOUE oTn oxéon elvar n E =30713J. O dyko¢ Tou AauBdvel xwpa To
pavopevo tne mapaywyng napapével V = o2 -(0.11)7 , 6mou A=0.1nm, 6=50um Kat
1=10"s. H aktiva tne SLaTopAc o KAl 0 XpOVOC T MaPEPEVAY oTABEPEC KATA TV
oA\ayn ocuotnuatog Kobwg To ywopevo toug &ev aAAdlel AOYyw OXETIKLOTIKWV
dawopévwy. Ito ypadnua 2.6 ameikovilovral ol TIHEC aUTEC Ttou pndevilouv tnv

eflowon.

15 1.6

fpadnua 2.6 Avw 6pto h(§) ouvaptiosL tov q yla w=1.956 keV

[MAovpiotaxng Iwavvng TeAiba 60
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EmtiAéyoupe to onpeio pe ( §,9) = (0.9632, 1.41) mou BploKeTal OTO KATWTEPO ONUELD
NG KAUTUANG. H TLur tou q avtiotolyel o moAudpwtovikn Stadikacia tagng n=735. H
€VT0ON TOU NAEKTPLKOU TIeSioU oTnV TEPLoX TNG mapaywyn¢ sivat 4.88 10" V/m. H

ocuvaptnon f, ouvaptiosl Tou q daivetal and TNV mapakdtw ypadikn (Fpadpnua

2.7).
fn

1.x107"7

8.x107"8 | / \
\
\\

B.x1078 | \

4.x107"8

2.x1078 L

/. ! L ' L \M—
1.30 1.35 1.40 145 150 155

fpadnpa 2.7 H nepifaAlovoa tng f,ouvaptioeL TnG povadag tng evépyeLag npepiag q yia §=0.9625
Kot w=1.956 keV.

H ouvaptnon €xeL péyloto yla q=1.41 kot n o mbavn Stadikacio yapaktnpiletal
amno tn tpLddo aptBuwv (ny a,,§)=(735, 1.41, 0.9632). Xtn cuvéxela Ba efetdooupe
TOV MOPAyOUEVO aplOpo cwpatdiwv N, cUVAPTACEL TOU g WOTE UTTOAOYIOOUUE TOV
mo mBavo aplBud nAektpoviwv molitpoviwv. Ixedialoupe TNV avrtiotoln TNG

TapAAVW apactacng tou aplBpou No cuvapticeL tou q. (Fpddnua 2.8 )
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No
1x10"}
8x10"} /
6x10%5 |
4x10"
2x10" |
/ ) i " = q
1.35 1.40 1.45 150

rpadnua 2.8 H nepifaiiovca touv aplduou {euywv No cuvapTroEL TNG LOVASAG TNG EVEPYELOG

npepiag q yla §=0.9625 ko w=1.956 keV.

Ta mapaydpeva Zevyn v thv o mbavr Swadikaocia pe g=1.41 eivar 1.33 10
(kopudn TNG KAUIUANG ) Ko ekdpdleTat pe To yvwoto Aén cupBoAiopod (Ny, gp ,§) =
(1.33 10, 1.41, 0.9625 ). Tehewwvovrac, Ba Sovpe mwe petaBdMetat o apBudc No
OUVOPTHOEL TOU & KOL CUVETTWG TNG €vtaong Tou nAektpkol mediov (Mpadnua 2.9),
yia g=1.41 kat yta SU0 AAAEG TIMEG, MO HE peyalutepo q (1.47) kol pla pe
HLKpOTEPO (1.35).

0.001

0.92 0.93 0.94 0.95 0.96

fpadnpa 2.9 AplOpog napayopevwv Levywv No cuvaptiost tou § yia g=1.41( npdaoivn ypauun),
1.35 (kokkwn ypoppn) 1.47 (unAe ypoppun). w=1.956 keV
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OAOKANPWOOME TOUC apPLOUNTIKOUC UTIOAOYLOMOUG Yyl TNV TEPLTTWON ToU N

EVEPYELA TWV NAekTpoviwv eival oto 1GeV. Oa cuvexiocoupe TNV avaAucon auth Kot

ylO LLKPOTEPEG EVEPYELEC TNG SETUNG TWV NAEKTpOViwy. AUTO yivetal kaBw¢ ival o

€UKOAO TIELPOPATIKA VA TIETUXEL KaVELG evEpyeleg Twv 200 1) 400 MeV Kal EMOUEVWG

€va Telpapa mou Sle€AyETaL O QUTEC TIG EVEPYELEC EKTIMOUUE OTL Ba €XEL pHeyAlo

evlladpépov, epooov umopet va €xel kaAn amodoon otn dnuloupyia {euywv. Onwg

KOl YL TNV TTPONYOUREVN €vVOTNTA OOl TAPOUGCLACOUE TA ONMOTEAECHATA HLECW TOU

AoyaplBuikol ypadrnuatog Tou aplBpol Twv mapayouévwy (EUYwWV CUVOPTHOEL TOU

£

No

10101

106 F

0.90

0.92

0.94

Y
0.96 0.98

fpadnua 2.10 AplOpOG mapayouévwy (EUYWV OUVOPTHOEL TOU § yla eVEpyela hAEKTpOViwv

1GeV(kdkkivo) , 400MeV (rtpdoivo)kat 200MeV (UmAE).

OLmapapetpol tng d€oung divovtal otov mapakdtw mivaka (oTo cuoTNUA TWV

NAEKTpOViwv)

Evépysla MnKog Evépysia | AplOpoG ‘Evtaon
HAektpovi | KUpOTOG dwtoviov | pwrtoviwv | nAekTpLKO
WV Ecpeam | laser (m) | (eV) U ntediou

(V/m)

1 GeV 0.605 1909 9.8 10" 4.7 10"

400 MeV | 1.5 782 9.8 10" 7.8 10"

200 MeV |3 391.3 9.8 10" 1.9 10"
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MapatnpoUpe OTL edw OTL 0 aAPLOUOG yla T Ttapayopeva (evyn eival gival mapa
TIOAU PEYAAOG KL VLA TLG TPELG EVEPYELEG. OL TIUEG Elval LEYAAUTEPEG QMO AUTEG TTOU
UTTIOAOYLOOIE OTLG TIPONYOULEVEG TIEPUTTWOELS. AUTO Kuplwg odeilletal oto moAU
HEyaAO nAektplkd Tmedio mou Onuioupyeital oto olvotnua avadopd TWV
OXETIKLOTIKWYV NAEKTPOVIWV KOL OTN OXETIKA HEYAAN ToAudwTtoviky TAEN TG
Swadkaociog mapaywyng leuywv HEOw ouvtoviopou. H amddoon eudaviletal
awoledon n emaAnbsucon tnNg omoilog MmMopel va yivel HECO TPOTELVOUEVOU
TELPANOTOC O UTtapyouoes Eupwmaikég i kat EOBvikég (onmwg to CPPL Center of
Plasma Physics and Lasers — TEl of Crete) eykataotdoelg Aéwlep. AMO TIG KOUTTUAEC
TIou oxedlaoape punopoL e va TpoPAEPoupe Tov aplBuod twv cwpatidiwv avaioya
LE TNV €vtaon Tou nAekTplkou Tediou mou Ba XpNOLUOTMOL|COUE KL TNV avTioTolxn
evépyela pwTtoviou. 000 HELWVOUE TNV EVEPYELA LELWVETAL AVTLOTOLXO KOL TO EUPOC
TWV EVEPYELWV WE TI OMoleg mapdyovtal ta {evyn KalL aufavetal n tafn tng
noAupwtovikn¢ Stadikaoiag. Auto eival Aoyikd KaBwg 600 PELWVOUUE TNV EVEPYELD
TWV NAEKTPOVIWY, HELWVETAL KOL O OXETLKLOTIKOG CUVTEAEOTC Y KOL QVTIOTOLXOL KAl N
eVEpYELd TwV PwTtoviwv oto cuotnua avadopadc tTng S€oUNg Twv nAEKTpoviwv. Me
To (610 OKEMTIKO €€nyeital Katl n avaloyn avénon otov aplBuo tng MOAUPWTOVIKNG
taéng oto Laser XFEL evw mepvApe oe XOUNAOTEPEC €VEPYELEC TNG OE0UNC TWV
nAektpoviwyv. Emiong mapatnpeitol pla avénon tou ouvteAeotr € mMpaypo TOU
onuaivel OtL Kal To NAEKTPLKO Tedio €xeL LeyaAUTEPN TLUN, OTTO AUTH TIOU €XOULE yLa

10 1 GeV.

Av dolUpe Ta pNAKN KUPOTOC TwV PwToviwv Kal ota SU0 CcuoTAHUATA TOU
kedalaiou SLATILOTWVOULE TWE KAl yla Ta SUO €XOUUE VA KAVOUWE OTNV oucia Ue
TIELPALATO OTIOU TO EUMAEKOUEVA OTNV aAAnAemtidpacn dwTtovia eival otnv neploxn
TWV aKTVWV X, OTIOU JEV OTN MPWTN Katookeualovtal Apeca HECw ToU wingler evw
otn OeuTeEPN TPOKUTITOUV aTO TO HETAOXNMATIONO Tou edapudleTal KOTA TN
puetafaocn pag amd To oUOTNUO TOU EPYOOTNPlOU OE QUTO TWV OXETLKIOTIKWY
nAektpoviwy. Mpotiuotepn amd T dU0 Oouykplvovtag TO AnMOTEAECUATA TNG
TIPOCEYYLONG TOU CUVTOVIOMOU o€ KABE pLa, eival autr) tng SeUTtepng evotnTacg, Aoyw
TOU peyaAUTepou aplBuol leuywv ou Umopel va Swoel aAAd Kal TwV UKPOTEPWV

o€ £vtaon NAeKTplkwy mediwv mou amattouvtal yia va AaBel xwpa to patvopevo. To
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Laser XFEL pelovektel AOyw tou wingler, pe amoTéAeopa Vo €XOUUE HLIKPOTEPN
EVEPYELA ava TTAAUO amo tn Sevtepn Statagn . Qotoco Kal ol U0 amoteAouv napa
TOAU eVOLOPEPOUCEC TIPOTACELC Yylo TNV TIOAUDWTOVLIKH Ttapaywyr nAeKTpoviou
nolltpoviou amd TOo Kevo Bswpwviag¢ to ocav ocuvuotnua 6vo otabuwv. Ta
XOPOAKTNPLOTIKA TNG O€0ung upmopoUv va PeTAPANBOUV pE OXETIK €UKOALA
oAAalovtag TNV eVEPYELA TWV NAEKTPOVIWV KoL KOT ETEKTOON TNV EVEPYELX TWV
dwtoviwv mou aAAnAemidpouv. EKTOC amd autod UMOPOoUUE avAAOYd HE TIG XWPLKEC
Sl00TAoELG IOV €TUAEYOUUE va Yivel n eotiacn g 6€oung va Slapopdwooupe TN
€vtoon ¢ aktvoBoAiag. ESw emAé€ape SLaoTACELG TNG SECUNG TETOLEC WOTE va
LNV UTIAPXEL TO EVOEXOUEVO VLA LKPEG EVEPYELEC TWV NAEKTPOVIWV VO TIEPACOULIE TO
opLo mepiBAaong. O Aoyog Tou pmopet va cUMPBeL auTO elval n avénon Tou HUAKOUG
KOUATOG, OTOV ETUAEYOULE ULKPOTEPEG EVEPYELEC TWV NAeKTpoviwv. Etol emAé€ape
oKtiva TG 8€0UNG va PNV glval peyalltepn amo to oplo mepibAacng tng S€oun
Aéllep MOU TapAyYETAL A0 NAEKTpOvVIA evépyelag twv 200 MeV. TéEAog TpEMEeL va
ONUelWOel Ol TAPAUETPOL TWV TIELPAUATWY EMEAEYNOAV HE OKOTO va PNV €lval
oKpaieg AAANG TUTIKEC TILEC WOTE TA OTTOTEAECHLOTA TIOU TUPOLE VAL Elval 000 YiveTal

TIO PEOALOTIKA KAl AUECA EPOPUOCLUA VLA TIELPAUATA.

Ta mapandavw amnoteAéopata Snuoolevtnkav otnv dnuoocieuon [28] (BA.

Napaptnua)
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Kedalaio 3

Napaywynl {evywv OwWHATSIWV— avIIOWHATISIWY
oG TO KEVO ME TN XPNON TNG MPOOCEYYLONG TOU
davtaotikol xpovou

Ita mponyoUpeva Kedpalala avamtuxdBnke n moapaywyrn NAEKTpoviwv molltpoviwy pe
TN XPNon NG MPOCEYYLONG TOU GUVTOVIOMOU Kal LEAETAONKE EKTEVWE N amodoor] Tng
W¢ TIPOC ToV apLBud Twv mapayopévwy (euywv. H emtiteuén tou akptfr cuvtoviopou
TELPAUOTIKA WOTOOO AVAUEVETAL VO TIOPOUGCLACEL KAToleG SUOKOAlEG. Me auth Tnv
adopun Kplvape KaAO va EEETOOTOUV KAl LNXAVIOLOL TTou To cuotnua dev Bploketal
OE OUVTOVIOMO HE TO €EWTEPLKO TESL0. Z€ AUTA TNV MEPLTTWON OL AMALTHOEL, OO0V
adopd tnVv £€viacn tou nAektpkol mediou peyalwvouv, oAAA pEcA QMO TNV
Slepevvnon Ba deifoupe OTL TETOLOU €ld0UC oxpaTa OWE aUTo Ttou Ba meplypadetl

UmopoUV va o8nyrnoouV o€ TIELPAMATLKI EMOANBeUCN TOU aLvopEvou.

ZUPdWVA LE TO OKETITIKO AUTO, HEAETNONKE N MPOCEyyLon Tou GpavtaoTikou XpoOvou
(n mpoogyylwon Popov) ya pa dataén avaloyn Ttou mepapatog E144, otnv
TEPLMTTWON TOU Ta Ttapayopeva cwpatidla eival nAektpovia kat molltpovia aAAd

KoL HecoOvLa TU Kal U (ruovia) [41].

ZUpdwva PE Toug aplBUNTIKoOUG UTIOAOYLOUOUC TIoU Eyvav UE BAon TG OXECELG TTOU
TEPLYPAPOUV TN TPOOCEYYLON Kal Oa TMOPoucLOOTOUV OVAAUTIKA OTn OUVEXELA
emPBeBawwvetal n moAudpwtoviky GuonN TOU PUNXOVIOUOU KoL OTmoSEIKVUETAL N
umapén meploxng pe onuela Toung (crossing points) peTtafl TWV KOUTUAWV TIOU
avamaplotolv  To TMANBOG NG mapaywyng (euywv yla SLadOpPETIKEG EVEPYELEC
dwtoviwv. EmumAéov mapatnpnBnke OTL av €XOUME TepLTtol N ApPTou aplBuoul

TOAUPWTOVIKN TAEN auth emnpealel to pubuod mapaywyng [41].
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TeAewwvovtag dlepeuvnBnke n UTIAPEN EVOC UNXOVLIOMOU TIOU ETUTPETEL TNV ETUAOYN
Tou €l6ou¢ Twv Tapayopevwy cwpatidiwy, KabBws mMPoekuPe TO EpWTINUA €AV N
TLAPEXOUEVN EVEPYELA ETIAPKEL yla TNV dnuloupyia moviwv f Ba katavalwbBel katd
TNV Snuoupyia ee’. ESw e€nyrOnke otL ivat Suvath n mapaywyr] TOVIWY Kot To
OKEMTIKO Oa avaAuBel S1e€obikd oTo KUplwG HEPOC Tou KepaAaiou Kal eival éva

ONUAVTIKO oToLKElO TtoU yla TpwTn dopd napouactaletal otnv dtedvr BLpAloypadia.

3.1 Mé£0obdo¢ tou davraotikol xpovou (Imaginary time
method) — MovtéAo Popov.

H péBodog tou davtaotikol xpovou ePpapUOoTNKE KUPLWE yLo TNV TEpLypadr Tou
dUOLKOU GALVOUEVOU TOU LOVIOHOU TWV ATOUWV KOl EMEKTABNKE oTnV Teplypadn
™G mapaywyng levywv dpepploviwv kat prmoloviwv yla otabepd kot eVaOANACCOUEVA
Xpovika efaptwpeva nAektpika media. H péBodog mpooeyyilel tnv mepimtwon
Snuovpylag cwpatdiwv péow plag Olepyaciag onpayyag omAomoLwviag Tov
umoAoylopd tng mbavotntag W . H ewkova tou Popov yla to kevo Paciletal otnv
€lKOVA €VOC cuoTiatog U0 oTaBuwWVY OTIOU TO YEYOVOC TNE Mapaywyng cwuatidiwv
avtlowpatdiwv ekdpaletal and tn PeTafacn amd TNV KOATWIEPN OTNV AVWIEPN
otadun. H petafaocn auth pnopet va emnitevyBei site péow PpatvopEvou onpayyoc

Slapéoou Tou Suvapkol Tou Kevou (2mc?), eite pe MOAUGWTOVIKES Sladikaoieg,

2mc?

ho

OTIoU 0 €AAXLOTOG aplBuoG pwTtoviwv Mou amalteital gival (0og pe n= . H

mlavotnta ylo plo TEtola petafaon mapoucio NAEKTPIKWY TESIWV pmopel va

ypadet oav aBpolopa mibavottwv Stadikactwy MoAwv pwtoviwv W, .

[MAovpiotaxng Iwavvng TeAiba 67



Melétn mopdywyns cmuaTidiwv-avtiomuaTioimy amo 10 KEVO Tapovoio. fpoydypovay Kol
VIEP-1OY VPOV NAEKTPOUOYVHTIKDV TEOLWY OTTO COYYPOVO, GOOTHUATO, AE1(ED
|

2

) m.C s . . ,
Omou n, = he A Kot oL TOAUDWTOVIKEG TIBAVOTNTEG ypddovialL o€ Opoug
0]

OAOKANPWHATOG TMAVW OTLG TPEL OUVIOTWOEG TNG OPMNG TWV OcwHaTdlwy
p= ( P, pH) TwV mapayopuevwy nAektpoviwv (1 molitpoviwy) kabeta kat mapdaAAnia

ot0 £pappolOUeEVO NAEKTPLKO Tedio.

H muBavotnta piag dtadikaciag n pwrtoviwv Sivetal anod tn oxéon [8], [42], [43]

1/2
(2s+1) how (n—n, 2me® ,  2f
W = J exp| — f——2L(n—n 3.1

§ 27r2Vc mc? A, n &P ho Al( 0) (3.1)

2tn oxéon (3.1) o ouvteAeoTn¢ s lval l0og pe 0 oTNV MEPLMTTWON TWV Utoloviwv Kot

{oog pe 1/2 yia tnv mepintwon twv deputoviwy, m, =9.1093x10°"kg (0.5MeV /c?)
elvat n péZa twv nhektpoviwv A m_ =2.488x10*°kg (139,570MeV /¢?) n pdda twv
nioviwv avtiotoxa, V, = h4/ m:ﬁ c® elvat o TeTpa-6ykog Comptontou nAektpoviou A

’ . - -14 ' I
Tou rioviou mou eivat 7.48 107° ka 2.16 107 m’s avtiotola. EmutAéov

mc? 4 >
b=y A= SEGO) v =YL 62)

omou N, elvatr n katwtepn tafn moAudpwtovikn OSadikacia wote va ocupPet

napaywyn {euywv Kal To A ekppalel To EUPOG TOU EVEPYELOKO KEVOU HETAEU TOU

ouvexoUg kat E(.) elvat to mAfRpeg eAeuttikd olokAnpwpa deutépou eidoug. Ot

ouvaptioelg A, A,,J. I, T, f, f, exppalovral avtiotorya
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M=ZWKEO), A== (IEW (),

J, = J'Ole'(”’”‘)’X2 [1+ o(-1)" cos §nx} dx,

|=2 L_L x:ﬂ (3.3)
Al AZ ) p )
(n—n,)mc’
=2 AL Pilio g
& =2yv(7) P

f=TV  f=mw(y)2=(117)f
e (r)12=(11y)f,

Orou K(.) elvat to mAnpeg eMeuttikd olokAfpwpa mpwtou giboug . o0=1 ywa ta
nAektpovLa Kat -1 yia Ta Tovia kat p, givat n mopdAnAn 1pog to NAekTpko medio

OUVLOTWOA TNG OPUAG P TOU TTOPAYOUEVOU owHaTLSlou.

Ano tnv (3.1) €ayovtal oL aIMAOTIOLNUEVEC LOUUMTWTLKEG OXECELG OTIG OToleC Ba
avadepBoupe av kal Sev Ba xpnoluomnotnbouv otnv mapovoa epyacia. MNa g dvo

neploxegtov y ¥ <1 kat y>1 €xoupe:

MNa tnv nepimtwon onov y K1to paocua nzw twv dadikacwyv n pwroviwv eival

TIPAKTLKA CUVEXEG Kol SIVEL TO N SLOTOPAXTIKO ATTOTEAECUA

1 1
w, :22/3—7f4\/c(8° /8)5'2 exp(—ﬁ(é‘c /8)(1—572 +0(74)D

Evw o0 aplBuog twv mapayouévwy evywyv divetal amno:

N(7)=2"ni(&,1&)" exp —ﬂgc -1t

T €lval n xpovikn SLapKeLa Tou TaApoL.

Opwg yla tnv moAudwtovikn kat Statapaktikig puoewg nepintwon y>1
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2n
1 - e
w, :Tsvc(no) 5’2(4—7] q(n-ny)
1 =2(n-ng 2(n—n0) _
q(n—no):ae A )IO e't™2dt

KataAnyovtag ot e€nc:

_ 1 52 € 2
Wp - 2312 71'3Vc (nO) 4_7/

-2n
4 o
N (7) ~ 20" (_7) (wr/27)
e
EXeL yivel ektev) HeAETN TG mapaywyng €6 he tn xprion tg pebodou tou
davtaoTtikol xpovou AapBavovtag uroyn tn popdr Tou MaAUOU Kal T XPOVLKN ToU
SlapKeLla ylo TNV Teploxn tou opatol Kol twv XFEL otnv [12], evw otnv [13] n

nepintwon twv XFEL avaAletal pe Aemtopépela. Av Kat yla tnv nepoxn y>>1, o
apBp6g twv mapayopévwy Levywv N (7) akolouBel oupmepipopd Svvapng kau

ETIOUEVWG TTAPEXEL €va KOTA TIOAU TILO AmOSOTIKO pnXaviopod dnuoupylog euywy,
amaLTouVTOL GWTOVIA OPKETA UEYAANG evépyelag mou Ba Sivovtal amd peAAoOVTIKA
ocvotnuata AEWEP AKTVWY Yy €KTOC Kal av XpnoluomolnBolv AAAEG TEXVIKEG OTIWG
avadépetal otnv [28]. Na mapadetypa ya peAAovtikd cuotripata Aéllep Exawatt
Zetawatt [44], [45]ue evtdoelc mou mAnowdlovv to 10%°W /cm? kat dvw, n efiowon

(1.6) e hew=1eV, n, =1.02x10° kat évtaon nhektpkol mediov &€ =10 - 10V/m
(kovtd oto &), y=133x10"° «kat &dpkelo maAuov 7 ~150fs  Sivel

N (r) =1.5x10" Zevyn nAektpoviwv molttpoviwy.

Ta anoteAéoparta TnG anodoong TwV mapayopevwy (EVYWV TIou Ba ToPoUCLOOTOUV
yla nAektpovia kot movia e€nxbnoav amod tnv xprion tng¢ mAnpoug e€icwong mou
Tieplypadel OA0 TO €UPOC TWHWV TOU Y AVIL TWV QTTAOTIOLNUEVWY OOUUIMTTWTLKWY
eflowoewv. H emhoyn auth €ywve Aoyw tng duvatotntag tng mAnpoug eélowong va
Swoel KAAUTEPEG EKTIUAOCELC YOl TNV amoOdocon TNG mapaywyng (Euywv e8LKOTEPQ

otnv meploxn mou y=1[41]. Ot amAomoLNUEVEC OXECELG AVTIOETA OEV POG ETUTPEMOUV
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va LEAETAOOUUE MANPWG TO GALVOUEVO OE QUTH TNV TEPLOXN OTOU TAPATNPOUVTAL
OMw¢ Ba €€nyrOOUUE OTN CUVEXELA OPKETA evlladEpPOVTIA EUPHUATA OMWG OhUELN
TOUAG METAEU KOUTUAWV aplBpol mapayopévwy euywv ylo dadlkaoieg pe
SladopeTikég evépyeleg pwtoviwv. H Umapén TETOwwv onuelwv OSelxvel OTL
oAU pwToVvIKEG Sladilkaoieg peydAng TaEng umopolv va 08nNynoouv o HEYAAUTEPN

anodoon mapaywyng.

ErmumAéov péoa amod tnv Stepelvnon Ba peAetnOel katl n e€aptnon ¢ mMapaywyns

{euywv amod Tto av n mMoAuPWTOVLKN TAEN elval mepLTToU 1 APTLIOU aplBuou.

Enekteivovtag tnv peAétn Ba xpnoiwpomolnBel n mAnpng oxéon tou Popov yla tnv

Suvartdétnta mapaywyng moviwy.

MNa Ttoug aplBuntikoug UToAoylopolg Tou mapouctalovtat n  oxéon (3.1)
xpnotwpornowibnke otavn=n,+1, kabwg o 6pog autdg Ba Sdwoel tn péylotn
ocuvelodpopad. Emopévwg adol e€ayoupe yla tig Sedouéveg evépyeleg pwToviwv Kal
gvpoug €vtaong nAektpikol mediou TNV mMoAudpwrtovik tdén N, cupdwva PeE TNV
oxeon (3.2), umoloyiloupe TNV mukvotnta mbavotntag W yta nN=n,+1. Ma va
anodUYOUpE ACUVEXELEG OTPOYYUAOTIOLOUE TN N, +10TNV mio Kovtvh aképoata T
nou Ba oupPoAicoupe ocav [n0+1]. AUTO ouvemayetal OTL PE TNV avénon tNg

£€VTOONG ToU NAEKTPLKOU Ttediou n [n0 +1] TIAL{PVEL TIEPLTTEG KOl APTLEG TLUEG KAl AOYw

™G Umapéng tou opou 1+ o-(—l)n cos& X Tou J,, Tohaviwvetal avaloya onwg Ba

davel kot ota ypadnuata. Mpémel va onuewBel oOtL auty n Taldviwon
napatnpeitatl otnv Snuoupyia pepuloviwv (o=-1) kat pnoloviwv (0=1). Opwg 6nwg

elval avopevopevo OTav EMLXELPOOULE Va TIAPATNPNOOUUE Ttapayopeva evyn He
p,=0. Tote n mbavotnta W, ocl+0'(—1)n Silvel To yvwoto kavova eMAoyNG: T
deppovia (pe p,=0) mapdyovrat and neptrtol oplOPOU APHPOVIKEG CUXVOTNTEG
evw Ta progovia (pe p, =0) ard aptou aplBpou. Amo tn oTlypn Tou N Iapaywyn

{euywv nAekTpoviwv Kal Toviwv cupBaivel yia Sltadopetikég paleg cwpatidiwv Kot
€UPOG EVTAOEWV NAEKTPLKWV TeSiwy, ol TBavotnTeg Kal oL aplBuol mapayouevwy

leuywv e€ayovtal Eexwplota.
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Onwg €xoupe ndn avadépel okomog eival va edappootel kot va Stepeuvnbel
aplBuntikad n Bewpla Tou Popov oe pla mepapatiky datagn avaloyn autrng Tou
nelpapatog E144. Eival evéladépov va oxoAlaotel kal n anodoon GAAwvV GuUCIKWV
HUNXAVIOUWY TIOU UIOPEL KaVELG va epapudoeL o€ pia Tétola diatan. Av eTiAé€oupe
Va XPNOLLOTIOLOOUUE TO Unxaviopo Breit Wheeler péow pn ypappikng okédaong
Compton kat cuvunoAoyilovtag Tig anwAeleg mou Ba unapfouv Aoyw aktvoBoAiag
KOTA TLG OUYKPOUOELS dwTtoviwv — nAektpoviwv n andédoon tng mapaywyns (Euywv
Ba elval xaunAotepn amod autng tng Bewpiag Popov Adyw XaunAwv Slatopwv
okédaong (cross sections) ywa ta mapandvw oupPavta. Eva evdladépov
TIPOTELVOUEVO TIELPOO TIOU UIMOPEL va pa¢ SWOEL PLa EKTIMNCN TNG OUVELOPOPAG
€VOC TETOLOU pnxaviopou Breit Wheeler otnv diataén mou mpoteivoupe avaAvetal
oto apBpo [46] kaL oto onoio Ba avadepBoUUE 0 TTAPAKATW ONUELO KAL PE LEYAAN

AENTOUEPELA OTO EMOUEVO KEPAAALO.

3.2 Napaywyr {evywv e’ e pe tnv xprion dtdtang avaioyng
Tou melpapatog E144.

Ac¢ BewpnBel pa mepapatikn dtataén tng omola n Astoupyia Paciletal os dvo
otadla. 2to mpwto otddlo pla déopun Aéllep uPNANG E0TLAKAG Evtaong (OTou yla Tnv
TePUMTWon Tou ouothuatog ELI pmopel va ¢tacel o evidoelg Tn¢ TAEWC TOU
| ~10* W /cm? ), umep-Bpaxeiog Siapketag (7 ~150 fs ) kat evépyelag dpwrtoviou
hw=1eV xpnowomoleital yla TNV mapaywyn Kot emitayuvvon 8€oung nAeKTpoviwy

(doptiou wote va GTACOUV OE OXETIKIOTIKEG EVEPYELEG TNC TAENC TWV HEPKWV GeV
(Bewpntikég ektipunoelg ya to ELI dptavouv €wg ta 100 GeV), onwg meplypddetal
oTLG [44]. Z1o 6eUTEPO OTASLO TA NAEKTPOVIA CUYKPOUOVTOL UETWTILKA UE UEPOG TNG
dlac déoung Aélep, £€T0L WOTE N emMidpacn Tou payvnTkou mediou va BewpnBel

opeANTEA. 21O clotnua avadopdg Twv NAEKTpoViwv Ta GwTovia €XOUV EVEPYELA

e—beam

hw =y ho 6mov y = - elvaw o mapayovtag Lorentz, evw n €viacn tou
mc
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nAektpikol mediouv eivalr £ =y, €. H ddtagn avth eival 6nwg éxel avadepbet

avaloyn e auTr Tou melpapatog E144.

Me BAoOn AUTEG TG MAPAUETPOUC UTTOAOYLOTNKE N TIUKVOTNTA TBavVOTNTAG QMo TV
oxéon (3.1) ya TV [no+1] moAudpwTovikA TEEN o€ cuVApTnon He T éviaon &y
v nepintwon E =10 GeV . Ze autn tnv mepinmtwon nmapayovtag Lorentzeival

e—beam

7, =2x10". Ta anoteléopata daivovrat oto nuloyapBukéd Mpddnua 3.1 érou

OXESLAOTNKE N TUKVOTNTA TOAVOTNTOS GUVAPTACEL TOU & yLa TLUES TOU NAEKTPLKOU

nediov and 2x10%° —4x10"V /m

vvn[l/(mgs)]
. v=1, € =5.46 %10 V/m
10 .
I I
I
10% ¢ I /
]
L .}.'.o’
102 |
S
S
I
107 I
o:. I
) 1
L ‘ 1. ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ *
0 5.0 x 10%° 1.0 x 10" 1.5 x 10" 2.0 x 10"

fpadnua 3.3 MBavotnta napaywyng (EVywv e+ e- avad povada OyKou Kal ava povada xpovou w,
CUVOPTAOEL TNG €VIAONG TOU NAEKTPLKOU mediou e*vta Ecbeam=10 GeV.H KAOetn SLoKEKOUMUEVN
YPOLLN QVATOPLOTA TRV £vtach Tou NAEKTpIKoU Tediov mou avtiotolei otnv T y=1 (E*=5.46

10"°V/m
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Ze aUTO To ypadnua n MOAUGWTOVIKN TALN [no +1] TLAPVEL TIUEG amo 185 €wg 245.
Onwg avapevotav n ToAAVIWoN KETAEY TWV APTLWY KOL TIEPLTTWY TLLWV TOU [”o +1]

elval opatr oto ypadnua OMOU OL MAVW TEAELEC OVTLOTOLXOUV TEPLTTNG TAENG

TIOAUDWTOVLKN EVW OL KATW OE APTLEG.

3TN ouvéxela Ba mopouclactel To NuUL-AoyaplBuko Mpadnuatog 3.2 tou aplbpov
Twv mapayouevwy Leuywv N, =V W ocuvapticel tou & To omoio avilotolxel o€
ouTO Tou Mpadnuartog 3.1. Zav Turmikog 6yko¢ aAAnAenidpaong BewpriBnke va ival
V =107 ~10™m’s, A eivat to pAKo¢ KUMATOC TNC S£0pNC Tou AéWep KL 7 N

XPOVLKN SLAPKELA TOU TTOAOU
N
100 | .-

S0¢ - -

20+ - ”

10 ” ”

*

3.2 x 10V 3.4 x 10Y 3.6 x 10Y 3.8 x 10Y 4.0 x 10

fpadnua 3.4 AplOuodc mopoayopévwv {euywv e'e’ N,OUVAPTAGEL TNG £VIOONG TOU NAEKTPLKOU

nediov a*vtu Ec-beam=10 GeV.

€ QuTO To ypddnua n mepimtwon ¥ ~lavtiotowei o & ~5.46x10"°V /m, n, ~57
6ev daivetal kaBwcg odnyel og MOAL LKPO aplOud mapayopevwy {euvywv. EmutAéov
nopatnpeital o kabapd n tahdviwon g J, (3.3) kabBwg yivetal n petapfacn amno

APTLOG TAENG TTOAUDWTOVIKEG SLASLKACIEG OE TEPLTTNC.
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Qot600 oto Mpadnpa 3.3 efetdotnke N MePIMTWoN Eepeam=100 GeV (y,=2 10°) 6mou
n meploxy mou ¥ ~1 n onoia avtiotoel oe & ~5.46x10"V /m, n, ~5, daivetal
ue ocadnvela, divovtag katd mpooéyylon 100 Zevyn ava moApd kat yla tov (dlo
TETPa-0yKo aMnAemiSpaons. H meploxr yia aplotepd e Tic &€ ~5x10YV /m
avtamnokpivetat oe y>1 (turmikd moAudwrtovikn) kat n 8e€ld tng Tung oe y<1

(datvopevo mediov).

N,
,10[:'[:'_ ?"1 //
I /
100 I
|
10} :
|
I
|
1 I
|
0.1 ff '
AE & |
I
! g

4.0x10" 6.0x10" 8.0x10" 1.0x10'® 12x10"®

fpadnua 3.5 AplOudc mopayopévwv {euywv e'e’ N,OUVAPTAGEL TNG £VIOONG TOU NAEKTPLKOU
nediov E*VLG Ecbeam=100GeV. H KAOETn OLOKEKOMMEVN YPOUMUA OVATIAPLOTA THV £VTOch TOU

NAEKTPLKOU eSOV TTOU AVTLOTOLXEL oTV TIUr y=1 (s*=5.46 10*°v/m).

TéAog oto ypadnua 3.4 mapouaotaletal n e€dptnon Tou apLBUoU TWV TAPAYOUEVWY
Zeuywv N, amd ™V £évtaon tou nAeKTpkoy Tediov & yia TPELC MEPUTTWOELC:

E =50GeV (y, =1x10%) (kékkwn kaurUAn), 100GeV (y, =2x10°) (mpdown

e—beam

KUIOAN), 200GeV (y, =4x10°) (urme kapmuAn). H nepintwon twv 200GeV prnopet

va yivel emtevELun oto LEAAOV.
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|

N,

e g
y~1 o (2) 50 GEV
e
1000} [ " -
] I P (b) 100 GeV

Il.._,_-___.--"
ﬂ# M‘

Y

I
I

I

; :

01} ¥ .
: I

1

I

1

40x10" 6.0x10"7 8.0x 10" 1.0x10" 1.2x10"®

fpadnua 3.6 AplBuodc mapayopévwv {euywv e'e” N,OUVOPTAGEL TNG £VIOONG TOU NAEKTPLKOU
nediov € vy Ecpeam () 50, (B) 100 kat (y) 200GeV. H KAO£TN SLOKEKOUMEVN YPOLUUY QVOITOPLOTA

TNV £VTaoN TOU NAEKTPLKOU MESIOU OV AVTLOTOLKEL oTNV TIHA y=1 (s*=5.46 10"V/m).

Onwg avapevotav Aoyw tn¢ MoAUPWTOVIKNG pUONC ToUu PaLvopUéEVou eival epdavng
n Omapén ML TEPLOXNG OTIOU E€XOUUE ONUELD TOMAG TwV KAUTUAWvY, dnAadn n
anddoon napaywyn¢ (euywv sival ion yla SladopeTikéG evépyeleg dwtoviwv hw'.
MNna tnv akpifela onueia topng epdavifovrat: 1) petalt ¢ KapmuAng Twv 50 GeV
Kol QUTAG Twv 100GeV yo € ~4.9x10"V /m kat N, ~10 Zelyn, 2) peta€d tng

KOUIOANG Twv 200GeV kat Twv 100GeV yia € ~5.1x10"V /mkat N, ~100 Zevyn,

3) petafy TNC KapmUANC Twv 50 GeV Kot Twv 200 GeV yua & ~5x107V / mkat
N, ~100 Zevyn. Mo TNV kaprvAn Twv 50 GeV n moAudwtovikn tafn N, moipvel TLpEG
amo 12 €wg 50, yla ¢ TWWEG TG évtaong mou daivovtal oto ypadnua. la tnv
KotprtUAn twv 100GeV n n, and 6 €wg 14, evw yla avth twv 200 GeV and 3 €wg 5.

Emopévwg 600 auéavetal n evépyela TNG SE0UNG TWV NAEKTpOViwY TOOO HELWVOVTOL

N MOAUPWTOVIKN TAEN Kal 0 aplOUOG TapayouEVWY CWHATISlwY yla otabepo Koo

[MAovpiotaxng Iwavvng TeAlba 76



Melétn mopdywyns cmuaTidiwv-avtiomuaTioimy amo 10 KEVO Tapovoio. fpoydypovay Kol
VIEP-1OY VPOV NAEKTPOUOYVHTIKDV TEOLWY OTTO COYYPOVO, GOOTHUATO, AE1(ED

g0POC TWV & . Mo ouykeKkpléva 600 To PeydAn sival n evépyela TG Séoung n

Stadkaoia Tng mapaywyng Telvel kat oxedov yivetal povopwTtovikr).

Ta anoteAéopata cuvolilovtal OToV MOPAKATW TivaKa:

Inueio TOUNG ‘Evtacn nAektpkol | AptOpdg Leuywv N .
nediov &
50 GeV -100GeV 4.9%x10"V /m 10
100 GeV - 200GeV 51x10V /m 100
50GeV - 200 GeV 5x10V /m 100

3.3 Napaywyn {euywv N’ I pe TNV Xprion didtaéng avaioyng
Tou melpapatog E144.

Y& aUTO TO HEPOG Slepeuvartal n mapaywyn {EUYWV TILOVIWV PE TNV XPron tTng dLog

Slataéng e autnv TNG MPOonNYyoUPEVNG EVOTNTAC.

Ta movia eivatl cwpatidia pélac 139.570 MeV /¢’ kat iSlou doptiou pe autd Twv
nAektpoviwv. H kplown €vtaon Tou nAektplkou mediou yla tnv dnuouvpyla 1+ T-

glvar &, = (mﬂcz)/eﬂm =1.041x10%V /m (/107Z =117 ><10’15m) kot n Kplown woxug

ToU Aéwep eivat tNe Ttéénc tou 10®W/m% TMa va emtUXOUHE QUTEC TIC TUHEC
npoteilvetal n xpnon pwoG &éoung evog XFEL Aéwllep pe evépyela dwtoviou
hw=100eV [13] wote va UMOPECOUME VO TTANCLACOUUE TNV KpLoldn £vtoon tou
NAEKTPLKOU Tedlou mou amatteital yia Tnv dnuioupyia moviwy, mpaypo mou Omwe
avtihapBavetal kavelg B€AeL LoxUG Tou SV UMOPOUUE VA ETUTUXOULE UE CUUBOTIKA
ovotnuata Aéwlep. Auth n &6éoun Aéwlep Ba dnuloupynost kot Ba emtayUVeL pia

6éoun nAektpoviwv n omoia Ba CUYKPOUOTEL PETWIILKA HE TNV (Ola €0TIACUEVN
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6éoun XFEL [29], [38]. Zt0 olotnua avadopds TwV NAEKTPOVIWV N EVEPYELD TWV

dwroviwv Ba eivat o’ =y, hw émou o cuvteleothg Lorentz eivaw y, =E, .. /mc?

Ito ypadnua 3.7 anewkovilovial TA QMOTEAECHATA ylo TOV aplOuod Twv
TIapOyouEVWY Toviwv ( Tto avtiotolxo tou lpadruatog 3.6 yla tnv mopaywyn
nAektpoviwv Tolltpoviwv) yla  evépyeleg NG O€ounG Twv  NAEKTpoviwv

E =0.1GeV (y, = 20) kokkwn KapmuAn, 1GeV (y, =2x10%) prme kapmOAn Kot

e—beam
10GeV (7, =2x10%) mpdown koumOAn, yia TG emAeYHEVEG TUEG TOU NAEKTPLKOU
nediov & .

|'r"u|l."|
(a) 0.1 GeV

v=1¢e=12 10" vim

100}
. (b)1 GeV —

(c) 10 GeV

1
e — - - - = - - ——- - -
Ty

I ~ 1 — L — 1 — — 1 . E'
50x10%7 10x10%? 15x10% 20x10%2 25x10% 30x10%

fpadnua 3.7 AplOuoc mapayopévwv I{euy®v TUT N, GUVOPTAGEL TNG £VINONG TOU NAEKTPLKOU
nediov € v Ecpeam () 0.1, (B) 1 kat (y) 10GeV. H KAOeTn SLAKEKOUUEVN YPOUUE QVOITOPLOTA TV

€vtaon Tou NAEKTPLKOU MESIOU IOV AVTLOTOLXEL oTNV TIUN y=1 (£*=1,12 10°'V/m).

Ta aplOuntika amoteAéopata umoAoyiotnkav Pe TNV xprnon tng e€liowong (3.1) kat

yta 4 —oyko aMnAemniSpaong V =101 ~107°m’s (ue 4 ~10°m, z ~0.1fs). Mo v
TIAVW KAUUAN To €UPOG Tou KatwdAiou tTNg MOAUDPWTOVIKAG TAENG £lval Tepimou
10® ¢wc 10° , yia tv pecaio kapmvAn amd 10%¢w¢ 107 kol yia thv Katwtepn

KaruAn aroé 300 €wg 2000.
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Mpémel va onuelwOel OTL KAl yla TIG TPELC TTEPLMTWOELG y>1 To omoio og cuvduaouo
HE TIG UPNANG TAENG TTOAUDWTOVIKEG ONUOLVEL OTL LA VAL EXOULE HETPNOLUO aplOuo
TIOPOYOUEVWY TILOVIWV TIPETIEL VO EOTIACOUME OTNV TIEPLOXN TIOU ETUKPATEL TO

dawvopevo nediov. EMutAéov Ta onuela TOUAG HETAEY TWV KAUMUAWY epdavilovtal

VL0l TLEG TOU € OXETIKA HIKPOTEPEG TOU &, KAl XAUNARG QIOSAOEWS O TLAPAywWyH.

EMopévwg €va MPWTO CUMUMEPAOHA €lval OTL oUpdwva He TNV HEBOSO TOU
davtaotikou xpovou elval OTL emapkng aplOpog leuywv Toviwv pmopel va
avixveutel otnv meploxn tou field effect kat yia vPnAég tafelg moAupwTtovikwy

SladLkaoLwv.

To Kplolo epwTNUA TTOU TIPOKUTITEL £lval av n anddoon TwV MAPAYOUEVWY TILOVIWV

glval avixveuolpun oe eVvtaoelg Tou nAektpikoL mediou kovtd otn kpiown éviaon &,
orou eival mapovra e‘ekal M 1. Mo ocuykekpwéva n apx Statipnong tng
EVEPYELOG KOL N apxn TNG aBefaldtnTtag umayopelouv OTL EXOULE TTOPAYWY EVOC
Zelyoug e'e’dtav n évtaon tou nAektpkol mediou eival &, kat ylo Tov TETpa YKo
Compton tou nAektpoviou AS x4, /c=7.4x10"7m’s. Zemepvivtog v &, Kat
¢dtavovrag otnv &£, 0 aplBpog twv JEVywv TOU TAPAYOVIOL HECA OF EVA TUTIKO
oyko aAAnAemibpaong (my kovtd oto Oplo mepPiBAacng tou AElep) TAPAUEVEL
otaBepdg (autoc elval kat o Aoyog mou ta ypadnuata 3.1 £éwg 3.4 OTAPATAVE OTO

&, . QoT0600 TO NAEKTPOVLA ATIOKTOUV OpUr KaBwg emttaxUvovtal anod To NAEKTPLKO

niebio Tou Aélep HEOO OE QUTOV TOV UIKPO OYKO aAANAEmidpaong pe amoTéEAeoua va

anoppodolv gvepyela amnd to NAekTpkd medio. Zuvenwg npooeyyilovtag &, > &,

TIPEMEL VAL EETAOTEL OV N EVEPYELX EMOPKEL YLOL IOSOTIKN dnLloupyia Toviwv.
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E. mt+ -
production

|

E; et e-
= —
production

Ewkova 2.1 Ixebidypappa evog maApol AéWep Kat TnG mopaywyng cwpatidiwv kabwg avgdveral n
€vtacon Tou nAeKTpLKoU nediov

Mta AUon og auto to MPOPAnUa eivat va dnuoupynBel pla Stadikaocia emloyng
HeTtaty NG Sladikaoiag mapaywyng nAekTpoviwv f moviwv. Evag tpomog ivat va
€A\QLOTOTIOL|OOUE TOV apPLOUO TWV MAPAYOUEVWY NAEKTPOVIWV Kal va auérooupe

TV mBavotnTa mapaywyrng moviwyv péoa amd TNV Aoy MoAUPWTOVLKAG TAENG..

Onwg ¢pavnke amod tnv mapamavw ovAaAucn n MOAUPWTOVIKN TAEN TNG TAPoywYyNg
leuywv €xeL Kplowo poAo. Aladikacieg xapnAng MOAUPWTOVIKAG TALELG OL OTOLEG
gmtuyxavovrol and uPnAotepng evépyelog SEoun nAektpoviwv eival Alyotepo
aOOOTIKEG Yl OTAOEPEG MAPAUETPOUG TNG SEOUNG Tou AEllep OMWG UTOpPEL va
davel ota ypadpnuata 3.4 kat 3.5. Emopévwg €av kamolo¢ BeANOEL va EVTOTOEL
enmapkn aplBud moviwv mpémnel va Slale€el mapapETpoug TG Séoung Tou AEep
aM\d& Kot Twv NAEKTpovViwv TETOLEC WOTE n Mapoywyn e'eva eival XapnAng

TMOAUPWTOVIKAG TAENG EVW aUTH TwV T TU va elvat uPnAAG TEENG.

Mo ocuykekplpéva ag BewpnOel Eva mpodiA €évtaong nAektpikol mediov Tou MAAHOU
AéWEP TETOLO WOTE 0TO oUOTNHA avadopdc Twv nAektpoviwy n évtacn & aufdvet
amno to undév otnv &, Kal EneLta nailpvel PEYLOTEG TWEG KOVTA otnv &, Kol LETA
neptel otadlakd oto undev. Itn E£,0 aplOpOg TwV TAPAYOUEVWV TEUYWV
nAektpoviwy - molltpoviwy TPEMEL va elval HIKPOC £TOL wWOTE va amoppodnOel éva
HULKPO TIOOO EVEPYELAG YL TNV EMITAXUVON TOuG KaBwg To nAektplkd medio Ba

ouvexilel va auéavetol ¢ptavovtag TNV KPLown €vtoon yla TV Tapaywyn TLoviwv
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E.,. Autd umopel va emnteuxBel yia xapnAng moAudwtovikng tang Stadikaoieg
’ + - ’ r ’ + -
nopaywyng e'e. MAnowovtag tnv &, dnuoupyovuvtal {evyn 1 TU KOL yld va
gxoupe vPnAn amodoon mpénel va otpadole o€ PEYAANG TAENC TTOAUPWTOVIKES

Sladkaolec.

‘Eva aplOuntikd mopadelya Tou mopamavw LoXUpLopoU eivat To €€n¢. Evag MoANog
évtaong | ~10* W /cm® mou n péylotn évraon nAektpikol mediou mou pmopei va
emutUxel E=2x10"V /m kat evépyela pwtoviou Aw=3eV . O moApoc épxetal

olykpouon pe &€oun nAektpoviwv evépyelag E =200GeV (y, =4x10%). Otav

e—beam

E~2x10V /m, & ~10"V/m kot ho' =1200keV . Ao TIC €ELOWOELS KAL Yl
tetpadyko aMnAeniSpaong V =104%7 ~10°'m®s, o aplBudg twv napaydpevwy e'e’
elvat tnc tdénc 10° Zevyn kat n moAudwTtovikr TaEn eivat avtiotowa n, ~5. 000 n
€VToon Tou NAeKTpIKOU edilou aufavel, PTavel oTn HEYLOTN £VTOON TOU KOVTA OTNV
&, =y, x10"V/m~10%V/m, o apBuég Twv mapayOuevwy (evywv Tuoviwv
ektpdrat va ¢prdoouv ta 10° Zelyn pe moAudwrtovikh téen katwdAiou n, =10°.
Tétolol umoAoylopol emiBeBaiwvouv TNV duvatdtnTa MAPAUETPOTOINCONG 1 KoL
emAoyng petafl tng dtadikaoiag mapaywyng Twv {euywv NAEKTpovViwy Kal Toviwy
Kal tnv Tulavr) TEPOUATIK TOPATAPNON TOUuG Katd TNV aMAnAsnidpacn
UTIEPLOXUPWV TIOALWV AELlEP e BECUEC NAEKTPOVIWY HUEYAANC EVEPYELOC OTIWC EXOUV
npotabel oe ovotApata 6nwg to ELI[44], to ORION [47] kal to mpoypapua IZEST—
ICAN [45], [48].

Ta mapandvw anoteAéopata Snuootevtnkav oto apbpo [41]
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Kedalawo 4

Mpotewvopevee dwatafelc yia tnv mapaywyn (Evywv
ocwpaTdiwv aviiowpatdiwv and to Kevo. MBaveg
ePOPHOYEC  TOUC TEPAV  TNG  TELPOLUOTLKAG
emuBeBaiwong tov pawvopévou.

H mapouoa epyacio oAokKANpwVEeTaL PE TO KEAAALO TTOU akoAouBel kal To omoio Ba
ETUKEVTPWOEL o€ peANovTIKA BEpata mou pmnopel va emektabel kamolog pe adetnpia
TOo oUVOAO Twv Bepdtwv Tou HeAeTHOnkav kotd TN Sldpkeld TNE MAPOUCC
SatpBng. EldikdtEpa KaBwWC avamtuooovial oAoEvVa KOl TIEPLOCOTEPEG MPOTACELS
yla tnv mepapatikn emBeBaiwon tou datvouévou [46], [49], [50]kpivetal okomIpo
Kall TIOAU Xpriollo va avadepBel kavelg ota emopeva Bripata mou Ba akoAouBnBolv

ouveyilovtag tnv Slepelivnon Tou GOLVOUEVOU.

MNa va ylvel autd otnv mpwtn evotnta Oa €0TIACOUME OTNV TOPOUGCLOON HLOG
ouyXpovNG MPOTacnG mapaywyns {euywv nAektpoviwv molttpoviwv amod toug O. J.
Pike, F. Mackenroth, E. G. Hill & S. J. Rose oto meplodikd Nature Photonics [46].
Quwtovia y ta omoia dnuioupyndnkav amod pia déopun nAektpoviwv UuPnAng
evépyelag aAAnAemibpouv pe dwtovia aktivwv X mou mponABav amd ekmounn
HEAQVOC OWHATOC, e amotéheoua tnv dnuoupyia e'e. H mopamdvw mpoétaon
OUYKEVTPWVEL To evlladépov amo tnv anoPn otL Baoclopevn oTo pnxaviopod Breit
Wheeler, xpnolpomnolel U0 6€opeg pe peyalo aplOuo aAAnAemdpwvtwy pwtoviwy,

LE QIOTEAEOUA TN LEYLOTOMOLNON KATA TO SuvaTtov, TwV MOPAYOUEVWV (EVYWV.

Itnv enopevn evotnta Oa e€etactel n mMponyoUUEVn TPOTACN HUE TIOPAUETPOUC
KOVTLVEG OE€ QLUTEG TIOU XpnoLuomol)dnkav oto KepAAalo 2 e oKOTO VA KAVOUUE Lo
avtutapaBoAn tTwv dvo Satdfewv (autng Tou kedalaiou 2 pe TV TAPATIAVW)

ovadePOUEVOL O TTAEOVEKTHLATA TNG HLOG EVAVTL TNG AAANG.
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TéAog Ba SiepeuvnBel n amddoon ¢ dataéng tou kepaiaiov 2 avadopikd PE TN
mapaywyrn puoviwv amnod tnv dldonacn twv moviwyv. Onwg eival yvwoto ta puovia
UMOpOUV va xpnotluomnolnBouv oe avildpaoels ocuvtnéng Asuteplou - AgUTEPLOU N

Agutepiou - Tpitiou oav KATAAUTNG.

4.1. Napouciocn cUYXPOVWYV TELPOHOTLKWY TTPOTACEWV

4.1.a. Zkédaon pwrtoviov — pwtoviou o€ KoAdTNTA IOV BploKETOL OTO
kevo. Mepypadn tng diatagng Kat mapovoiaocn AnNOTEAECUATWY GO0V
adopa tnv anddoon tng.

Ze mpoodartn epyacia Twv toug O. J. Pike, F. Mackenroth, E. G. Hill&S. J. Rose oto
nieplodikd Nature Photonics pe titho “ A photon — photon collider in a vacuum

"

hohlraum “, mpoteivouv pia SlAtagn ywo TNV MEPAPATIKA TOPATAPNON TNG
napaywyng leuywv nAektpoviou — molitpoviou. O ¢GUOLKOG HNXOVIOMOG TIOU
xpnowtomotndnke eivat ot moAudwtovikeég Sladikaoieg Breit - Wheeler onwg
ekppaletat amd v efiowon y+ny —e e . Qotéco 660nke peyaAlTepn
Baputnta otnv mepimtwon ¢ okédaong evog dwtoviou amd dwtovio. TETolou
eldoug okédaong dev nrav duvatd va peAetnbei oto meipapa E144, kabwg n
SLaB€oun evépyela Tng d€oung twv nAektpoviwy Enpene va Atav 200 GeV, SnAadn
EVEPYELX MEYAAUTEPN Katd €va mopayovia 4 amd tnv Ttote Swabéowun. H
OUYKEKPLUEVN Oldtaén umopel va UAoOTOLNOEL TELPAPATIKA tnv okédaon Suo
dwtoviwv dedopévou OTL autd Bplokovtal otnv meploxy Twv okTivwy - X mpayua

TIoU €ilval ePLKTO e TNV UTIAPYXOUCA TEXVOAOYia.
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Gamma-ray
photons
\
@ce
Blackbody
— radiation field
g @

Electron beam

Gold target
Hohlraum

','(
@<

Ewova 4.1 IxebSidypappa tng diatagng tou emtayuvt) dpwrtoviov ¢wtoviou. H ekmounn
OoKTWVORBOALOG TESNONG OXETIKLOTIKAG S£0UNG NAEKTPOVIWV KAOWC TEPVAEL QMO OTEPEG OTOXO
XpuooU Xpnolpomoleital ywa thv Snuioupyia pia déoung dpwrtoviwv vPnAAg evépyelag. Itn
ouvéxela ta pwrtovia sloépyxoviar o€ Eva OAAapo Kevol mou aAAnAemiSpouv pe vPnAAg
Oepuokpaociag Oepuikn aktwvoPolia mapdyovtoag {evyn nAektpoviwv molttpoviwv. © Nature
Photonics, License Number 4271841066576

Ztnv ekova 4.1 anelkoviletal n mpotelvopevn dataén otnv [46]. Mua 6éaun
NAEKTpOViwY evEpyeLag TNG TAENG Tou GeV emPpadUVeETalL CUYKPOUOUEVN LLE OTEPED
OTOX0 XPUooU TapAyovTag £ToL Y dwTOvVIA. AUTA OTN CUVEXELX ELOEPXOVTAL O Hia
KOWAOTNTa Tou Pploketal oe Kevod, To ormolo €xel OepuavOel péow Aéllep wote va
Aewtoupyel oav pEAAV ocwpa eKMEUMOVTAC GwTovia X LIE TOL OOl TA ELOEPYOUEVA Y
dwtovia okedalovtal. MAsovéktnua g Sldtagng sival ol uPNAEG evEPYELEG Kal
TIUKVOTNTEG dwToviwv X , XOPAKINPLOTIKEC TNG Bepuikng oktwvoBoAiag TtNng
KONOTNTag. AUTO £xel ocov amotéleopa tnv  avénon ¢ Tmubavotntag

aMnAeniSpaong y —X kat dpa tThv avénon tng anddoong otnv napaywyr e’ e

H Bewpntiki aviyuetwrnion ouvoiletal oe tpelg OSladikaocieg tng KBAVTIKAG
HAektpobuvaulkng omo T omoie¢ Ba mpokUPEL O EKTIUWUEVOG apPLOUOG

TLOPOLYOUEVWYV (EUYWV.

Katapxnv n emPpaduvon twv nAektpoviwv oto otoxo xpuool odeiletal oxedov
QTOKAELOTIKA 0T oktwvoPBoAia médnong pe tn ouvoAwkn Siatouny okédaong va

Slvetal amnod tn oxéon
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(4.1)

h
Omnou y:Ew (0 AOYOG TNG €VEPYELAG TWV EKTIEUMOUEVWY GWTOViwV TPOC TNV

OPXLKN) EVEPYELO TWV NAEKTPOVIWV), Z €lval 0 aTOULKOG aplBudg Tou undéBabpou, a
elvalt n otaBepa Aemtng udng Kal rp N KAACOLKA OKTiva Tou nAektpoviou. Ot
ouvaptAoeLg ¢, ko Py EKPPATOUV TNV ATEKOVLON TOU SUVAULKOU OTtd T ATOMLKE

nAektpovia katl f elvat o 6pog §16pBwaong Coulomb.

Y€ evEPYeLeG NAekTpoviwv peplkwv GeV To pacpa tng evépyelag emBpaduvong eivat
oXeTka eminedo pe mepinou 1o 40 % TNG EVEPYELAG VO XAVETAL KOOWG TA NAEKTPOVLA
napdyouv dwtdvia pe evépyela ho > E/2 .H andboon tng mapoaywyng autwv twv
dwtoviwv y umopel va peylotonownBel eav pubulotel to maxog tou otoxou. To
BéATIOTO MAXOC yld TO XPUOO eilval Tepimou Xo=3mm, KalL o aplOuoc Twv
ekmepnopévwy pwroviwv y eivar 1x10°. H Bepupokpacio tnc kooTnTAC Elvat
KT =100eV kat to pAkog tou l~lcm. e autég Tt ouvbrikeg o Kuplapxog
UNXoviwopog eivat n Swadwkaoia Breit-Wheeler 8o ¢wtoviwv pe mbavotnta

anoppodnong ava povada punkoug dStadpopng

dp a2 (kT Y’
ap_a [ KL}y 4.2
dx 7k ( mczj v) (4.2)

A elvat  ToO UKOG KUHQTOG Compton, V= mzc“/(ha)kT) Kot

2 © elv
f(v)= v (e —1 ng so,, (s)ds pe to o, Sivetaw oe 6poug s = (E*/mcz)zrou

7”0 v

TETPAYWVOU TNG EVEPYELOG OTO cuotnua avadopd¢ tou Kévipou palog. MNa éva

[MAovpiotaxng Iwavvng TeAiba 85



Melétn mopdywyns cmuaTidiwv-avtiomuaTioimy amo 10 KEVO Tapovoio. fpoydypovay Kol
VIEP-1OY VPOV NAEKTPOUOYVHTIKDV TEOLWY OTTO COYYPOVO, GOOTHUATO, AE1(ED

dwtdVIo evEPyELOG TNG TAENG Tou GeV mou SiEpxetal and to BdAapo v~1 kat

f(v)~l.

H mBavotnta va amoppodnbel éva ¢wtovio otnv mepintwon omouv | =Icmeival
p~1x10"° kot 1x10™* yia KT =100eV kat KT =400€eV avtictoya. Ta mapamdvw
o€ oUVBUAOMO HE TNV ektipnon ot ekmépmovtat 10% dwtovia uPnhig evépyelac,
08nyolv og mapaywyr TS téénc tou 10% kat 10* Zedyn avd malud avtictowa. H
anodoon onwg ¢aivetal and tnv oxéon (4.2) auvAvetal YPOUMLKA LE TO UNKOG TOU

BaAdpou.

Itnv Ewova 4.2 mou akoAouBesl amelkoviletal o aplOUOC Twv TOPAYOUEVWV
dwToVIWV y 08 CLUVAPTNON KE TO TIAXOG TOU 0TOXoU. OMwe dalveTal OTav N EVEPYELX
™G Séoung Twv nAektpoviwv eival 1GeVkal yia to BEATIOTO TAXOC OTOXOU Eval
NAEKTPOVIO EKTIEUTEL KATA HECO O0po 1 dwtovio. AANA Kal yla TG GAAeg Suo
evépyeleg 500 MeV kat 2 GeV ta dnuovpyoleva pwtovia eivat Tng dlag Tagng Kot
TO BEATLOTO TTAXOC TOU OTOXOU £ival PeTAL 4 KoL 5 mm.

x10°
2.0

o S
o - I
= .
= T
e .
ey
:
]
— 2 GeV
— 1GeV
— 500 MeV
0.0 £ . : . .
0 2 4 6 8 10

Target width (mm)

Ewkova 4.2 AplOpog pwToviwv MoU EKMEUOVTIAL OO TO Tiow HEPOG TNG EMLPAVELOG TOU OTOXOU
XPUGOU GE GUVAPTNON ME TO MAXOC TOU GTOXOU yia TpocTtintousa Séoun 1 10° nAektpoviwv pe
evépyela 500 MeV (urmAe) 1GeV (pavpn) kat 2 GeV (kokkwvn). © Nature Photonics, License Number
4271841066576
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Itn ouvéxela otnv Ewova 4.3 mapouoidletal n andédoon tng diadikaciag Breit—

Wheeler yla 81adpopeTIKEG EVEPYELEG TNG SECUNG TWV NAEKTPOVIWV KOl BEpUOKPACIES

Tou BaAdpuou.

105 —
e "/-_-- )
N -
e 10°7 / d
b= 17
5 /
::'é v _ //
a 10¢ /
- ”r’f'
1/ — 2GeV
101y / — 1GeV
— 500 MeV
100 T T

T T T
100 150 200 250 300 350 400
Hohlraum temperature (eV)

Ewéva 4.3 AplOpdg mapayopuevwy molltpoviwv mou mapdyovtal and okédaon dwtoviov —
dwroviou, o ocuvaptnon e tnv Beppokpacia Tou OOAGMOU Kol TNV EVEPYELX TNG SECUNG TWV
nAektpoviwv omouv 500 MeV(umAe), 1GeV (navpo) kat 2 GeV ( kOkkwo) . © Nature Photonics,
License Number 4271841066576

Mapatnpwvtog to ypadnua yivetal avtiAnmio otL n anddoon auavetal PE TV
avénon tng Oepuokpaciag¢ tou BoaAdpou. Mo ouykekplwéva o aplBuodg Twv

no{Ltpoviwy mou Snutoupyouvtat Popet va ¢prdoet ta 10° cwpdTia.

Me Bdon ta otolyeia mou mapouclaotnkav n dldtagn autr eKUeTaAAevOuevn Suo
amoboTIKEC Sladikaoieg mapaywyns dwrtoviwv y Kal X Umopel v TOPOUCLAOEL pLa
LkavormolnTiki anddoon mapdywyng (euywv nAekTpoviwv molltpoviwv. Eldikotepa n
gMAOYN TNE mMapaywync ¢pwrtoviwv X amo pia mnyrn LEAOVOG CWHATOG TTOU CUVLOTA
™V To omodoTkn Tinyn Atav o mapa moAL evéladépouoca kivnon yla va

efaodaliotel peyaroc aplOpog dwrtoviwv.
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Emopévwg kpiBnke okoOmuo n mapouasiaon pla TETolag olyXpovng mpoTtoong

oav €va Selypa tou tL Ba akoAouBroeL 0To AUeCO LEAAOV OTO CUYKEKPLUEVO TeSio.

Ev ouvexeia Ba mapouclaotolv avtioTolxol UToAoylopol Tou Eywvav amo
HEPOUG Hag MAvw otnv avtiotolyn Siataén avtipetwrnilovrag to mpoBAnUa He TNV
Xpnon evog moAudwtovikol poviélou Breit Wheeler pe okomo va avamnapaxbouv ta
OTTOTEAECLOTA KOl OTN CUVEXELX VAl YIVEL pla oulitnon umo moieg cuvonkeg Ba ATav
TIPOTLUOTEPN N XPON auTn¢ TNG Sldtagng n AUt ou mapouoLaleTal péoa anod tnv

napovoa epyaoia.

4.1.8 Z0ykplon anddoong He TV NPOTEVOpEVN Sidtagn tou 3°
kedpaAaiov.

Xpnowuornowwvtag tnv dla diataén omwcg mapoucldotnke otnv evotnta 4.1a Ba
ETUYEIPNOOVUUE VA CUYKPLVOUUE TNV amddoon TG Qv O UNXOVIOHOG eival pla
noAudwrtovikn Swadikaoia Breit — Wheeler. H oxéon mou meplypddel autod tov

unxaviopuo eival n €€ng: [51]

2 2 2 2 2
W =2p,0,0. =222 0 p p {2420 4 tanh‘l\/l— m ,—J LY L
0w oo (o) 0w 010) 0w

(4.3)

Omou W eival o aplBuog twv mapayopevwy (euywv ava povada oykou kal povada
XPOVOU , Py KAl Py ElvaL oL TUKVOTATEC ( dwTtovia /m’ ) yia ta dwtovia y Kat X
avtiotolya, m eival n pala tou nAektpoviou, w, w’ oL evépyeleg dwtoviou oe eVkal

I, =2.818x107°m n kK\aoouwr aktiva Tou nAektpoviou.

JUpudwva HeE TNV MopapETpoug mou d6Onkav oto apbpo [46] Bswpndnke €vag
BdAapoc Stapétpou 0.5 10°m kat prikouc evdc ekatootol. Me T Xprjon Tou VOHOU
tou Wien pmopetl va ektiunBel to mo mbavo unkog KUHATOG TNG akTvoBoAiag tou

néhavoc owpatoc A =2.89x107°/T(K) mou oavtomokpivetal ot SeSopévn
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|

Beppokpacia T Kol amod To vopo tou Stefan BoltzmannS =5.67x10°T* v woxV o
Watt ava povada emidpadvelag. Enetta moAanAaotalovtog Ye tnv emnidpavela tou
BoAdpou (A=27-R, -L,, émou Ry=0.5 10°m kot L,=5 10°m eival n axtiva Kot o
UNKoG Tou BaAdpou avtiotolya Kal xpovikn Sldpkela TOAUOU T=5 psec mou
OVTOTTOKPIVETOL OTNV EKTOUT OKTWWOBOALAG X pe HAKOG KUpatog A, umoAoyiletal n

OUVOALKN evépyela E=S*A*r .

Ao autd TO onueio SLALPWVTAG TNV CUVOALKN EVEPYELO LLE TNV EVEPYELD EVOC
dwtoviou umoAoyiletal o aplBuog twv dwrtoviwv o omoiog SLalpoUPEVOG UE TOV
Oyko tou BaAdpou &ivel tnv TUKVOTNTA TOU OpPlOpol Twv dwrtoviwy. Ma Toug
umtoAoylopoUG Ba BewpnBouv Tpeic evépyeleg TNG SE0UNG TWV NAEKTPOVIWY yla TNV
napaywyrn GwIoviwy Y Eepeam=500 MeV, 1GeV kat 2 GeV. H §¢oun twv nAektpoviwv
anoteleitat and 10° nhektpdvia aAnAemdpd pe oteped otdyo mapdyovtac (10% -
10° ) pwTodVIo HEYLOTNC EVEPYELOC Wy= Eebeam/2. O OYKOG TwV dwtoviwv y, V,
Bewpeital oav kUAwSpog pe pARkog L, = ct ( omou t=1 psec eivatl n Sidpkela tou

naApo) kat axtiva 0.1mm, V, = zr°L . Téte p,=N,/V,.

Me TG Tapamavw MAPAUETPOUE UITOPOUUE VO UTIOAOYLoOUE TO W KOl CUVETTWG TWV

oplOPo NAekTpoviwv molltpoviwy ano

N =W-V -c-t,, (4.4)

pair

H meplypadr mou €yLve UMOpPEL val ATTELKOVLIOTEL Ao TNV MAPAKATW ELKOVAL.
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Solid Target

Gamma-rays
Ebeam Yy R gamma ey
’

Temperature T

L gamma

Lh

Ewkova 4.4 IXNUOTIKA OIELKOVLON TG SLaTagng.

Oswpwivtac o 8éoun nAektpoviwv pe katd mpooéyyion 10° nhektpdvia kat
EVEPYELEG Eepeam = 500 MeV, 1 GeV kot 2 GeV mou aAAnAeTudpd UE OTEPEO OTOXO
XpuooU maxoug 3mm, cUpdwva Pe To ypadnua mou amnewkoviletal otnv Ewkova 4.2
A pWTOVLAL Y TIOU EKTIEUTIOVTOL KOTA Tipooéyylon eivat 6 x10™%, 1 x10* kaw 1.7 x10*°

avtiotolya.

YrnievBupuilou e OtL TO pKog tou BaAdpou eival Lpy=1cm n aktiva tou Ry=5 mm dpa
0 OyKoC Tou Vp, = 7.8 x10°m? kot n Beppokpacia Tou evidg Tou elpouc Twv 100 pe
400 eV. Emiong amo 1§ ox€oeLg Ttou Teplypddouv To pEAaV cwia yla Tig SeSOUEVEG
Bepuokpaoieg n evépyela twv dwtoviwv X eivatl tng tafng tou lkeV kat €av n
XPOVIKH SLAPKELa Tou TtapoU eivat T=5 psec (evSewtikd Ln/c=3.3 10 sec, Ly=1cm),
0 oUVOAKAC aplBpdc Twy dwtoviwv X eivat Nyx= 5 102dbwtovia kat n mukvdTnTa
Py = % =1.79-10% photons / m°.

h

Entiong emeldn o 0ykog tnG y S£€0UNG lval HLKPOTEPOC Ao Tov Oyko Tou holhraum

oav Oyko¢ aA\nAemidpaong Bewpeital o Oykog TNG SEoUNG TwV PwToVIwV Y, KABwg
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elval mpodavég otL povo pwtovia X péoa o autn TNV neploxni 6a aAAnAemnibpacouv

HE Ta dwTovLa Y. EMopévwg pumopel va avilkataotabel o Vi e

N
V, =zr’L, =2.3910"m’ tte p, =—~%— =3.4x10” phot/m’.

gamma

Me avdaloyo tpomno unoAoyiletal n nukvotnta p, ywa t=1 psec, L,=c*t=3 10™m kot

N
2 12 3 _ 118 3
V,=nr'L,=239107"m’, p, _V—7_10 phot / m
Y
H xpovikn didpkela ekmounng ¢wrtoviwv X oto holhraum eivat nepimou 20 — 30 ns
oM@ n Sldpkela SLEAEUONG TWV OKTIVWV Y €LvVOL OUVTOPOTEPN, TNG TAENG TOU ps.
Enopévwg to mAnBog twv pwtoviwv X pmnopel va BewpnOel mpaktikad otabepd katd

™ Sapkela TG aAAnAemidpaong He Ta dwtovia y.

Me TG mapandvw TmapadoxEC, Xpnoldomowwvtag Tn oxéon (4.4) pe xpovo
aMnAenidpaonc tim=3.3 x10!sec ( mou eivat o xpdvoc dmou pa 8éoun dwrtoviwv y
KaAUTteL andotaon ion pe autr tou holhraum) amekoviloupe tov aplOpd TwWV
mapoyouevwy (euywv O ouvdptnon He tn Oepupokpoacia tou holhraum yua

EVEPYELEG TNG S€oUNG TwV nAekTpoviwy 500 MeV, 1 GeV kat 2 GeV.
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pair number

100000

80000 B — 500MeV

B ~ _—
60000 - - _— — 1GeV

_— — 2GeV
40000 - Ge

20000

L1 I - L L1 L1 L1 L 1 Th(e\])
150 200 250 300 350 400

Ewkova 4.5 AplOdg mapayopévwy (EUYWV CUVAPTHOEL TG OEPLOKPAOLOG YLOL EVEPYELEG TNG SEOUNG

TwWV nAektpoviwv, 500MeV (katw KaunUAn), 1GeV (pecaio kapunUAn) ko 2 GeV (mavw KopmoAn).

ATO TNV MOPOATMAVW KAUTTUAN CUMTIEPALVETAL OTL OL EKTIUNOELG MOG Elval TIOAU KovTd
O£ AUTEG NG [46]. Na uPnAég TLHEG NG Beppokpaociog (kovta ota 400 eV), yla Tig
ETUAEYUEVEG TIOPAUETPOUC KAL Eepeam=2 GeV 0 aplOpog Twv mopayopévwy (euywy
elval kovtd oe autdv mou avadépetal otnv epyacia twv Pike et.all. Snhadn 10°
levyn, aM\a vy xapnAotepeg Oepuokpaocie¢ o aplBuog Ttwv {euywv TOU

Snpoupyouvtat sivat epimou 10° vy otnv [46] eivar 102

AvopEVETOL OTL LE pia TTLo aKpLB EKTINGN AUTWYV TWV TIAPOAUETPWY AAAA KoL AAAWV

OMwG TNV Slapkela tng d€oung, umopoLv va e€axBouv akOUa KAOAUTEPEC EKTLUNOELCG.

e autO TO onueilo mpémel va emonpavOel to €€nG. Mo PEOALOTIKEG TIUEG TNG
Bepuokpaciag tou hohlraum tng tdéng twv 200 pe 300 eV o aplBuoég twv
rapaydpevwy euywv eivar 10° — 10* Zeliyn avd maApo Aéwlep dmwe dpaivetat oo to
vpadnua tng Ewkovacg 4.3 [46]. Oepuokpaocieg ano 300 keV kal mavw Umopouv va
emteuxBoulv pe TNV xprion tou cuotiuatog NIF pe 1MJ ouvoAwkr evépyela NG
6€oung tou Afllep 1 pe woduvapo cvotnua ekatovtadwy kl evépyelag tng d€oung
mou Oa amawtovoe wotoco hohlraum pkpotepwy Slaoctdoswv Tou  Ba
OVTLOTOL{OUOE OFf MIKPOTEPO aplOpd dwtoviwv X Kol OUVEMWG Ot oplOuo
Tapayopévwy EUYWV HIKPOTEPO Tou 10° avd makuod Aédep. Avadopikd S pe T

OUYKPLON TOU UOVTEAOU TwV [46] pE TO HOVTEAOU TOU Popov OmMwC MapousLAoTNKE
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oto KepaAalo 3, PAETMOUE OTL, 0 APLOUOG TWV TAPAYOUEVWY (EUYWV EXEL KAAUTEPN

anddoon rmou dtdvet ta 10° Zevyn.

EmutAéov yla va TETUXOUMPE MEYAAN amodoon HE TO HUNXAVIOUO Twv [46],
QUTOULTOUVTOL EYKATOOTACELG HE TO XaPaKTNELoTKA Tou NIF mou &ev eival eukoAa
TMPOoPACIUO KoL PE HEYAANOG KOOTOCG Aeltoupyiag. e avtiBeon, to POVIEAO TOU
napouvaotdcape oto Ked.3, xpelaletal pla eykotaotaon t¢ taéng tou Petawatt mou
elval mepapaTika WO PEAALOTIK. Ta TOPATIAVW OTOTEAECHOTA  €XOUV
napoucLlaotel oto ouvédplo “Conference on Extremely High Intensity Laser Physics
Heidelberg, Germany, 21 — 24 July 2015” pe tn popdn peuvnTIKOU MOOTEP UE TITAO
«Numerical comparison of Popov and Breit — Wheeler schemes on laser vacuum

breakdown for pair creation» [52].

4.2. MBaveég epappoyEC Twy Statasewv

4.2.a Napaywyn HUOVIWV yLa TNV XPron o€ avtltdpaocsLg cuvinéng

H peAétn tng mapaywyng {euywv ruoviwv mou peAetiBnke oto 3° kepdAaio propsi
va €XeL ePpapUOYECG OTNV TTApOywWYr LUOVIWV Ta omoia mapdyovtal amnod ta movia. Ta
pHuovla €lval onUavTika ya To Adyw Tou OTL UmopoUuv va xpnolgomnownBouv cav
KATaAUTNG o€ avtidpaocelg ouvtnéng Asutepiov — Tputiou (UCF) [53]-[58]. Qotoco
yla va €xoupe pa emopkn dtadikaoia ouvtnéng MPEMEL va UTAPXEL EVOG LKAVOG
oplOpog puoviwv. e mPOoGATOUG  UTIOAOYLOHOUC TIou  Teplypadouv TNV
oAAnAentibpaon pog déoung mpwrtoviwv e SLaddopoug oTEPEOUS OTOXOUG YLa TLG
MOPApPETPOUC TOU OUCTAMATOC ISIS €8etfav OtL Ba SnuoupynBouv 10% pudvia.
Eniong amod ektipnoelg tng Sldtagng mou XPnOoLUOTOLELTAL O aUTH TNV £pyacia o
oplOpOC TwV pUOViwv TIou Tapdyovial amo TNV aMAnAemidpoon HE TO KeVO
avépxetal oe 10° pe 10* owpatidla. Kat otic 800 mpooeyyioelc ta HéXPL OTLYHAC

amoteAéopata v EMaPKOUV yla £va amodoTIKO KUKAO KOTAAUONG UE QTMOTEAECHA
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va e€etaotolv Kal aAAoL amodoTikol TPOToL mapaywynsg Huoviwv HE tn Xpron
TIAARWV AELEP KAL TILO CUYKEKPLUEVOL [UE TNV TIAPAYWYN MLOG SECUNG MPWTOVIWY oo
HLa Loxupng évtaong déopun Aélep mou aAAnAemidpd e oteped otdxo. H déoun twy
TPWTOVIWV O OUVEXela He aAANAemidpaocn o€ VEO OTOXO TAPAYEL TILOVLOL TIOU

amooBevopeva divouv puovia.

H mapamnavw Wéa napouaotaletal oto dpBpo [59], 6mou mpoteivetal pla datagn
HOYVNTIKAG ouvTnNéNG Tou amoteAeital amd SUo pépn He SLadOPETIKEG TTUKVOTNTEC
Kal Beppokpacieg mMAdopatog Kal SlapopeTikd eDaAPUOIOUEVO EEWTEPLKO LAYVNTLKO
niedio. Kat ot SU0 empépoug Slataelg €xouv KUALVOPLKI) CUHUETPLA KOl KOTOTITPLKNA

Tomoloyia.

21O MPWTO HEPOC AapPBAvoUV Xwpa avildpAoEeL; CUVTNENG KATAAUOUEVEG OO LUOVLAL
HCF — Muon Catalyzed Fusion péoa o€ éva Oyko mepimou 1 cm? pe apyikr mukvotnTa
mhdopatoc 10%° — 10*'cm™ kat Beppokpacia dxt uPnAdtepn twv 100eV. Ta
owpatidla a mou mapayovtal SnuUloupyouv enapkr Bépuavon wote va EEKIVAOEL N

Stadkaoia ouvtnéng oto SeUTEPO HEPOC TNEG CUOKEUNG.

To 6eUtepo HEPOG oTO Omoio yivetal n kUpLla Stadikacia ovvinéng, amoteAsital amnod
€va OyKo KUAWVOPLKAG ocuppeTplag pe Stapetpo 45 cm kat vPog 45 cm wKavo va
naydevoet mAdopa mukvotntag 10™ — 10 ecm™ kat apykric Beppokpaciac 300eV 1

800eV yLa xpovikn Slapkela oAU HkpoTepn tou 1 sec.

MéxpL Twpa N mapaywyn Twv puoviwv Bacilletal otnv Xpron EMITOXUVTWY OTOU Lo
S€oUn MPWTOVIWV ETUTOXUVETAL KOL CUYKPOUETAL HE OTEPED OTOXO SNULOUPYWVTAG
TIOVLOL TTOU TTOPAYOUV OTNV CUVEXELX BETIKA Kal apvnTIKA puovia [60]. e auth Thv
gpyacia n mapaywyn tng S€o0UNG Twv MPWTOVIwY yivetal pe t xprion 6éoung Aéwlep
uPnAng évtaonc. H aAAnAeniSpaon Twv Mpwtoviwv pe oteped otdxo Ba mapdel Ta
puovia mou Ba AdPouv pépog otic avtidpaoelg UCF og piypa D - T. Mo ouyKeKpLUEVA
HOVO Ta OPVNTIKA Huovia cupPBdlouv otnv cuvtnén. H xprion €vog emtayxuvin
Baolopévou oe Aéllep Ba eival TTAEOVEKTIKA €VOVTL TwWV CUUPATIKWY ETUTOXUVTWY

OUVTEAWVTAC OE EYKOTOOTAOEL( UIKPOTEPNG KAlMakag mou Ba elval mo evkoAa
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TIOPOLLLETPOTIOLOLUEG KOL LKAVEG VO ETUTUXOUV HEYAAUTEPO APLOUO ETUTAXUVOUEVWV

ocWHATSlWV.

Ta puovia oav KataAutng oe avildpaoelg p — D e€etaotnkav mpwtn ¢opd amno tov
Frank to 1947 [61] kal n mpwTtn MelpApaTIKA anode€n éywve ano tov Alvarez to 1956
[62]. Z0vtnén Asutepiou Tpltiou HeE KATAAUTN HUOVLIA TIEPLYPAPNKE OTNV €pyacia
tou Sakharov to 1948 [63] kal e€eTaoTnKe MepaltEpw armnod tov Jackson to 1957 [64].

To 1987 o Eliezer mpotelve P cUOKEUN oUVTNENG KE KaTaAuTn puovia [55].

O mAnpn¢ KUKAOG Ttou Teplypadel Tnv dtadikacia ¢paivetat otnv lkéva 4.6

du  ddy)

Ewkova 4.6 MARpng neplypadr tou KUKAOU KatdAuong os Sltadikaoieg cuvtnéng

Ta elocayopeva puovia oto piypa D,T, oxnuatilouv puovika datopa (dp f tu) kot
HeTA avtdpouyv Eava pe 1o D 4 to T pe anotédeopa va dnuloupyolvtal popta ddu ,
dtu n tty mou 0dnyouv og avtidpAoceLg oUVTNENG UE TA TOPATIAVW Ttpoiovta . Meta
™V avtidpaon Ta MEPLOCOTEPA AMO TA HUOVIa sival dtabéopa yla éva deutepo
KUKAO KatdAuong. Qotoco Kabwg n dlatopun okESaoNG ToU OXNUATIOMOU ttu kot ddp
elval xapnAotepn katd 100 mepimou ¢dopég amd auvtr tou dtu n Sladkacio tng
KataAuong umopel va meplypoadel pe tov akolouBo ouvtopotepo KUKAO TOU

daivetal otnv elkova 4.7.
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Ewkova 4.7 Zuvtopeupévog KUKAog katdAvong LCF

To cUoTnua Twv €§LOWOEWV TIOU TtepLypadeL TN Tapanavw Stadikacia ival to €€ng

[54]:
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dN

dtﬂ - _;LﬂNﬂ - KutNuNt - K,UdN,UNd + /IﬂdtNﬂdt (1_ (0) + Ff‘
d;\tlt =K, NN = KN N+ AN, +F —F,
dN

L= _KﬂdNﬂNd + KdtNudNt + //LuNﬂd + F+d B F‘d B KﬂdtN/’tNd

dN

dtﬂt - _lﬂN#t + KﬂtN#Nt + KdtN#dNt N KﬂdtN!‘tNd
dN

dtﬂd ==A,N g +5,4N, Ny =N 4N,
dN

d{l : = _ﬂ’,uN,udt + K,udtNutNd - /’LﬂdtNﬂdt
dN,
T = ﬂ’ydtNydt
dN_
T = //lydtN,udt (1_ a)) + ﬂ',uN,uOl
dN

dt,u = ﬂ“ydtN,udt (a)) - ﬂ“luN,ua

Omnou oL mapapetpol yia tnv dtadikacia p dt Sivovral oTov mapakATw Tivoka

Parameters Value

Muon decay A, 0.4510°s™

pudt fusion Aq 1.1 10”2 s
Muonic atom formation K4 1.2 10% cm’s™
Muonic atom formation k. 1.2 107 cm’ s
Muonic molecule formation K, 0.25 10 em®s™
Isotope exchange process Kg.t 0.5 10%cm’ s*
Muon sticking probability w 0.007

Nivakag 4.1 BEATLOTEG TOPAUETPOL Lo TNV U dt Stadikacia
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w eival n mbavotnta cuykOAANONG TwV pUoviwv Kal ekdpalel tTnv cUAANYN evog
pHuoviou amod éva cwpato a (He) mou dnuloupyeital and tnv avtidpacn cuvtnéng.
To dawvopevo odnyel oe AMWAELEG KAL O UNXOVIOUOG TIOU ETMOVEVEPYOTOLEL T
OUYKOAANUEVA MUOVIA ovoualetal muon regenerationry muon stripping kot n
ouvelodopd tou ocupPoliletal pe R. H evepydg mbavotnta ouykOAAnong eival

" =(1-R)a. o eivar n apxikA mBavétnTa cuykOAANoNnG. Ot BEATIOTEG TLUEG yLaL

TO a)so naipvouv tipég 0.007 — 0.008 kat ya a):ﬁ elvat 0.0007.

O KUpLlo¢ mapayovtag yla va dnuoupynBetl pa emapkng Stadkaoia katdluong eivat
0 aplBuoC Twv puoviwv Tou Ba TApouUV PEPOC OTIC avIOPAOELl ouvtnéng. e
MPOodATEG TPOCOUOLWOELG OTIOU HLa SEoUN TPpWToViwy aAAnAemidpd pe Stadopoug
OTEPEOUG OTOXOUG Yld TNG TOPAMETPOUG Tou emwtayxuvtn ISIS ta amoteAéopata
¢6elfav otL Ba mapaxBolv mepimou 10* ,[65] ev oL umoloylopol amd TV
oAANnAenidpaon déopung AELlep LE TO KEVO TIOU HEAETAONKE OTO KED. 3 N POCEYYLON
auth Ba mapdéet 10° — 10* owpdrtia. Kat ot U0 MEPUTTWOELC 0 aptOPAC puoviwy
Sev elval emapkng yla €va amodotikd KUKAO KATAAUGCNG Kal ATOV TO EVAUCUO Va
avalntnBouv mio anodotikég pEBodoL mapaywyng deopuwv puoviwv. H uCF emiong
e€aptatal and tnv Beppokpacia tou mAdopotog D-T. E€etalovtag tnv &iebvn
BBAloypadia avadépetal OTL yla xapunAéc Bepuokpacieg MAAOUATOG Umopolv va
oupBouv péxpt 1000 f/u (avtudpaocelg ouvinéng avd puodvwo),[57], [66], [67]
WOoTO00 OEV UTIAPXOUV AKOUN EMOPKA TELPAUATIKA dedopéva avadoplkd PE auTh

TNV EKTIUNON.

Itnv mpotacn Hag €EETAOTNKE n mapaywyn Oéoung mpwtoviwv amd TNV
oAMnAenibpaon O6éoung Aéwlep pe oOTEPEO OTOXO, TA omoia pe SeuteEpN
oAAnAemtibpaon pe oteped emidpAVELA TTAPAYOUV TILOVLA TIOU ATIOCBEVOUV OE LUOVLA.
Mo ouykekplpéva Séopeg Aélep pe evépyele¢  kJ kat toxy PW upmopolv va
eTTAXUVOUV TIPWTOVIO O eVEPYELEG €we Ta 300 MeV pe To MAEOVEKTNUA OTL TO
mA0oc¢ toug propel va dtdoet ta 10™° — 10 avd moApd Aéwlep. Ma mapaywyr 10
u/p o avtiotooc apBudc puoviwy eivar 100 — 10™ avd moApd Aéwdep [68]. H

eVEpyeLa TOU Aéllep mou amatteital eivat ekatovtadeg ki elvatl oxetikd upnAn yla Tig
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]
TPEXOUOEG EYKATAOTACELS Aélep Kal Ba pmopouce va emiteuxbel oto Kovtvo

HEAOV.

ITO TPWTO MEPOG TNG OUOKeEUNG Bewpolpe mAdopa D-T pe mukvotnTa
Ny =N, =10"cm™ kot Beppokpacio mAdopatog xaunAotepn amd 100eV. H
epappoyn payvntikoL mediov 100 T emutpémnel TV nayidevon Tou mMAdopaTog yla 1
US. 2T OUVEXELQ KOVIA OTO MayvnTKO KaBpémtn tng Sudtaéng tomobeteital o
otepeng dlokog mou aAAnAerudpa pe Eva PW Aéillep mapayovtag S€oun mMpwToviwy n
omola otnv cuveéxela aAANAeTUSpA e pia SeUTEPN EMLPAVELX TTAPAYOVTOG TILOVLA T

omola otn ouvéxela Ba Swaoouv puovia. ITnv akpoia mepimtwaon omno aktiveg Aélep
ekatovtddwy k Ba nuoupynBolv 2x10™ mpwtovia kat teAkd 2x10™ pudvia oe
dyko 1cm?. AuToc o apBpdC Luoviwy ELodyETaL oav apxikri CUVORAKN 0TO cUGCTNUA
Twv Slodoplkwy eflowoewv Tou meplypadouv TNV UCFuall e TG KATAAANAEG
AP UETPOUC TTIOU avadEpovtal otnv oxXeTIKN BLBAloypadia. AMOTEAECUA AUTWV TWV
UTOAOYLOWV ivat N mapaywyr 10 cwpatdiwv dhda otov dyko tou lcm? petd
and 1 ps Aewtoupyiog. Ta ocwpatidia autd avtamokpivovtar oe 300 f /u.
MPOCOUOLWOAUE TNV XPOVIKA €EEALEN TWV MOPAUETPWY TNG TUKVOTNTAG LOVIWV TOU
mAdopotog, NG Oeppokpociag TOu KAl TwvV  pubud Twv  avtidpacewv
xpnotpomnowwvtag eva kwdika global particle and energy balance. Zto dgUtepo pépog
e Swdtafne n apxky mukvotnta mAdopatoc eivat 10em™ kau n Beppokpaocia

mAdopatog 300 eV evw to edappolopevo payvntiko nedio eival 9T.

To ypadnua 4.1 Seixvel tnv €€EAIEN TNG TUKVOTNTAC LOVIWV TOU MAACUATOG, TNG
Bepuokpaciag Tou Kol tou pubuol Twv avilbpACEWV yla TO TMPWTO HUEPOC TNG

Sataénc.

[MAovpiotaxng Iwavvng TeAiba 99



Melétn mopdywyns cmuaTidiwv-avtiomuaTioimy amo 10 KEVO Tapovoio. fpoydypovay Kol
VIEP-1OY VPOV NAEKTPOUOYVHTIKDV TEOLWY OTTO COYYPOVO, GOOTHUATO, AE1(ED

1E+23
# 1297 5642
14bo
8E+22 |-
| - 1E+24
£ E 300
£ [ g
.-I | ) 8
z L
- 2 “
6E+22 |- -5€+23
l 1 T ] 1 - 0
0 0.02 0.04 0.0 0.08 0.1
t(s)

fpadnpa 4.1 Xpovik €€EALEN Tou puBUOU HETABOANG TWV AVILEPACEWV, TNG TUKVATNTOG LOVTWVY
nAdopatog, kat tng Oeppokpaciag mAdopatog. To umAe BEAog oupPOAilel to TéEAOG TWV

avtidpacswv UCF o€ xpovo 1ps.

To MO ONUAVTIKO QMOTEAECUO QUTHG TNG MPOCOMolwong eival 6tL n B€puavon ano
ocwpatia o apxilet va yivetal onuovtikg HETA amo 0.04s kal o pubuog twv
avtidpadoewy yivetal péylotog ota 0.05 speTd to TEAOC AELToUpylag TOU UnXavIopoU
avadAeENC. O péyLotoc pubpdc Twv avtldpdoewy dtdavel v Tt 1.5 102 m3s™ H
OAOKANPWGON OE OYKO KOL XPOVO E€XEL WC OTOTEAECHO TOV EKTILWUEVO OPLOUO TwV
vetpoviwv va eivat 10*° petd amod Aettoupyia 0.06 s. Metd ta 0.06 s n mukvdTnTAL
TWV LOVIWV MAdopatog nEdtel Spaoctikd Adyw tou uPniol pubuou avtidpacswyv
eVw n Bepuokpaocia Twy WOvTwv avéavetal Adoyw tng Bépuavong amnd cwudtia a. H
Oepuokpaoia TTOU QVTIOTOXEL OTn MEYLOTN T Tou pubpou eival 25 keV kat
emTuyxavetol oto deUTEPO PEPOC TNG Sldtaéng mou eixe apyxikd Bepuokpacia 300
eV. Am6 autd To onuelo Ba pmopoucs kaveic va ewoayel pellet yua va
enavatpododotnoeL TNV cuokeun. Me QUTEG TIG CUVONKEG Hla cuVEXNG AsLtoupyia
TNG CUOKEUNG UTTOPEL VAL ETUTEVXTEL OHOLO PE aUTH TwV pnxovwyv Tokamak, aAAd pe

ULl ULKpOTEpWY Slaotdoswv Slatagn ouvinéng He TN XPnon Hoyvntikol mediou.
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AVTLOTOLXQL QITOTEAECHOTOL EXOUE Qv £XOUME TIUKVOTNTA TAGOpatog 5 10 ecm™ dnwe

dalvetal oto MNpadpnua 4.2.
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fpadnua 4.2 Xpovik €€EALEN Tou puBUOU HETABOANG TWV QVTILEPACEWY, THG TUKVOTNTAG LOVIWY
nAdopatog, kat tng Oeppokpaciag mAdopatog. To umAe BEAog ocUpPOAilel to TEAOG TWV

avtidépdoswv UCF o€ xpovo 1ps.

Ta mapandvw ypadnuata UmopoUv va anmoteAécouv adetnpila mpoomabslwy yla
v €€EAEN Twv ocuoTNUATWY A€lep aAAQ KoL TIC TIELPAPOTIKEG UEAETEC yLA TILO
OUUTOYELG OUOKEUEG MOyVvNTIKAG ouvtnéng. Av TAoOUUE O €eVEPYELEG AELleEp
ueptkwv kJ (PETAL) [69] n pepikwv dekadwv kJ (35 k) mou ektipdrtal ylo To
nipoypappa IZEST [45], [48]) TOTE n mapaywyn Twv MpwTtoviwy Ba pelwbel katd pa
taén tou 100 1 10 avtiotol o, Kol PEAAOVTIKA TEPAMATA Yia UPNANG TTUKVOTNTOG
npwtoviwv anod tnv aAAnAenidpaon AéWlep pe AemtolC otepeol otdxoug Ba eival
TPAYUATOTOROWA. [l autd TO AOYO OAEC OL TIPOCOMOLWOEL EYLVOV HE
TIOPOHETPOUC KOVTLVEG OE QUTEC EYKATACTACEWY TIOU 6N €lval og Aettoupyla | mou

Ba teBoUV o€ Aeltoupyla 0TO KOVTLVO HEANOV.
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ZUMTMEPACHATA

Avakedalalwvovtag Ta Kupla onueia tng S18aKToplkNG €peuvag, OTo TPWTO
kedaAalo €ywve pia meplypadr Tou Gavopévou tng mapaywyng Euywv cwuaTSiwy
— ovitlowpotdiwy, oavadepOUevol HE XPOVOAOYIK) OEPA OTOUG  KUPLOUG

HUNXAVLIOUOUG LE TOUG OTtolouG LEAETHONKE TO GALVOEVO.

Eotidoape otnv mMpoogyylon TOU CUVTOVIOHOU Kol tng peBddou tou davrtaotikol
XPOVOU TIOU Xpnolgomnoltnkav o autr tnv epyacia, Sivovtag OAEG TIG OXETELG TTOU
XpNolUomottnKkayv Kal Ta amoTeAECoUATO anmd TNV MPWTN gpyacia TnG opdadag pog
MAvw oTo Bépa TNg mapaywyng cwpatdiwv [21] mavw ota omoia PBaciotnke n
S160KTOpLKN €peuva. YMOOTNPIXTNKE N XPNON OPUOVIKWV OCUXVOTATWV yla TNV
mapaywyrn owuatdiwv ylo va XapnAwoeL n amnaitnon yla tnv €vitacn Tou
NAeKkTplkoU medlou. MeAetnBnkav TtTa Opla pECO OTA Omolo MImopel va
xpnowomnownBel n mpooéyylon kot emPeBaiwbnke n moAudwrtoviky ¢uon Tou

dalvopévou.

210 Sevtepo kedpalalo umootnpixbnke n melpapatiki enBepaiwon tov dalvouEvou
NG Mapaywync e’ e pe TN XPAoN TNG TPOCEYYLoNG TOU OUVIOVIOHOU MEoW
noAudpwtovikwy Sladlkaclwyv mapouotdaloviag Suo mbavég diatatel. H mpwtn
Baoiletal og éva ovotnua X — FEL pikpwv SLootdoswv Kot to SeUtepo elval avaloyo
Tou Telpapatog E144. Mpokettat yla Suo Slatagelg mou Baocilovral otnv mapaywyn Kot
gTLTAUVOn S£0uNg NAEKTPOVIiWY, XpNOoLUoToLWVTAS €va cUoTnUa AEllep UTIEPPBPOXEWY
TOAPWY TIou oAANAeTdpd pe aéplo n oteped otoxo. Aol mapaxbel n Séoun Twv
nAektpoviwv evépyelag 1GeV n xapunAotepn (Uepikég ekatoviddeg MeV), tote otnv
npwtn Stataén mepvael péoa and wingler mapdyovtag aktvoBoAia oktivwv X Omwg
akpBwg oupPaivel kot oe €va X-FEL. Emedry ywa tn dnuioupyia tng S€oung
xpnowlomoloUpe Aéwep avtl ylol EMITOXUVTH OVOUACOUE TO ouotnua Laser X-FEL (L-X-
FEL) Ztn 8eUtepn mpoTOON N TAPAYOUEVN OMWCE MPONYOUUEVWE UE Aéllep d€oun Twv
nAektpoviwv aAAnAemibpa pe BpaxLxpovn 6éoun Aéilep mou ta pwtodvia TG elval oTo
opato. Av petadepBolpe oTo0 cUOTNUA AVOPOPAG TWV OXETIKIOTIKWY NAEKTPOVIWV

TIOPOTNPOULE €VA HETACXNUATIOUEVO LOXUPO NAEKTPIKO TESIO Kal HEYAANG EVEPYELX
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oaMnAeruSpivta pwtovia. To oxupd nektpkd medio évtaonc ~10™* V/em Snuoupyet
TIC OUVONKEC ylo VO UMOPOUKE va £XOULE Snuoupyla {euywv PE TNV TPOCEYYLON TOU

OUVTOVLOMOU.

Ta amoteAéopata mou mapouotalovtal deixvouv OTL €vag LKavog aplOpog (euywv
pmopouv va dnutoupynBouv kat amod tig Vo Slatdelg mouv pnopolv va GpTAcouV Ta
10™ Zevyn ylo to table top X-FEL kot 10 yia tnv avdhoyn tou E144. Kot ot 800
Slatatelg amattouv texvoloyia AEWep yla TNV apaywyr Kot EMITAXUVon tng 6£0UNng
TWV NAEKTPOVIWY, ME OIOTEAECUO VA HMNV  XPELAleTaL n xpnon Heyalwv
ETUTAYUVTIKWVY €YKOTAOTACEWV. Ol TOPAMETPOL AElToUpyilag Tou emAEEape elval
TETOLEC WOTE VA ELVOL KOVTA OE TUTILKEG TLUEG TTOU UITOPOUV VAl ETILITUXOUV CUCTHUOTO
TIou Kataokeualovtal 1} Ba KATOOKEVLAOTOUV OTO KOVTIVO péANoV. Ta amoteAéopata
dnuootevutnkav otig [28],[26], [27] kaBwg kat oto White book tou ELI [70], kat otnv
[71]

210 Tpito KEPAAALO EETAOTNKE N Tapaywyr (EVYWV NAEKTPOVIWV TOYLTPOVIWY HECW
HLOG TIPOTELVOUEVNG TElpOMATIKAG Sldataéng mou Paoiletal oto meipapo E144
6nAadn otnv aAnAenidpaon piag vPnAng evépyelag S€o0UnNg NAEKTPOVIWY HE ML
S8éoun Aélep odnywvtag otnv mapaywyn {euywv. O BewpnTIKOG UNXOVIOUOG TIOU
Baaoiotnke n avaiuon ival n pEBodog Tou GavIaoTIKoU XpPOVOU OMwWC SlatunmwoOnke
arn6é tov Popov oe Oladopeg epyaocieg tou. To poviédo autd Paoiletal oe
TIOAUPWTOVIKEG SLaSIKAOLEC yLo TNV LETABaoN amd TNV KOTAOTACN NPEULOG, O QUTNH
TIOU €XOULE TO YEYOVOC TNG Ttapaywyng (Euywv. Z€ aUTh TNV MepimTwon to cuoTtnua
bev elval oge ouVTOVIOUO PE TO NAEKTPIKO Tedio Tou Afllep, amodelyovtag TUXOV
TIEPLOPLOMOUC OTNV €MiTELEN TNG OUVONKNG TOU OUVTOVIOHUOU. ZEKWVWVTIAC UE TNV
OX£0N TNG TUKVOTNTAC TIOAVOTNTOC KAl XPNOLUOTIOLWVTAC TIG TIANPELG OXECELG TIOU
KQAUTITOUV OAn TNV MEPLOXN TwWV SuUVOTWV THWV TOUu Yy, avil Tng Xxpnong twv
QMAOTIOLNUEVWY  OXECEWV TOU  Tapoucialav  OCUUTTTWTIKY  cuumepldopd
nAnodovtag TNV TR y=1, mapousLldoTnke n anddoaon Tne mapaywyng levywy e'e’.
H koawotopia autig tng dlepevvnong €ykeltal akplpwg oe autd To yeyovos. lNa
npwtn popa otnv BiPAoypadia peAetONKe N cuumepLdopd Tou GALVOUEVOU UE TLG

TIANPELG OXEOCELG KOL EMOMEVWG OE UL TIEPLOXN TILWV Tou nAekTplkoU mediou (y=1)
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Omou &ev UTIPXE CUVEXELD TWV KAUTIUAWY UE BAon TIG amAOmoLNUEVEG OXETELG. Ta
anoteAéopata €dstav tnv €€dptnon t¢ anodoong TG MapAywyng amo Tov av n
TOAUPWTOVIKN TAEN €lval aptTia 1 TEPLTTA TO omoio ¢aivetal otnv TAAAVIWON ToU
eudaviletal oTig KOUMUAEG TOou aplBuol mapayopevwy (EVywV O CUVAPTNON UE TNV

€VTaon Tou NAEKTPLKoU Ttediou.

Y& YETEMELTA OTASIO EEETAOTNKE N MBAVOTNTA XPriONG TNE TPOTEWVOUEVNG Slataéng
yla Tnv mapaywyr (EUywV TIOVIWV Ao TO KEVO WE TN XPrion UTIEP- LOXUPWYV TIAALWY
AéWlep. Ze aUTO TO ONUELO YeEVNONKE TO EPWTNUA AV UTAPXEL KATIOLOG TPOTOG va
emAeyel 0 TUMOC Twv cwpatidiwv mou SnuloupyolVvTal Kal KAt EMEKTOON ML
Stadwvia av pnopoupe va GTACOUUE 0TO cnueio omou Ba mapaxBouv mdvia f 6An
n SwBéoun evépyela Ba katavoAwBel amd tnv Siepyacia mapaywyns leuywv
NAEKTpoViwy Molltpoviwy Tou XapaKTneLleTal amd XaunAotepng Kplowng €vtaong
NAektplko medio. Ta mdvia €ival otevd cuvdedepéva e TNV TTApOywWyr HUOVIiwV.
Mudvia dnuloupyoupeva amod AEWlep UMopoUV va €Xouv ebapUoyr 0av KOTOAUTEC
oe avidpaoelg ouvtnéng Kol o «epyootacla» Vetpivwv (neutrino factories). 2to
TIAPATAVW €PpWTNHA §0ONKe amavinon ylo mpwtn ¢opd HEca and auTh TV Epyoacia
KAl TIPOTAONKE €vag MNXOVIOHOG TIoU MTopel €mMAEyovVIag MLKPOTEPNG TALNG
TIOAUPWTOVIKEG SLadIKkaoleg yla Ta NAeKTpoOvVia TOTPOVIA VA TIPOKAAEL xapnAn
arnodoon mapaywyng WoTe n UTOAOUTN EVEPYELX VO UMOPEL va KatavaAwBOel péoa

oo PEYAANG TAENG (Kal Lo amodoTIkEC) Stadikaoieg dnuloupylag moviwy.

JUUTMEPACUATIKA O 0TOXOC Tou uTtootnpLxBet kat va 600el épudaon otnv duvatotnta
TETOWWV Slataéewy yla tTnv mapatipnon tng dnuouvpyiag (Euywv LE LKAVOTIOLNTIKA
amoteAéopata eKMANPWONKE He TNV emiloyn NG dtataéng mou mapouactdotnke. H
epyacia autr Baolotnke amokAElOTIKA otnV edappoyn kat Stepevvnon ¢ pebddou
Tou davtaotikol xpovou. Eival pia kaBoapd moAudwtovikn péBodog oOmou n
amoppodnon pwrtoviwv anod To kevo (mou edw pPeAeTONKe oto cloTNUA avadopag
TOU gpyactnpiou aAAd Kal Twv NAekTpoviwyv) gival pla apeon anoppodnon. Asiape
OTL n mapaywyn {evywv and vPnAng taéng moAudwtovikég Sladikaoleg eival mo
amoboTIKEG. ZtnVv aAAnAemibpaon upnAng évtaong Séoung AéWlep He uPnAng

evépyelag 6£oun nAektpoviwv Ba pmopoucav va avamtuxBouv SeuteEpeUOUCEC

[MAovpiotaxng Iwavvng TeAiba 104



Melétn mopdywyns cmuaTidiwv-avtiomuaTioimy amo 10 KEVO Tapovoio. fpoydypovay Kol
VIEP-1OY VPOV NAEKTPOUOYVHTIKDV TEOLWY OTTO COYYPOVO, GOOTHUATO, AE1(ED
Slepyacie¢ QED ocupmepappavopévou tng okédaong twv (euywv e’ e pe T
uPnANg evépyelag wtovia, dalwvopeva Tou Teplypadovial and ovtlSpAaoELg
oktwvoPBoAiag kat aAAnAemidpdosl pwrtoviou pE GWTOVIO TOU TIOAUDWTOVIKOU

unxaviopou Breit Wheeler eival mépav tou okomou tn¢ mapoloog Epyaciog.

10 TETOPTO KepaAalo e€etdoape MPOoPATEC £PAPUOYEC TNG TAPAYWYNC
ocwpatdiwv. E€etaocape pla mpdéodatn mpotoon yla mepapatikn enBeBaiwon tou
dawopévou, OnMwe avantuooetal otnv [46]. Ze auth, pa vPnAAG evépyelag SEapn
nAekTpoviwv Tou mapdxdnke amd tnv alnAemidpaon 6éoung Aélep Ue oTOXO,
oAnAerudpa pe dwtovia aktivwv X mou ekmépmnovtal and hohlraum (kootnta)
Bepuawvopevn pe Aélep (dawopevo pEAav ocwpatog)  mapdyoviag leuyn
NAEKTPOVIWY Tolltpoviwv péow Breit Wheeler. AdoU mpwta mapoucldocTnkav ta
Baoika onueia TG SLATAENG KL OL EKTIUACELS LA TNV amodoon TNG oTNV Mopaywyn
{euywv, TPOXWPHOANE oTnV cUYKPLon tTnE dtdta&ng pe authv nou efetdlovpe oto 3°
kedpahalo t¢ datpBnc. Eywvav avtiotolyol UTOAOYLOMOL amo HEPOUC HAG TIAVW
otnv avtiotoyn O&wdtan avripetwmnilovtog to MPOPANUA HE TNV XPHON €VOC
moAupwTtovikoU povtéAou Breit Wheeler pe okomd va avamnapaxbouv ta
QIMOTEAECOTA KOL OTN CUVEXELA val YIVEL Lo oulTnon UTO Toleg ouvonkeg Ba Atav
TPOTIUOTEPN N XPON AUTAC TNG Statagng n auTAG Tou mapouctaletal péoa anod tnv
napovoa epyacia. Ta anoteAéopatd pag npoosyyilouv Le KaAn akpifela autd tou
apBpou [46]. Emopévweg Ba pmopouaoe va yivel xprion evog MoOAUPWTOVIKOU HOVTEAOU
netuyaivovtag €€ioou  kaArp amobdoon. EmutAéov oL TOPAUETPOL  TIOU
xpnotpormnotovuvral xpelalovral eykataotaoelg Aéwlep onwe to NIF yla va metuxou e
TO AMOTEAEoUATA TTOU amaltouvtal. o peaALOTIKEG TIUEG TG Bepuokpaciag tou
hohlraum tng ta€ng Twv 200 pe 300 eV o aplBudg Twv MopayoUevVwWY (EUYWV Elval
10° - 10* Zebyn avd raApd Aéwlep. Qotdo0 av XPNOLLOTOiOOUHE cuoThpaTa AéWep
1o eVKOAQ TtPOOPAoIHa MW efnyroape Ba xapunAwoeL n anoddoon kdtw and 10°
{evyn. e auTo To onueio pla diataén mou kavel xpron Aéwlep tneg taéng to PW kat
uropel va éxel amddoon 10° Zevyn eivat mo eUkoAa eBIKTH YLa TV TIELPAUATIKA

emBeBaiwon Tou pavouévou.
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H épeuva oAoKANpwWVETAL UE IO EHAPUOYN OXETIKN UE TNV OPAYyWYN HUOVIiWV Ta
omola mapdyovtal and Ta TOVLA Kol €lval n xpron Twv HUoviwv oav KataAutn o€
avtdpAoeLg oLVTNENG. OUWE OTWG £ENYNONKE Lol va £XOUUE HILOL LUTOCUVTNPOUEVN
Sladikacia mpénet va. €xoupe éval tkavd apldpod puoviwy dvw tou 10, dmou Sev
elval akoun duvatog péow tng dtataéng tou kepaAaiov 3. EVAANQKTIKA EEETAOTNKE
n mopaywyn moviwv and aAnAenidpacn &€oung mpwtoviwv pe oteped otoxo. H
6éoun Twv MpwTtoviwv Tmapayetal and tnv aAAnAenidpoaon Aéllep Ue umEP-AEMTO
otoX0 KoL n omoio Pploketal uMO TMElPAUATIK SlEPEVVNON OE UNMAPXOUOCEG
eykataotaoslg kI/PW  Aélep. H mopaywyrp MuoOviwv amd movia  eivol
nepAapBavetal otoug otoXoug TNG eykataotaong ELI —NP [72], odnywvrtag o€ pia
cuotnuatiky dlepevvnon twv Sladkaowwyv PCF kat tnv duvatr xprnon toug o€
OUOKEUEG UOyVNTIKAG oUVINENG OXETIKA HIKPWV Slaotdcewyv. Ol UTIOAOYLOMOL TIoU
gywav emPBeBalwvouv tn onuacia tng UCF kot emutAéov Tou GALVOUEVOU TNG
B£puavong amo Ta CWUATLA O TTOU TIAPAYOVTAL amod TG avildpAoelg ocuvtnéng, Le
edbapuoy 0€ UIKPWV OLOOTACEWV OUOCKEVEG oLVTINENG. Mo TETOlA CUOKEUN
npotadbnke oto apbpo, [59]

Juvoyilovtag otnv mapovuoa epyacia HEAETACAUE SUO UNXOVLOMOUC TIOPAYWYNG
NAekTpoviwv TOUTPOViwV TOV TOAUDWTOVIKO OE OUVIOVIOUO KOl QUTOV TOUu
davtaoTtikoU xpovou. Ita mAaiola tng dlepevvnong mpotadnkav SLatdgelg yla tTnv
nelpapatiki emiBefaiwon tou alvouEvou, He LKOVOTIOLNTIKA anddoon wg mpog Tov
Tapoyouevo aplBpd Teuywv, KAVOVTAC XPNAON OUuoTNUATWV A€Wlep. 2e KABe
TEPUMTTWON Ol TAPAPETPOL €MeEAEynoav €TolL WOTE va evBapuvouv TNV Xpnon
ocuvotnuatwyv Aéllep mou eival Adn oe Asttoupyia n Ba KATACKEVOOTOUV OTO AUECO
HEAAOV. H kalvotould Tng epyaciag €ykeltal oto OtL SlepeuvnOnKav PE MEPLOCOTEPN
AEMTOUEPELA TITUXEG TWV BEWPNTIKWV TIPOCCEYYIOEWV TIOU SV €lXOV TTOPOUCLOOTEL
otnv umndpyxouca apBpoypadia kal paivovral ota anoteAéopata mou ekdpdlovral
KOl HEOW TWV ypadnUATWY Tou mapouctaotnkayv. EmutAéov autry n douleia B€tel
TIC BACELS YLt UEANOVTIKEC OUVEPYOOLEG HE EPEUVNTLKEG OUASEC TOU €EWTEPLKOU
wote va kataAnéouv otnv melpapoatiky emipBefaiwon tou dalwvouévou o€

EYKATAOTAOELG AELlEp OMWC aUTEC Tou ELI tou ORION kat tou mpotlekt IZEST.
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1. Introduction

Electron-positron pair production from vacuum breakdown in
the presence of strong electromagnetic fields is one of the most in-
teresting non-linear QED phenomena and at the same time a rich
area of theoretical and experimental investigations [1-8]. Recently
the possibility for an experimental verification of the phenomenon
is plausible due to the rapid development of ultra-intense laser
facilities [9-11]. The first steps on the theoretical treatment of the
phenomenon can be found [1], but Schwinger [2] was the first that
examined it thoroughly. By the implementation of the proper time
method Schwinger obtained the following conditions for pair cre-
ation to occur: The invariant quantities = §F,, F/*V = —$(£2 —
2B, G= LR Fw = c€ - B, where Fy, and F, = teuvapFoP
are the electromagnetic field tensor and its dual respectively, must
be such that neither 7 =0, G =0 nor F > 0, G = 0. These restric-
tions are for example satisfied close to the antinodes of a standing
wave or at the region of a focused laser beam. In order to have
sizable effects the electric field strength must exceed the critical
value & = T_C ~1.3 x 10'® V/m which corresponds to focal laser

intensities of the order of 102 W/cm? and above. Such laser in-

* Corresponding author.
E-mail ip i .tuc.gr (L P 5
ience.tuc.gr (S.D. i ioannis2@otenet.gr (I. Tsohantjis).

0375-9601/$ - see front matter © 2009 Elsevier B.V. All rights reserved.
doi:10.1016/j.physleta.2009.06.015
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tensities can be reached in the very near future from facilities such
as [12-14] and X-FEL [15]. Brezin and Itzykson [3] and soon after
Popov [6] used multiphoton atom ionization technics such as the
imaginary time method [6,16,17] showed that the probability of
pair creation over a 4-Compton volume can be obtained as

wP=an. (1)

n>ng

With the parameter of the theoretical treatments being y =
mew/e€ = hw&,/mc2€, which is the equivalent of Keldysh param-
eter, the two important areas y <« 1 (high electric field strength
and low frequency, where the adiabatic non-perturbative tunnel-
ing mechanism dominates) and y > 1 (low electric field strength
and high frequency, multiphoton mechanism), lead respectively to
the following number of pairs N(7) [6]:

1

N(t) =2732nd(g /6003 exp(—”& (1 = —g>)(wr/27r).

€ 2(nog)?
y <1,
—2mp
4
N(1) n2nng/z(7y) (wt/27), Yy >1,
with 7 being the pulse duration and ng = 2mc?/hw. The first ex-

perimental verification of e~e* pair production took place at SLAC
(E-144 experiment) [18]. Highly energetic electrons (maximum
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46.6 GeV) underwent nonlinear Compton scattering with n laser
photons (of A =527 nm, @ =2.35 eV and laser pulses of energy
500 mJ), e +nw — €' + ', producing backscattered photons @’ of
27-30 GeV which then collide with the laser photons to produce
e, e pairs, via the multiphoton Breit-Wheeler mechanism, @’ +
nw — e e*. The number of positrons measured in 21962 laser
pulses was 175413 forann =5.1 d:O.Z(statistical)fgzg(systematic)
multiphoton order process, a result that is in very good agreement
with the theory. These results have been shown in [19] to be ob-
tained also from Popov's theory.

In a recent paper Avetissian et al. [20] treated e~e* pair pro-
duction in a standing wave A = 2Agcoswt formed by oppositely
directed laser beams of plane transverse linearly polarized electro-
magnetic waves of frequency , using a two level on resonance
multiphoton approximation [19-21]. The main difference between
this approach and the previous one is the condition of resonance,
which as shown in the detailed investigation presented in [21-24],
can lead to very high production efficiency. The probability density
of pair creation for the case of oscillating electric field, is given
in relation (33) in [20]. This approximation will be considered in
the rest of the Letter. Following [20,21], taking the momentum
of the created electrons (positrons) to be p = (px = psiné, py =
pcos6,0), where ¢ is angle between Ag (lying on the Oy axis)
and p, the probability density wyo and the number of pairs cre-
ated No at angle & =0 (where both maximize) for an nth order
process are respectively given by [21-23]

nw |
Wno = '8‘7'T‘Z'fnzo(n2wz - 4'712)21 )
1 Vrgy 21
No=wnoVt=—5—— I " p2 €)
472V, m2cd "

In deriving (2) and (3) the resonance condition

n=2E/hw=2qmc?/hw, q>1, (4)

has been used and

1
E p2>z ( mp)
——(1-Z) nn i
fno 4py( 5z nheoln| 42~

£~ % is the relativistic invariant parameter given by

_ mc?&
" hof

&o is the amplitude of one incident wave and & < 1 for the ap-
proximation to hold. V= 7.4 x 10759 m?s is the 4-Compton vol-
ume of the electron, V ~ o2l is the interaction volume, 7 is the
pulse duration, o is the cross section radius and | < A the electro-
magnetic wavelength [20,21]. Finally since in the Bessel function
Jn(x), x >~ n, the approximation Jp(nsecha) = (1/v2mntanha)
(a :sech’l(%f-(l — q_!z){’)) has to be used giving,

(5)

1 1 exp(ntanha — na)
=- —1) Znhey ———oo-.
foa 4(q2 ) +/2rntanha

As shown in [21], relation (3) leads to very good estimates
for the theory both when higher harmonics are implemented
and when the range of its applicability is examined. For exam-
ple for a Nd-Yag laser with @ =1.17 eV, A = 1 pm, intensity
135 x 102 W/m?, 1 ~ 107 ¥ 5, 0 ~ 1075 m, [ = 0.1, the fifth
harmonic can create approximately up to 10'2 pairs for n~ 10°,
provided that the electric field strength does not exceed the order
of 10 v/m.

In Section 2 we present the use of a table top laser based X-
ray Free Electron Laser scheme for pair creation and in Section 3

(6)
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a scheme analogous to the one used in the E-144 experiment. The
aim of this Letter is to emphasize the advantages of using such
schemes for the experimental observation of the on resonance ap-
proximation [20,21], as they can be realized in well equipped lab-
oratory and can provide satisfactory results which we will show
on our numerical estimations that will follow. One should men-
tion that the following two setups allow the increase of electric
field strength £ with a simultaneous increase of , so that & re-
mains < 1, as it is essential for the validity of the multiphoton on
resonance approximation.

2. Pair creation using laser based X-FEL system

In this section we investigate the use of what one could call
a table top laser based X-ray Free Electron Laser for electron-
positron pair creation. Such system is similar to a standard X-FEL
system [15] with the main difference between the two to be the
electron beam creation and acceleration mechanism. The table top
X-FEL utilizes a relativistic electron beam produced and accelerated
by a high intensity (~ 102°-102! W/cm?) ultrashort laser beam
[25-28]. Then the electron beam propagates through a wiggler
system and X-ray beam is created. Generation of such relativistic
electron beam from a laser source can be achieved by interac-
tion with a solid or gas target and is a wide field of research.
For our purposes we consider a laser system with intensity of
102! W/cm? and pulse duration 20-30 fs. Recent experiments [25—
28] have confirmed that the accelerated electron beam can reach
energies Egheam Close to 1 GeV and charge close to 1 nCb, but is
expected that in the near future this charge will become available.
This beam enters an undulator with period %, and after the inter-
action with the magnetic field in it, X-ray photons of wavelength

Au

A=
2y,_2

(7)

will be produced, where y; is the relativistic factor (y. = —fn"c‘:!?).
The undulator period for our scheme is A, =5 mm but it can be
adjusted depending on the X-ray photon wavelength we wish to
produce.

Using (7) for Egpeam =1 GeV we obtain X-ray beam wavelength
A =0.65 nm, which corresponds to photon energy @ = 1.909 keV.
Two opposite directed X-ray beams form a standing wave to a cir-
cular spot area of radius o =100 nm. The interaction 4-volume in
which pair creation takes place is taken as V = 02((11)\)'{, where
7 =100 fs. We also assume that the conversion efficiency of the
electron beam energy to X-ray photons is about 10% and given the
power of the electron beam Pgpesm =1 x 10" W, we obtain the
energy of the X-ray beam Ep = 0.1 . As in [21], with the above
parameter values, we firstly investigate, using (3) the dependence
of pair number Np to g (electron rest mass units). The result is
presented in Fig. 1, where the envelope of Ny(q) is plotted, for
& =0.9532. This optimum choice of & (leading to high produc-
tion efficiency), is dictated by energy conservation between the
X-ray beam energy E, and the energy E = 2qmc?No of created
pairs: one can numerically solve the energy conservation equation
Ep = 0.1 ] = 2qmc2Ny(£,q) for appropriate range of values of the
q parameter (see [21] for a detailed analysis on the choice of &).

The most probable pair number is the one that corresponds to

=1.40 and is of the order of 10'° pairs. The multiphoton order
of the process as obtained by (4) is n=750.

Secondly one can also investigate the dependence of Ng from &
(equivalently &). Using (3) and the data from Table 1 we present
in Fig. 2, the dependence of pair number Ny from & for three
Eebeam Vvalues of 1 GeV, 400 MeV and 200 MeV, the last two being
considered in order to estimate and compare pair creation effi-
ciencies for energies that can be easily created with the recent
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Fig. 1. Envelope of created e*e~ pair number No vs. rest mass unit g for & =0.9632
and photon energy 1.909 keV.
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Fig. 2. Log-plot of the number of created pairs No vs. & for electron beam energy
1 GeV (top curve), 400 MeV (middle curve) and 200 MeV (bottom).

Table 1
Typical parameters for obtaining Fig. 2.

Electron beam Wavelength of X-ray ~ X-ray photon =~ Maximum electric field

energy Eepeam laser beam (nm) energy (eV) strength (V/m)
1GeV 0.65 1909 3.4x 10"
400 MeV 4.06 305 5.5x 10"
200 MeV 16.3 76 1.4x 10"

technology in large laser facilities. Note that in order to obtain
each of the three plots in Fig. 2 the values of (q.n) are respec-
tively (1.41,750), (1.40, 4742), (1.40,18833).

Each one of the curves has a different ending point, because of
previous mentioned energy conservation consideration. The choice
of plotting vs. parameter £ is justifiable, since it depends both
from the electric field strength & and photon energy and thus
allowing to investigate the dependence of No on both of these
physical quantities. By adjusting the photon energy and/or the
electric field one can estimate the number of produced pairs for
the corresponding value of £ from figures like Fig. 2. Observe the
very sensitivity of Ng from & which is a result of resonance ap-
proximation (this is due to the presence of the Bessel function in
relation (3)).

The electron beam charges considered for these energies case
are respectively 1 nCb for 1 GeV, 0.4 nCb for 400 MeV and
0.2 nCb for 200 MeV. The estimates of Fig. 2 show that even if
we choose to lower the electron beam energy, we can achieve ef-
ficient electron—positron pair production (of the order of 10'! for
1 GeV, 10" for 400 and 200 MeV) and strongly suggest the possi-
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Fig. 3. Envelope of created e*e™ pair number Ng vs. rest mass unit q for £ =0.9632
and photon energy 1956 keV.

ble use of this scheme for experimental observation of resonance
approximation.

3. Pair creation using a configuration analogous to the E144
experiment

The second scheme proposed is based on the E144 experi-
ment at SLAC [18]. It consists of two steps. On the first step a
relativistic electron beam is produced and accelerated by an ultra-
short laser beam of photon energy 1 eV. On the second step the
relativistic electron beam interacts with the main high intensity
(10%° W/cm?) highly focused laser beam. On the electron’s frame
the electric field intensity of the laser beam is thus increased due
to the relativistic factor while the focusing guarantees that the
condition £2 — H2 > 0, for pair creation is satisfied. On the elec-
trons reference frame the electric field £* and the photon energy

E;hﬂmns are given by
E* = ViEiaserlabs 8)
E;humns = YLEphotons 9)
where y, = E;[—"f[‘} Eepeam being the electron beam energy.

For Eepeam = 1 GeV, we obtain from (9) E¥ =1.956 keV,

photons

which corresponds to 2 =0.1 nm and £* ~ 10'> V/m. We will ap-
ply the same analysis as in Section 2, to estimate the efficiency
of resonance approximation for this scheme. Using (3) where the
interaction 4-Volume V =02(0.1A)7, = 0.1 nm, o = 50 pm and
7=10"" s, we present in Fig. 3 the envelope of the created pair
number Ng as a function of q for & =0.9632 (£ is obtained with
same considerations as before).

The most probable process corresponds to g = 1.41 and can
produce up to the order of 10'® pairs. The multiphoton order of
this process is n = 735. We also examine the efficiency of pair
creation for two more energies of the electron beam, 400 MeV
and 200 MeV. As in Section 2, using formula (3) and the data
from Table 2 we present in Fig. 4, the dependence of pair num-
ber Ng from & for three Eepeam values of 1 GeV, 400 MeV and
200 MeV with corresponding values (g, n) for the later two ener-
gies as (1.41, 1844) and (1.40, 3686).

4. Conclusion

The above analysis aims to support the experimental verifica-
tion of e*e~ pair creation using the on resonance multiphoton
approximation by presenting two possible schemes. One is based
on using a table-top X-FEL laser system and the second is anal-
ogous to the E144 experiment. The numerical estimates presented
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Fig. 4. Log-plot of the number of created pairs Ng vs. & for electron beam energy
1 GeV (top curve), 400 MeV (middle curve) and 200 MeV (bottom).

Table 2

Typical s for Fig. 4. The of Fig. 4 of this scheme
strongly suggest the possible use of this scheme for experimental observation of res-
onance approximation (of the order of 10" for 1 GeV, 10'5 for 400 and 200 MeV).

Electron beam X-ray photon Electric field
energy Eebeam energy (eV) strength (V/m)
1 GeV 1909 47 x 108

400 MeV 782 7.8 x 10

200 MeV 391 1.9 x 10"

that a sufficient number of pairs can be produced by both schemes
that can reach up to the order of 10! pairs for the table top X-FEL
and 10" for the E144 like scheme. An important fact in both pro-
posed schemes is that they use laser based modern technology
for production and acceleration of electron beam and consequently
they do not need any large acceleration facilities. Moreover, since
the existing laser laboratories have this kind of technology, the
required experimental values of the parameters needed for pair
production can be achieved. Our choice to carry out our numerical
estimates with Egpeam NO greater than 1 GeV is thus justified, as
electron beams with energies like 400 MeV or 200 MeV can be cre-
ated quite easily. Besides the above advantages of the two schemes,
the laser beam parameters can be easily adjusted to change the
electron beam energy, in order to operate on resonance. Moreover
the criterion for the choices of the values of the parameters used,
is that they should be close to typical values rather than extreme
ones, in order to maintain our estimates as realistic as possible.
Consequently our analysis, suggests that both of the schemes pre-
sented are promising for a future experimental verification of the

[MAovpiotaxng Iwavvng

on resonance pair production, especially when new powerful laser
systems like X-FEL [15], HIPER [13] and ELI [14] are under devel-
opment.
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Abstract

Numerical estimates for electrons and mesons particle—antiparticle creation from vacuum in the presence of strong
electromagnetic fields are derived, using the complete probability density relation of Popov’s imaginary time method
(Popov, JETP Lett. 13, 185 (1971); Sov. Phys. JETP 34, 709 (1972); Sov. Phys. JETP 35, 659 (1972); Popov and
Marinov, Sov. J. Nucl. Phys. 16, 449 (1973); JETP Lett. 18, 255 (1974); Sov. J. Nucl. Phys. 19, 584 (1974)); (Popov,
Phys. Let. A 298. 83 (2002)). and within the framework of an experimental setup like the E144 (Burke et al., Phys. Rev.
Lett. 79, 1626 (1997)). The existence of crossing point among pair creation efficiency curves of different photon energies
and the role of odd/even multiphoton orders in the production rates are discussed. Finally a kind of tunability process

between the two creation processes is discussed.

Keywords: high intensity lasers; multiphoton processes; pair production

1. Introduction

In the presence of strong electromagnetic fields, vacuum
can be unstable and if a certain field strength is exceeded,
electron-positron pair creation can occurl"?). This charac-
teristic critical field strength is the Schwinger field &, =
(mecz)/e)w ~ 1.3 x 10" Vm2, where m, is the electron
mass, ¢ the speed of light and 4., = h/(m,c) is the Compton
wavelength. However, as demonstrated by Schwinger!!), in
order to observe pair creation, the invariant quantities F =
1F P = —LE2 - 2B, g = [F P = € - B
must be such that 72+ G2 — F > 0, where F,, and
I-‘,w = %s,m,ﬁF"ﬂ are the electromagnetic field tensor and
its dual, respectively. These requirements can be satisfied
at an area close to the antinodes of a standing wave or at
the region of a focused laser beam. As the critical field
strength corresponds to focal laser intensities of the order
of 10 W em™2, the main question that arises, is whether
an experimental verification of the phenomenon is possible.
The rapid development of ultra-intense laser facilities has
rekindled the interest in proposing a possible experimental

Correspondence to: I. Ploumistakis, Technical University of Crete,
Laboratory of Matter Structure and Laser Physics, Chania 73100, Greece.
Email: iploumistakis@isc.tuc.gr

setup as seen in various works*~'!). Theoretical treatment
of pair creation in an oscillating pure electric field and
based on the atom ionization theory, was demonstrated
in Brezin and Itzykson!'?] and Popov’s works!!3-1%). The
characteristic parameter of those treatments is the rela-
tivistic invariant parameter y = mcw/e€ = hw&./mc*E,
which is analogous to the Keldysh parameter. In particular,
Popov!!3-19] applied the imaginary time method for the case
of oscillating electric field such as the one realized at the
antinodes of an electromagnetic standing wave formed by
two coherent counterpropagating laser beams and for which
£ « & and ho <« mc?, distinguishing two important
regimes y < 1 and y > 1. For y < 1 (high electric field
strength and low frequency) the adiabatic non-perturbative
tunneling mechanism dominates and the probability density
is expressed as W o exp(—m(E/E)). For the case of
y > 1 (low electric field strength and high frequency)
respectively, the multiphoton mechanism is dominant and
W o (E./€)72" (ng = 2mc*/h is the multiphoton order
threshold). Additionally in Ref. [20] the imaginary time
method was further analyzed and applied for the cases
of a constant electric field and time homogeneous electric
field for a single or multiple laser pulses. Also, important
work in pair production has been carried out concerning
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the interaction of a high intensity polarized laser beam in
vacuum as seen in Refs. [21-23], leading to observation of
pair production at laser intensities lower than the critical
one. Along these lines, interaction of two circularly polarized
counterpropagating laser pulses!?!) was shown that pair cre-
ation can become experimentally observable for laser beam
intensities one or two orders of magnitude lower than that of
a single pulse. Finally in Refs. [22, 25, 26] the collision of
multiple electromagnetic pulses is proposed as yet an another
possible experimental scheme, where lower threshold is
required for pair observation. In the ultra-relativistic regime
&> 1 (£ = 1/y) recollision process of an electron—positron
pair produced by the interaction of a high energy photon
with an intense laser pulse allows relevant high energy
physics effects”). The concept of the E144 experiment!®]
and the agreement with theory is mentioned in Ref. [22]
as a unique opportunity for future experiments, in order to
investigate unexplored nonlinear vacuum effects, using laser
intensities to 2—4 order higher than the laser intensity used
for the first experimental verification of ¢“e™ pair creation
accomplished at SLAC!?®). The experiment consisted of two
stages. At first a high energy electron beam interacted with a
laser beam via nonlinear Compton scattering producing high
energy y photons. These high energy photons then interact
with low energy laser photons and electron—positron pairs
are created through Breit-Wheeler process®®). 175 + 13
positrons were measured in 21962 laser pulses for an =
5.1 4 0.2 (see Ref. [28]) multiphoton order process, a result
that is in very good agreement with the theory*").

Based on Popov’s treatment we are going to present our
numerical estimates for pair creation efficiency on an E144
like experimental setup that can be realized in the near future
by high intensity laser facilities®!-3%,

Continuing with the presentation of Popov’s theory the
probability density is given by Refs. [13-19]

W= w, M

n>ngy

where w, is the nth multiphoton order probability per
Compton volume given by

=

_@s+ ) ho (n —no)l/z

272V, me2 \ A,
P 2me? 2y ‘ ) @
In €Xp o f A n—np)).

In the above relation, s is a factor that is equal to 0
for the case of bosons and 1/2 for the case of fermions,
me = 9.1093 x 1073! kg (0.5 MeV ¢2) for electrons or
my = 2488 x 1072 kg (139.570 MeV ¢~2) for pions,
Ve = h"/mi”c5 is the electron or pion 4-Compton volume,

1. Ploumistakis et al.
7.4 x 1075 and 2.16 x 10743 m? s, respectively,

no= m(‘zA/fuu, A= #(V)E(Wy))’

V) =1/1+y2% 3

where ng is the threshold multiphoton order for pair produc-
tion to take place and A expresses the effective energy gap
width between the continua and E(.) is the complete elliptic
integral of the second kind. The functions Ay, Az, Jy,, 1, &,,
[ f1, f2 are respectively given by

2 2
A= ;J/V/(J/)K(I//(V)), A = ;V‘//(V)E(W(V)),
. 4)
Jy= f =101 4 5 (~1)" cosEnx] dix,
0

1=2(£—£), x:ﬂ,
A1 A P

ke zwm,/(”":—“”’“’z,
(o)

Ty
= = 2=(1 2
f T fi=myyy)/2=(1/y)f:

where K (.) is the complete elliptic integrals of the first kind
and o = 1 for electrons and —1 for mesons (pions)!!3-1%]
and p) is the parallel to the electric field component of the
momentum p of the created particle.

For the sake of introduction completeness the simplified
asymptotic formulas for e ~e™ pair creation will be presented
even though they will not be used in our estimates. For the
two regions of y that we have mentioned Equation (2) can
be simplified. In the case y < 1 the spectrum of nhw of
the n-photon processes is practically continuous giving the
non-perturbative result!!3-19:40]

wp

s 1 5/2
= o7y €180

1,
X exp (—n(&./s) (1 =g ok 0(;/*))) ;
while the number of pairs created is given by
N() =27¥2nf (/€)1

Zeoly . L _llepa ®

€ 2 (noé)z

7 being the pulse duration. However in the typical multipho-
ton (and of perturbative nature) case y >> 1,

X exp

”
e

2 —5/2 n
. 5/2 =
=172 (no) (4y> q(n —no),
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Numerical investigation and potential tunability scheme
where

1 N 2(n—ng) 112
qn —np) = Ee““‘"—"”’f et 12 dt (6)
0

and Equation (1) yields the estimates!!3-19-40]
2,
N 9 —sp2 e <ng
wp X mno (5) 5 (7)
4 —2ng
N(r) = 2 (—”) (wt/27). ®)
¢

An extensive investigation of e"e™ pair production using
the imaginary time method concerning the pulse shape and
duration in the optical and XFEL regime is provided in
Ref. [19], while in Ref. [40] the XFEL case is analyzed in
detail. Although the power-law behavior of N(7) in the case
y > 1 provides a far more efficient mechanism for pair
creation, one needs quite high hw’s given by possible future
y-ray lasers except if other techniques are to be used, as
was demonstrated in Ref. [8]. As an example, for a future
Exawatt or Zetawatt laser system!*!] with laser intensities
able to approach 1026 W em~2 and beyond, Equation (5)
with Aw = 1eV, ng = 1.02 x 10° and electric field E =
10" — 107 V! (ie., close o Ec.), y = 1.33 x 1073
and pulse duration T ~ 150 fs, gives N(r) = 1.5 x 1012
electron—positron pairs.

In the following section (Section 2) the numerical es-
timates on the pair creation efficiency for electron and
pion pairs will be presented, using the full formula that
describes the whole range of y instead of the simplified ones
[Equations (5) and (8)]. The reason for this choice is that
the full formula can provide better estimations concerning
the efficiency of the created pairs, especially around the
area of y = 1. The simplified formulas are asymptotic
at this area and as we will discuss later do not allow us
to observe crossing points between the curves that depict
the created pair number versus electric field strength for
different electron beam energies. These crossing points
cannot be approached using the asymptotic formulas, as they
are observed close to the area of y = 1. Their existence
shows that for electric field strength values above the range
where the crossing points are, higher multiphoton orders can
result to higher creation efficiency. Our aim is to support
and emphasize on the advantages of using such schemes to
observe pair creation as they can provide satisfactory results.
Also our results will show the dependence of efficiency
on having an odd or even multiphoton order. In Section 3
our investigation will be extended to study the possible
utilization of the proposed scheme to pions pair creation
from vacuum by using ultra-intense lasers. This section will
be concluded by a proposed mechanism that will enable us
to select the type of the created particles. The latter is a
quite interesting topic as there is an argument on wether

we can reach to the point of creating mesons (pions on
our case), or all the available energy will be consumed
by the electron—positron pair creation process that requires
lower critical electric field strength. The importance of pion
creation is that it is closely related to muon creation. Laser
generated muons can be applicable as a complementary
to the accelerator source!*> 3 in muon catalyzed fusion
processes and neutrino factories!**. To enrich our study, one
case that should be examined is the creation of pions from
electron—positron collisions as seen in Ref. [45] and to what
extent this phenomenon contributes to the total rate of the
pion creation.

For the numerical estimates of created pairs, to be pre-
sented, it is adequate to use Equation (2) for the case of
n = no+1, as this term will give the maximum contribution.
Thus for the given particle mass and for a specific range of
clectric field strength £ we evaluate the multiphoton order ng
according to Equation (3). Then for n = ng + 1 we estimate
w, 3181 To avoid numerical evaluation discontinuities,
when using Equations (2) and (4), we round ng + 1 up
to the closest integral value which we denote by [ng + 1].
Consequently as & increases, [ng + 1], takes even and odd
values and thus because of the term 1+ o (—1)1"0+H cos &, x
in J,, w, oscillates accordingly, as can be seen in all
figures below. Note that this oscillation is present both in
the creation of fermions (0 = —1) and bosons (o = 1).
However, as expected, this oscillation is strongly manifested
when we attempt to observe created pairs with py = 0. In
this case w, o 1 + o (—1)" giving the known selection rule:
fermions (with p| = 0) are created by odd harmonics while
bosons (with p; = 0) by even ones.

Since e* — ¢~ and 7t — 7~ pair creation occur for
different particle masses and electric field strength ranges,
probabilities and pair number creations are obviously esti-
mated separately.

As mentioned above, our aim is to apply and investigate
numerically Popov’s theory to an E144 like experimental
setup. However it is worth commenting on the efficiency of
other physical mechanisms that one can implement in such
a setup. In particular, if we choose to implement the Breit—
Wheeler mechanism via nonlinear Compton scattering, tak-
ing also into account radiation losses during electron—-photon
collision, the efficiency is lower than that of Popov’s theory
due to low cross-section of the above events.

An interesting scheme is proposed at the recent work of
Ref. [46]. Experimental verification of e*e™ pair creation is
examined through a two-stage process. At first a high energy
electron beam interacts with a solid target producing gamma
photons. At the second stage gamma photons collide with
x-ray photons originated from laser heated hohlraum leading
to e*e~ pairs through the Breit-Wheeler mechanism. Even
though this setup is not similar to the one proposed in our
work, it is a perfect example of an optimized Breit—Wheeler
process.
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We modeled the two step scheme (Ist step: electron
beam-laser beam interaction, 2nd step: high energy photon—
laser interaction) with the parameters used in Ref. [46],
obtaining analogous results to those presented. Afterward
our intention is to examine that scheme using parameters that
were selected for our scheme. According to the calculations
presented in Ref. [46] and also those carried out on our
behalf, the estimated efficiency is up to 10*~10% at best, for
an electron beam of 10” electrons and hohlraum temperature
~300keV. If we implement the parameters used in our
scheme, pair creation efficiency is expected to be lower,
leading to 10%-10° pairs. This result indicates the possible
contribution of Breit-Wheeler mechanism to our scheme.
It is quite lower than the one estimated from the Popov’s
theory.

The proposed scheme in Ref. [46] is a well thought setup
as it can be very efficient in terms of photon population of
both gamma and x-ray photons. However it will require an
NIF like facility in order to achieve the required electron
number and hohlraum heating in the maximum temperatures
presented. A scheme that would require a Petawatt laser
facility like the one described in this paper, would lower the
whole cost.

2. Pair creation using an E144 analogous scheme: ¢ "¢~
case

Consider an experimental configuration where on the first
step a high focal intensity (for the ELI system values of
I ~ 10** W cm~2 can be achieved) ultra-short (t ~ 150 fs)
laser beam of hw = 1eV, is used to produce and accelerate
an electron beam (of charge ~1 nC) to reach the relativistic
energy regime of some GeV (theoretical estimates for the
ELI system allow up to 100 GeVI3%) as is described in
Refs. [47-50]. On the second step this electron beam collides
head on with the same focused laser beam (so that the effect
of the magnetic field is negligible and 7 < 0). In the
electron’s frame of reference the photons have energy hw™ =
yLhw where y, = Ee.beum/mc2 is the Lorentz factor and
the electric field strength is £* = y; £. This configuration is
analogous to the E144 experiment (see also Ref. [8]).

In Figure 1, we present the log plot of the [ng + 1]th
multiphoton order probability density [Equation (2)], as a
function of &£*, for the case of Ee-peam = 10 GeV. In this
case y, = 2 X 10* and we have taken values of £* between
2 x 10'°-4 x 10" Vv m~!, which in turn via Equation (3)
[no + 1] takes values between 185 and 245. As expected
the oscillation between even and odd values of [ng + 1] is
explicitly shown with the upper dashes corresponding to odd
and the lower dashes to even ones.

In Figure 2, we present the log plot of the number of pairs
N, = Vw, as a function of £*, corresponding to Figure 1.
For a typical interaction 4-volume, taken to be V = 10337 ~
1074 m? s, A being the laser beam wavelength and 7 the
pulse duration, (see also Ref. [8]), N, varies from 5 to 120

1. Ploumistakis et al.
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Figure 1. Pair creation probability per unit volume and unit time wy as a
function of electric field strength £* for E,,_peay = 10 GeV. Vertical straight
line represents the electric field strength that corresponds to y = 1, (E* =
546 x 1010 vm~),
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Figure 2. Pair number N, as a function of electric field strength £*
for Ee.peam = 10 GeV. The case y ~ 1 corresponding to £ ~ 5 x
10" vV m~!_ is not shown here as it leads to very low number of pairs (per
laser shot).

pairs per laser shot. The case y ~ 1 corresponding to £* ~
5% 10V m~!, ng ~ 57, is not shown here as it leads to
very low number of pairs (per laser shot).

However in Figure 3, the log plot of N, as a function of
&* for the case of Ep-peam = 100GeV (yr = 2 x 109) is
presented showing clearly the region of y ~ 1 corresponding
to £* ~ 546 x 107 Vm~!, ng ~ 5 giving approximately
100 pairs (per laser shot and the same interaction 4-volume).
The region in the curve left of the value £* ~ 5x 107 V. m™!
corresponds to y > 1 (typical multiphoton) and the right
region to y < 1 (field effect).

In Figure 4, the dependence of created pair number
N, from &* is presented, for three cases Eo-peam =
50GeV (v, = 1 x 10%) (acurve), 100 GeV (y, =2 x 10°)
(b curve) and 200 GeV (y, = 4 x 10%) (c curve). The
200 GeV case might be achievable in the future®™). Here
the existence of crossing points between the curves is
demonstrated as expected, due to the multiphoton nature of
the process (i.e., for a range of £* values, the pair creation
efficiency is equal for different beam photon energies hw*).
In fact crossing points appear (i) between the 50 GeV and
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Numerical investigation and potential tunability scheme
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Figure 3. Pair number N, as a function of electric field strength £* for
Eepeam = 100GeV. Vertical straight line represents the electric field

strength that corresponds to y = 1, (€% = 5.46 x 107 vm1,
N
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Figure 4. Electron—positron pair number Ny, as a function of electric field
strength £* for Ep_peam = (a) 50, (b) 100 and (c) 200 GeV. Vertical straight
line represents the electric field strength that corresponds o y = 1, (E* =
546 x 1017 V1),

the 100 GeV curves, at £* ~4.9x 107 Vm~'and N, ~ 10
pairs, (ii) between the 200 GeV and the 100 GeV curves, at
£* ~5.1x10'7 Vm~" and N, ~ 100 pairs, (iii) between the
50 GeV and the 200 GeV curves, at £* ~ 5x 107 V m~' and
N, ~ 100 pairs. For the 50 GeV top curve ng ranges from
12 to 50 for the £* values shown, for the 100 GeV middle
curve ng ranges from 6 to 14 for the £* values shown and for
the 200 GeV bottom curve ng ranges from 3 to 5 for the £*
values shown. Thus the higher the beam energy E,-peam, the
lower the number of the created pairs and multiphoton order
ng for fixed common range of £* values. In fact the higher
the E,-peam becomes, pair creation process tends to become
an almost single photon one.

3. Pair creation using an E144 analogous scheme: 7+ 7~
case

In this section pion pair creation is examined by con-
sidering the same setup as before. Pions are particles of
139.570 MeV ¢ 2 mass and of the same charge with elec-
trons. The critical field strength for 77~ production is

N

y=1, Cm12210" Vim
100 1y

()01 Gov

a

3

1"

3

50x107  1.0x10%  15x10% 20=10% 25x10%  3.0x10%

Figure 5. Pion pair number N, as a function of electric field strength £*
for E,_pegm = energies of (a) 0.1, (b) 1 and (¢) 10 GeV. Vertical straight
line represents the electric field strength that corresponds to y = 1, (£* =
L12x 10! V),

Een = (MucH)feren = 1.041 x 103 Vm~! (hey = 11.7 x
10~" m) and the corresponding critical laser intensity is of
the order of 10*3* W m~2. To achieve these values, an XFEL
laser beam of fiw = 100 eV, can be used to produce and
accelerate an electron beam (as is described in Refs. [47-50])
which collides head on with the same focused XFEL laser
beam. Again in the electron’s frame of reference, photon
energy will ransform to hw* = yphw where the Lorentz
factor is y. = Eg.heam/mcz. The choice of an XFEL is
justified by the fact of the high power density needed which
cannot be provided by typical lasers.

In Figure 5, the results for N, (analogous to that of
Figure 4 for e*e™ production) are presented, for Ee-peam =
0.1GeV (yr = 20, top curve), 1 GeV (y. = 2 x 103,
middle curve), 10 GeV (y. = 2x 10%, bottom curve) and for
the selected range of values of £* shown. These numerical
estimates have again been extracted using Equations (2)-(4)
and for an interaction 4-volume V = 1037 ~ 10740 m’s
(with A ~ 1073 m, 7 ~ 0.1 fs see also Ref. [41]). For the
top curve the range of threshold multiphoton orders ny is
approximately from 10® 10 10°, for the middle curve from
10° to 107 and for the bottom curve from 300 to 2000.
Note that in all three cases y < 1 which, consistently with
the high multiphoton orders, means that in order to have
measurable 7+~ pair numbers, we have to focus in the
field effect regime. Incidentally the crossing points appear
for values of £* quite lower from &, and of extremely low
pair production efficiency.

From the above analysis it is expected that according to the
imaginary time method, adequate number of pion pairs can
be detected in the field effect region of y < 1 and for high
multiphoton threshold orders.

4. Conclusions
In this paper, we presented numerical estimates for ete™

and 77 ¥t~ pair creation by implementing the imaginary type
method. Also a setup that could be used to experimentally
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produce electrons or pions was described based on the
same principles as E144 experiment. The efficiency of
e*e” and 7t~ pair creation presented can be considered
satisfactory for an experimental verification given the recent
developments of high intensity laser facilities such as ELI or
laser systems such as those investigated in IZEST project!>').
The choice of the specific interaction volumes used, aims
mainly at obtaining reasonable estimates on the created pairs
number without having to go to the diffraction limit of the
laser beam.

The crucial question that now arises is what occurs as
far as the efficiency of pion pair detection concerns, near
the critical pion field £, where both e*e™ and 7+7~ are
present. In particular, as dictated by energy conservation
and the uncertainty principle, there is exactly one e*e™ pair
produced at & and at the electron’s 4-Compton volume
12, X Aeefc = 7.4 x 107° m? s while exceeding E, as
we approach &, the number of ete™ pairs created, in a
typical interaction volume (say close to the laser diffraction
limit), remains constant (that is why the plots in Figures 14,
terminate at £* = &..). However these ¢t e~ pairs acquire
spacial momentum as they are accelerated by the laser elec-
tric field within this small interaction volume, thus absorbing
energy from the electric field. Consequently, approaching
Eex > Ece, we must examine whether there should be enough
energy left for efficient pion pair production.

The resolution to this problem is to attempt to establish
a kind of selection or better tunability process between the
generation of ¢* e~ and 7" r~ by minimizing the number of
the produced e*e™ pairs and improve the number of 7+~
pairs. As we have seen in the previous sections critical
importance is the multiphoton order of the pair produc-
tion. Low multiphoton orders achievable from higher energy
electron beams are less efficient, for fixed laser parameters
(see Figures 4 and 5). Thus in order to sufficiently detect
pion pairs one can choose laser parameters and electron
beam energy such that e*e™ pair creation will be of low
multiphoton order while 7 +x ~ pair creation of high one.
Specifically, consider an electric field laser pulse profile and
electron beam energy such that, on the electrons’ frame of
reference, £* increases from zero to &, then peaks at values
close to & and then gradually drops to zero. At &. the
number of et e~ pairs produced must be low so that small
amount of energy will be absorbed to accelerate them while
the field still increases to reach &,. This can occur for low
multiphoton order e*e~ pair creation. Approaching &,
't~ pairs are created and for high efficiency this can be
achieved for high multiphoton order 7 +7~ pair creation.

A specific numerical example of the above argument can
be as follows. Consider a laser pulse of I ~ 10* W em™2,
that peaks at E = 2 x 10" Vm~!, and photon energy
hw = 3 eV. It collides with an electron beam of E,-peam =
200GeV (y = 4 x 10%). When E ~ 102V m~! E* ~
10”7 Vm~! and hw* = 1200 keV. From Equations (2)—(4)
and for an interaction 4-volume V = 10137 ~ 107! m? s,

1. Ploumistakis et al.

e*e™ pair creation efficiency is of the order of 10° pairs and
the corresponding threshold multiphoton order is ng ~ 5,
respectively. As the electric field strength £ increases, it
reaches its peak near &, = yr. x 1017 Vm=! ~ 102 Vv m~!
the created 7+~ pairs are estimated to reach up to 10°
pairs with a threshold multiphoton order of ny = 10%.
These investigations confirm the tunability (selectivity) be-
tween the e*e™ pair creation and the 7 * 7 ~ pairs and their
experimental observation during ultra-high intensity laser
pulses with high energy electron beam such as proposed
by ELIP® 32 ORION7: 38 and IZEST — ICAN project!®*,
The use of the new high energy, high average power, high
efficiency (up to 30%) fiber CPA laser (ICAN project) and
the physical decay of the pions to muons allow to propose an
alternative to accelerators high quality muon source installed
in future laser facilities, with important applications such as
the study of muonic molecules formation in relatively high
quantity for muon catalyzed fusion!*243) and the neutrino
factory!**) due to muon decay to neutrino.

Finally it should be noted that this work was solely
based on applying and quantitatively investigating Popov’s
imaginary time method!"*"% for e* — ¢~ and 7+ — 7~ pair
creation from vacuum in the presence of ultra-high electric
field. This is a purely multiphoton method where photon
absorption from vacuum (here studied in the laboratory
frame and in the electron beam frame) is a direct absorption.
As such we showed that higher order multiphoton pair gener-
ation is more efficient than low order one. For high intensity
laser beam interaction with a high energy electron beam,
QED secondary processes could be developed, as presented
in Refs. [54, 55]. These processes include recollision of
the generated e™ — ¢~ pairs with the high energy photons,
radiation reaction effects, photon—photon interaction of the
multiphoton Breit-Wheeler mechanism, for which extensive
investigations have been reported elsewhere®%), and are
beyond the scope of the present work.
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Abstract

The application of laser pulses with psec or shorter duration enables nonthermal efficient ultrahigh acceleration of plasma
blocks with homogeneous high ion energies exceeding ion current densities of 10'2 A cm™2. The effects of ultrahigh
acceleration of plasma blocks with high energy proton beams are proposed for muon production in a compact magnetic
fusion device. The proposed new scheme consists of an ignition fusion spark by muon catalyzed fusion (j.CF) in a small
mirror-like configuration where low temperature D-T plasma is trapped for a duration of 1 ps. This initial fusion spark
produces sufficient alpha heating in order to initiate the fusion process in the main device. The use of a multi-fluid global
particle and energy balance code allows us to follow the temporal evolution of the reaction rate of the fusion process
in the device. Recent progress on the ICAN and IZEST projects for high efficient high power and high repetition rate
laser systems allows development of the proposed device for clean energy production. With the proposed approaches,
experiments on fusion nuclear reactions and |LCF process can be performed in magnetized plasmas in existing kJ/PW
laser facilities as the GEKKO-LFEX, the PETAL and the ORION or in the near future laser facilities as the ELI-NP
Romanian pillar.

Keywords: alpha heating effect; high energy density physics; laser plasmas interaction; laser proton acceleration high energy density

physics; muon catalyzed fusion; ultra-intense; ultra-short pulse laser interaction with matters

1. Introduction

The advent of laser pulses of ps or shorter duration and of
very high power opened a basically new physics topic which
includes relativistic effects!!: 2. One of these phenomena is
the interaction of these laser pulses at very high intensities
with solid-state density, targets resulting in a basically dif-
ferent nature compared with ns pulses’® . The ps laser—
target interaction case shows a direct conversion of laser
energy into directed macroscopic motion of plasma blocks
with nearly no losses of thermal or instability processes.
In contrast to this high efficiency energy conversion, the
ns interaction is based on the conversion of laser energy
into quiver motions of electrons and the electron tempera-
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tures increases by collisions. Through thermal equipartition
between ions and electrons, the ion temperature increases
and its pressure then determines the plasma dynamics with
compression or expansion of the irradiated plasma. This
difference was drastically measured for the first time as
an ultrahigh acceleration by Sauerbrey!®) from the Doppler
effect of the motion of the generated plasma moving against
the laser beam. The acceleration of 2 x 10%° cms~2 was
100000 times higher than any acceleration detected before
in a laboratory and had values known from neutron stars
or similar astrophysical objects. These accelerations were
known from numerical evaluations of the plasma theory
when the laser intensities were high enough that the dynam-
ics was no longer determined by thermal pressures but by
forces due to the laser fields as a kind of ponderomotive
force. The more detailed analysis needed the inclusion of
the optical properties of plasma into the Maxwellian stress

Downloaded from https:/www.cambridge.org/core. IP address: 2.87.5.36, on 13 May 2017 at 10:27:42, subject to the Cambridge Core terms of use, available at https:/www.cambridge.org/core/terms
. https://dol.org/10.1017/hpl.2016.41

YeAlba 118



Melétn mopdywyns cmuaTidiwv-avtiomuaTioimy amo 10 KEVO Tapovoio. fpoydypovay Kol

VIEP-1OY VPOV NAEKTPOUOYVHTIKDV TEOLWY OTTO COYYPOVO, GOOTHUATO, AE1(ED

tensorl® where an acceleration of plasma blocks resulted
in values of above 10 cm s~2 under similar conditions as
the experiments!®). The application of the nonthermal, effi-
cient ultrahigh acceleration for a new approach for nuclear
fusion!”) led to an alternative kind of shock ignition!®: ),
Parallel to these ultrahigh accelerations, ultrahigh ion current
densities were detected!'”) in the space charge neutral di-
rected motion of the plasma blocks with homogeneous high
ion energies exceeding ion current densities of 10'2 A cm 2.
These values are more than million times higher than those of
the best ion accelerators. The following evaluations consider
the application of a basically new approach to fusion energy
due to the completely new conditions for muon catalyzed
fusion (uCF)!''=13). As an example, it should be mentioned
how the very high density interaction by lasers compared
with accelerators, that led to a change of the efficiency of
antiproton interaction from about 107910721} such that
the design of an interstellar space mission may be considered
possible by using antihydrogen as fuell'3).

In the near future, Petawatt or Exawatt-Zetawatt'' 2 laser
systems like ELIU'Y) and especially the IZEST!!7 8] and the
fiber based laser system will be investigated for the ICAN
project; thus, it will be able to attain intensities up to 102
and 10% W cm™2, respectively. For the case of ELI it is
expected to reach maximum power of 200 PW for pulse
duration of the order of fs, while IZEST is predicted to be
in the TW regime in terms of power, with pulse duration of
the order of attoseconds or zettaseconds. In the case of the
ICAN-IZEST project a laser beam with 100 Hz rap rate and
output efficiency up to 30% will enable unique applications
such as the proton acceleration, the neutron production and
the gamma-gamma collider, etc. The recent development
of the ELI-NP Laser Infrastructure in Romanial'®) allows
to study muon production and wCF induced by PW laser
beams. The surface muon production/?’) from proton beam
interaction with a solid target presents a local maximum in
the range of 300-350 MeV!1921-24], Experiments on laser-
driven proton acceleration by high power, ps laser pulse
interaction with ultrathin solid targets or with specific solid
target configuration could be planned and performed in ex-
isting kJ/PW laser facilities as the GEKKO-LFEX!> 20 the
ORION?") and the PETAL?% 2], Recent development of
KJ/PW laser systems!®! in worldwide laser facilities enable
to perform preliminary experiments on muon production by
proton beam interaction with solid targets and investigate
fusion process in magnetized plasmas with applications to
astrophysics!?-3% or energy production!?> 26, 28-30],

2. Description of the operation of the proposed new
scheme for fusion

During the last few years there has been an increase inter-
est to develop laboratory prototypes of compact magnetic

S.D. Moustaizis et al.

Figure 1. Full description of muon catalysis fusion cycle.

fusion devices!*!=33). These devices will be operating with
intermediate plasma densities (10'°-10'8 ¢cm=3), compared
to Tokamak machines which operate at lower plasma density
and to ICF machines which operate at much higher plasma
density.

The proposed new fusion scheme is based on a compact
magnetic fusion device which is divided in two parts with
different plasma densities, plasma temperatures and different
external applied magnetic field. Both magnetic configura-
tions are in cylindrical symmetry and in mirror-like topology.
The first part of the device has a relatively small volume
(about 1 cm?) magnetic device with mirror-like topology
capable to support 90-100 T magnetic field!!%34) | initial
plasma density up to 102°-10%! cm ™ and plasma tempera-
ture no higher than 100 eV. This first part is used to ignite
spark fusion by WCF in its volume. More details for the
small magnetic configuration (see Figures 17 and 58(a) in
Ref. [19]) and its operation can be found in the technical
report of the ELI-NP laser infrastructure!'®). The plasma
trapping in the small magnetic configuration is 1 s, in order
to enable pCF reactions (see Figures 1 and 2) during the
period of the lifetime of the muons (2.2 ps). After 1 ps
the alpha particles produced from the spark fusion part of
the device generate sufficient alpha heating (see Figures 3
and 4) in order to trigger (initiate) the fusion!*>) process
in the plasma (10" cm‘:’) of the second part of the device
and achieve the optimum fusion temperature and reaction
rate after 0.05 s (see Figure 3). For a lower plasma density
of the order of 10'® cm~=3 the optimum plasma temperature
and maximum reaction rate are achieved after 0.02 s (see
Figure 4).

The second part of the proposed device is composed by
a volume in cylindrical symmetry with a diameter of 45 cm
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Figure 2. Reduced puCF catalyzed cycle.
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Figure 3. Temporal evolution of the reaction rate, plasma ion density and
plasma ion temperature. The blue arrow indicates the end of operation of
the pCF in the spark fusion part of the device which correspond to 1 jus.

and 45 cm in the axial direction, with mirror-like magnetic
topology, capable of trapping a plasma with density of
10'-10"" ¢cm~3 and initial plasma temperature up to 300 or
800 eV for duration much shorter than 1 s (see Figure 3).
The external applied magnetic field for the second part of
the device is fixed to 8-9 T. For both parts of the proposed
compact magnetic fusion device the selected initial values
of the plasmas and the magnetic fields allow a beta plasma
value in the range of 1-1.5. In the spark fusion part of the
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Figure 4. Temporal evolution of the reaction rate, and plasma ion
temperature. The blue arrow indicates the end of operation of the uCF in
the spark fusion part of the device which correspond to 1 pis.

proposed device the fusion reactions in the low temperature
plasma will be initiated by CF in D-T plasma. After 1 ps
of operation the spark fusion part of the device produces
sufficient alphas in order to trigger the fusion process,
via alpha heating, in the second part of the device. The
proposed new scheme works in two steps having different
characteristic times of operation, enabling in the first step
to produce alpha particles by CF fusion reactions in the
spark part of the device and use the alpha heating effect in the
second step to increase the initial plasma temperature of 300
or 800 eV to the optimum fusion temperature of 25 keV (see
Figure 3) in the second part of the device. The selection of
these plasma temperatures (300 or 800 eV) is to emphasize
on the alpha heating effect and study the triggering fusion
process of the low temperature plasma. We use a multi-
fluid global particle and energy balance code!® to calculate
the temporal evolution of the plasma parameters, the effect
of alpha heating in the second part of the device and the
necessary time interval for the reaction rate to reach the max
value which gives the neutron production of the device. The
numerical simulation for the two-step operation of the device
will be presented and discussed in the next paragraphs.

3. Development of |LCF for conditions opened by laser
induced ultrahigh ion densities

Up until now muon production is based on accelerators
where a proton beam accelerates and collides with a solid
target to produce pions that decay to positive and negative
muons**3%), Qur aim is to study (LCF in D-T mixture where
muons are created from the interaction of a proton beam,
which is created and accelerated by a high-intensity laser
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beam, with a solid target. Only negative muons are useful
and contribute to the muon catalyzed fusion. The following
paragraphs and sections of the text will refer to the term
WCF instead of the term negative CF. The reason for this
choice is that the use of a laser based accelerator will be
advantageous as will lead to relatively smaller scale facilities
more tunable in operating parameters. Also the expected
number of accelerated particles will be higher by few or-
ders of magnitude compared to the conventional accelerator
case.

Use of muons as a catalyst in p-D fusion was first
examined by Frank in 1947036 and the first experimental
proof was demonstrated by Alvarez in 1956137, Muon
catalyzed D-T fusion was described in the work of Sakharov
in 194813339 and was further discussed by Jackson in
19571401 In 1987, Eliezer et al.'') proposed a muon cat-
alyzed fusion—fission device. Studies on pCF in relatively
large magnetic devices!*!) and detailed investigation on W CF
process!*?) including fusion devices with magnetic trapping
conditions!* 43 enable to propose schemes for energy pro-
duction plants!*>~*)_ An analytical description can be seen in
many works! 424547 The full cycle describing the process
is shown in Figure 113), There the injected muons in the D,
T, mixture form muonic atoms (dp or tp) and afterwards
they react again with either D, T and as a result molecules
such as ddp, dtp or tyy are formed, leading to fusion
reactions, with the above seen products. After the reaction
most of the muons are available for a second nCF cycle.
However as the cross-section for the formation of ttj. and
ddyp. is lower (about 10? times) than the cross-section for
dtj, the following reduced cycle can describe the catalysis
in good agreement with Figure 2148).

The numerical solution of a set of differential equa-
tions!*5- 48] that describe the WCF cycle allows us to follow
the temporal evolution of neutron and alpha production due
to wCE. We use the same set of differential equations as
presented and discussed in details in Ref. [48] and without
including estimation on muon losses due to annihilation or
other physical processes occurred during the propagation and
the separation of positive and negative muons before their
interaction with the fusion fuel. The main critical parameter
for WCF (judt) is the muon sticking probability, @, expressing
the capture of a muon by an alpha particle (e or He) that
is generated from fusion reaction. This phenomenon leads
to muon loss and the mechanism to reactivate the stuck
muons from pa atoms is called muon regeneration or muon
stripping and its fraction is symbolized as R1*>*8)_ Thus the
effective sticking probability is " = (1 — R)w?. ? is the
initial sticking probability. Optimization mechanisms of R,
as well as numerical estimates can be seen in Refs. [42, 49—
51]. The optimal value for ! is in the range of 0.007-0.0008
and for w¢!" after muon regeneration is 0.0007 or lower. The
main factor in order to create a sustainable CF process is

S.D. Moustaizis et al.

the available number of p that will participate in the fusion
reactions. In recent simulations of the collision of a proton
beam with various solid targets for the parameters of the
ISIS-UK muon facility, the results showed that about 10*
will be created!®” 52:53) These experimental results confirm
the necessity for high muon production by laser proton ac-
celeration and interaction with solid targets in order to have
efficient wCF in an experimental device. In addition muon
creation from laser vacuum interaction was studied!®® 3,
but with relatively low production efficiency. The wCF
depends also on the temperature of the D-T plasma. The
international literaturel! =13, 42,4951, 54-56] enables paramet-
ric studies of wCF as a function of the plasma temperature
and estimate sticking coefficient and the number of fusions
per muon (f/p) which for low temperature plasma could
be up to 1000 f/p!*>3% 56 But the experimental results
are limited and there is not yet experimental setup using
the proposed scheme of operation of the compact magnetic
fusion device. For our purpose we initiate the calculations
by using moderate parameters for the wCF in order to
have 250 /iu-300 f/p.. Multi-kJ and PW laser beams can
accelerate protons to energies up to 300 MeV. The high
energy proton production by ps ultrahigh-intensity laser
beam interaction with solid target present the main advantage
compared to conventional accelerators because the number
of produced protons could be up to 10'°-10'° per laser pulse.
For a production of 10~ /p (results from the ISIS-UK
facility and Ref. [23]), the number of the generated muons
is up to 10'%-10'" per laser pulse. Under these conditions
the estimated value for the laser beam energy is hundreds of
kJ which is relatively high for the actual laser facilities. In
the future laser installations such as the IZEST could deliver
this energy. But for near future laser installation energy of
few kJ (PETAL class laser) or 30 kJ like the ELI project will
be available. These laser installations emphasize the benefits
of laser based accelerator compared to the conventional
accelerators for muon production.

In the international bibliography there are proposals for
high current, high efficient and high energy proton beams
production by high-intensity laser pulse interaction with
solid targets!”> 7 18] The accelerated proton beam in the
energy range of 300-350 MeV will interact with a solid
target of graphite or other suitable material to generate a pion
beam. The pions decay and produce surface muons!>*24/, In
the following section we explore numerically the operation
of the proposed device using laser beam energy for the muon
production from hundreds of kJ (exotic case) to tens of kJ.
These calculations allow to appreciate the laser development
and to evaluate the potential use of the proposed device for
energy production.
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4. Numerical simulation describing the fusion process in
the proposed device

‘We consider in the spark fusion part (first part) of the device
a plasma mixture of D-T with density of Ny = Ny =
102! cm~3 and plasma temperature lower than 100 eV. The
application of an external magnetic field of 100 T with
mirror-like topology allows plasma trapping for 1 jus!!® 34,
A solid disc (first solid target) placed near the magnetic
mirror of the configuration and the interaction with high
contrast PW (or higher) laser beam produce high energy
and high density proton beam up to 350 MeV due to
plasma block acceleration. The high energy proton beam
interacts with a second solid surface placed perpendicular to
proton beam and just after the first disc in order to produce
pions which decay to muons!?”). In the extreme case the
interaction of hundreds of kJ of laser beam with a thin solid
target produces 2 X 10' protons (p). The interaction of
this beam with a solid surface (e.g., of graphite) generates
2 x 10" surface muons () in a volume of 1 cm?® of the
spark fusion part of the device. This number of muons is
introduced as initial conditions for numerical solutions of
the coupled differential equations describing the WCF with
the appropriate parameters as described in textbooks!“% 48],
The plasma temperature is less than 100 eV. The main result
correspond to the production of 10'* alphas in the 1cm?
volume of the spark fusion part of the device after 1 s of
operation. This value of alpha corresponds approximately to
300 f/. Subsequently the simulation introduces the alphas
in order to trigger the fusion process in the second part of the
device. We simulate the temporal evolution of the plasma
parameters and the reaction rate using a global particle and
energy balance codel®). In the second part of the device the
initial values of the plasma density is 10'7 cm™3, the plasma
temperature is 300 eV and the applied external magnetic
field is 9 T. Figure 3 show the temporal evolution of the
plasma ion density, plasma temperature and reaction rate
due to the initial alpha production in the spark fusion part
of the device and consequently the alpha heating effect of
the plasma in the second part of the device. The important
result of the simulation is that the alpha heating effect begins
to be important after 0.04 s and the reaction rate reaches
the maximum value at 0.05 s after the end of the pwCF
operation in the spark fusion part of the device. The blue
arrow indicates the end of the operation of the spark fusion
part. The maximum reaction rate corresponds to a value
of 1.5 x 10** m™3s~!. The volume integration and the
time integration allow estimating 10'® neutrons produced
after 0.06 s of the operation of the proposed device. The
plasma ion density drops dramatically after 0.06 s due to
high reaction rate, and the ion temperature increases is due
to alpha heating. The plasma temperature for the maximum
value of the reaction rate corresponds to 25 keV. This value
of the temperature is achieved in the plasma of the second

part of the device which initially was at a temperature of
300 eV. The reaction rate decrease after 0.06 s following
the plasma density and if we like to maintain the fusion
process with high reaction rate a pellet injection could be
used for refueling the device. Under these conditions a
continuous operation of the device is possible similar to the
Tokamak machines but with a more compact magnetic fusion
configuration.

Similar numerical results are obtained with a plasma
density of 5 x 10' cm™ in the second part of the device.
The other plasma parameters and magnetic field values
for both part of the device remain the same. Figure 4
shows the temporal evolution of the reaction rate and the
plasma temperature. The main change for this case is the
characteristic time of the alpha heating effect which arrives
0.01 s after the end of the i CF operation in the spark fusion
part of the device. The reaction rate reaches the maximum
value after 0.02 s which is a factor of two compared to the
previous case. The maximum value for the reaction rate in
this case is about 4.5 x 102 m~3 s~!, which correspond to
a factor of three less, compare to the previous case. Also
in this case the maximum value of the reaction corresponds
to the fusion temperature of 25 keV. The same comments
are applicable concerning the temperature effect and the
refueling process as in the previous case.

As we explain in the previous paragraph the production of
10 protons with energy up to 350 MeV per laser pulse is an
extreme case for laser infrastructures because the necessary
energy of the laser pulse must be hundreds of kJ. The
results presented in Figures 3 and 4 could stimulate efforts
for both laser system development and experimental studies
on compact magnetic fusion devices. If the laser energy
decreases to a few kJ (PETAL class laser system) or to tens
of kJ (35 kJ), as will be the case for the IZEST project, the
production of protons will be decreased by a factor of 100
or 10, respectively, and future experiments for high density
proton generation by laser interaction with thin solid targets
will be feasible. For this reason, we simulate the operation
of the proposed device with laser energies close to actual
laser facilities or to the near future laser facilities. Figure 5
shows the temporal evolution of the reaction rate due to alpha
heating effect in the second part of the device for different
alpha productions in the spark fusion part of the device.
The different curves in Figure 5 correspond to different
proton, muon and consequently alpha production in the spark
fusion part of the device. The alpha density correspond to
2 x 10" em™ (deep green 2 x 10" m™3), to 10'? cm™3
(blue 10'8 m~3), 5 x 10'2 cm™3 (green 5 x 10'® m~3) and
to 10" ¢cm™3 (red 10" m=3). We simulate the operation
of the device for initial plasma densities up to 10'° ¢cm—3
and plasma temperature up to 800 eV, in the second part of
the device. All the other parameters and the values of the
magnetic fields in both parts of the device remain the same as
was for the simulations of Figures 3 and 4. The main results
is that for all values of alpha particles there exists triggering
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Figure 5. Temporal evolution of the reaction rate. The curves correspond
to different initial values of the alpha particles produced by the pnCF in
the spark part of the device: (a) red 10! m~3, green 5 x 108 m—3, blue
108 m=3 and deep green 2 x 107 m3,

of fusion process in the second part of the device but for later
time intervals as the alpha particle density decreases. The
reaction rate for the lower value of alphas change (increases)
very slow and reach the max value for a time interval longer
than 10 s. For all cases there is manifestation of the alpha
heating effect with main interest for the case of 10" ecm™3
(red curve of Figure 5) and 5 x 10'2 cm™ (green curve in
Figure 5) for which the max of reaction rate correspond to a
time interval less than 1 s after the end of operation of CF
in the spark fusion part of the device.

5. Conclusions

In view of the basically new aspects of generation of ul-
trahigh space charge neutral relativistic ion densities* 7 %)
based on the ultrahigh acceleration of plasma blocks!® 5 6),
the mechanism of generation of ultrahigh density beams
of protons with energies above of hundreds of MeV!!7: 18]
opens a new access to WCF!'!. This was experienced by
extending the results derived for relativistic ion beams!®)
following the application of petawatt to exawatt laser pulses
for a new scheme of compact laser-driven compact mag-
netic fusion device. Laser-driven proton beam accelera-
tion by high power laser beam interaction with ultrathin
solid target is under investigation in the existing kJ/PW
laser facilities as the GEKKO-LFEX?> 26, ORION?") and
PETAL!?% 2%, Preliminary experiments in existing kJ/PW
laser facilities!®”) allow the development of experimental
setups and diagnostics for muon production by proton beam
interaction with solid targets. High muon production by
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proton beam interaction with solid targets is scheduled for
the new ELI-NP laser infrastructure enabling the systematic
study!'”) of WCF process and their potential application in
compact magnetic fusion devices. Our numerical simula-
tions confirm the importance of wCF and alpha heating
effect for the potential operation of compact magnetic fu-
sion devices in the intermediate plasma density range with
low initial plasma temperature. The main advantage of the
proposed device is that the fusion process initiated in very
low plasma temperature by wCF and the triggering of the
fusion process of the device is due to the alpha heating effect.
The initial plasma density of 10'® cm =3 of the second part
of the proposed device is favorable for operation because
the reaction rate reaches the max value in shorter time than
this corresponding to initial plasma density of 107 em™3,
From these results it is obvious that alpha heating effect
is not important in the spark fusion part of the device due
to high plasma density, low initial plasma temperature and
short operation time of 1 ps. The neutron production reach
the value of the 5 x 10" neutrons for an operation much
less than 1 s. Pellet injection could be used for continuous
operation of the proposed device. Simplified evaluations
without taking into account the plasma losses in the proposed
device allows estimating a power of about 100 MW by
applying Tokamak blanket techniques for energy conversion.
The alpha avalanche process!>”) enhances the alpha heating
effect in the case of p''B fusion reaction with interest for
future investigations on compact magnetic fusion devices
working with the attractive aneutronic fusion fuel. These
results promote the development of new high power laser
systems and their coupling with compact magnetic fusion
devices for clean energy production.
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The non-linear QED phenomenon of pair creation from vacuum(1] in the presence of ultra-
intense elm fields[2], is of outstanding importance whose physical mechanisms have been the
subject of a long standing and theoretical investigations, not to mention the SLAC E-144 ex-
perimental confirmation [3]. The conditions under which pair production is possible is that
neither .7 = —% (52 — nggz) =0,9 —c& B = 0, nor .% >0, % =0 while in order to have
sizable effects the electric fields must exceed the critical value &, ~ 1.3 x 108V /m. Models
similar to multiphoton atom ionization ones and in particular the imaginary time method[4],
have been shown to offer a consistent theoretical treatment whose experimental verification
is expected to be viable using XFEL systems. However this approximation for optical lasers
is not efficient. In a recent paper [5] the problem of e~e™ production in a standing wave of
oppositely directed laser beams was treated, using a two level multiphoton on resonant approx-
imation. Taking up this approximation we shall present certain important numerical results [6],
that convincingly support the possibility of experimentally detectable pair creation with avail-
able optical laser technology. Of special interest is the use of higher harmonics such as 3@
and 5®. As was shown in [6] and partially in [7], this approach compared to others, will result
in ee* production rate of the order of 108 — 10'? pairs per laser shot and low electric field
strengths of the order of 103 V/m. According to [5], a standing wave A = 2A cosKrcos @t is
formed by two oppositely propagating laser beams. Pair production occurs close to the antin-
odes and in spacial dimensions [ < A so that A = 2A( cos @¢. Most significant contribution will
be at the direction along the electric field. while, because of space homogeneity 4-momentum
is conserved and transitions can be considered to occur between two energy levels from —F
to E by the absorption of n photons. Maximization of multiphoton probabilities occur for res-
onant transitions n = 2gmc®/hw, g > 1, with ng = 2mc? /ho being the threshold multiphoton
order. Taking Ao on the y-axis, and p = (psin, pcos8,0), 6 being the angle between p of

e (e") and Ag. From the solutions of the Dirac equation the probability W =Y., W, where

ny

Wn= ﬁ%% is the probability for the n-photon process and f, = #‘z E? - p;-',J,,(4§ %)
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The parameter & =e | &, | /mcw < 1, (E=1/Y), Q, =/ f2+ é}” < o is the "Rabi frequency’
of the Dirac vacuum with A, = 2E — n@ being the detuning of resonance and 7 is the in-
teraction time and Q, 7 < 1 holds. At 6 = 0, W, maximizes and the number of pairs cre-
ated from an nth order process is given by Ny = #KV}% f”20 where fo is f, at 6 =0,
V, = 7.4 x 10°m>s is the four Compton volume of an electron, V ~ o[ is the space-volume,
o is the cross section radius, 7 is the interaction time and ¢ is units of rest energy. Given an
initial laser frequency and power density, the physical acceptable values of &, g should not only
conform with the condition £ 3 1, but also to energy considerations. Given the power den-
sity of the laser S, = “# (5”02 and the energy Ep = Spm6>T of the beam, the energy 2gmc?N
of N pairs should be such that AE = S,76>7 — 2gmc>N > 0. In the numerical analysis pre-
sented below it is adequate to investigate AE for N = Ny which is a function of &(or &) and
g(or n). For given laser characteristics & can be increased up to a value & = h (&pmay) for
which AE = 0. Thus, for given values of g(or n), we can estimate the upper bounds / ( or
Edmax = hmew'/e) of & for the approximation to hold. With the advancement of laser sys-
tems such as Nd-Yag or Ti-Sapphire,with intensities up to 10%°W /m? capable of providing
efficient higher harmonic generation, it is intriguing to examine the efficiency of pair creation
when harmonics like 3@, S5® are implemented. In particular one would like to know to what
extend such optical lasers can compete the pair production efficiency of the much promising
XFEL facilities. In the numerical simulations below, an Nd-Yag laser is considered with @ =

1.17¢V, intensity 1.35x10?*W /m?, © ~ 1075, 1 = 1.074 x 10~®m and & ~ 10~ m. The four-
volume V7 ~ 62(0.1A k)7, (k = 1,3,5 for @, 3, 5@ respectively) conforming with [ < A.

Figure 1: Envelop of Ny(g) at & = 0.9987,
Figure 2: Ny(&) for @ = 1.17eV(bottom for @ = 1.17¢V (bottom curve with k =
curve), 3o(middle curve), 5w(top curve). 10%), 3o (middle curve with k = 102)

and 5 (top curve with k = 10~%).
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N

Fig. 1 demonstrates the behavior of Ny, as a func-
tion of ¢, for the cases ® = 1.17¢V , 3w, 5w and
for & =0.9987 (&, ~ 10'3V /m). Each curve point
corresponds to an order n multiphoton process and
to an energy E = gmc? of the produced electron
(positron). The most probable process (peaks of the
curves) ocecur for n =1.2x10%, 4.1x10°, 2.5x10°

for which Ng=2.4x 10728, 1.1x10*, 2.4 x10'° for

the respective harmonics. Thus working with higher Figure 3: Upper bound % of & as a func-
harmonics Ny increases rapidly with a subsequent tion of ¢ for @ = 1.17eV (top curve), 3
decrease of the multiphoton order n and the corre- (middle curve) and 5@ (bottom curve).
sponding e~e™ energy, while the range of the en-

ergy spectrum of e~ e™ broadens: from approximately 0.720MeV to 0.726MeV which is for
o, to, 0.715MeV to 0.731MeV which is for 5@. Such kind of curves essentially giving the
energy spectrum of the pairs at & = 0 can be the subject of experimental verification provided
that the increase @ — 5@, should be accompanied by an equal amount increase of &,, the latter
being achieved by appropriately increasing the laser intensity. In Fig. 2 we give (the familiar
for multiphoton processes) log-plot of the number of pairs Ny versus & (or &, ), for the most
probable multiphoton processes of Fig. 1 for ®, 3@ and 5®. Crossings are expected for the
different multiphoton curves as &(or &,) increases, but for the developed approximation, the
values of & where crossings occur are not applicable as then & > 1. However the theoreti-
cally estimated behavior of Ny in Fig. 2 cannot easily experimentally verified as the required
&, changes are very small. Finally in Fig. 3 the maximum admissible values & of & (&) as a
function of g (n), are recorded for @ = 1.17¢V, 3w and 5. Computations have been performed
using , S, = 1.35s x 102W /m? (s = 1,32, 5% respectively). The factor s in Sy, is justified by the
approach adopted to increase the laser intensity in order to increase Ej, , rather than going to the
diffraction limit to increase it. The existence of & explains why the log-plots of Fig. 2 terminate
and crossings do not occur. In addition, it is the values of & close to the lowest curve points (g; ,
hy ) of Fig. 3 that guarantees both observability of all energies around ¢, , as given in Fig. 1, and
maximization of the corresponding Ny. Note that the very low value of Ny for @ = 1.17¢V in
Fig. 1 appears for & = 0.9987 far away from the optimum one which is & ~ 0.9995 as seen from
the @—curve of Fig. 3. Thus experimentally one can choose a laser facility with energy capable
of generating a higher harmonic kw— beam. Then by appropriate focusing, increase Egpqy t0

Eomax = himck® / e where hy is the lowest value of the kw— curve of Fig. 3. The number of pairs
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N created at the antinodes of a standing wave (as required) versus their spectrum will be given
by figures such as those in Fig. 1 drawn for & = h;. Then Ny maximizes for pairs with energy
E= 2q,mc2 where (g, hy) is the lowest point of the kw— curve of Fig. 3.

Work is in progress to investigate to what extend ultra-intense laser-induced 77~ pair cre-
ation where &, = 1.04 x 10?3V /m is experimentally viable. Preliminary results show that im-
plementing the approximation of [4] for lkev photons (available from XFEL facilities) for &
=&, 8./5, 6./10 (y < 1 regime), the number N of z+ 7z~ produced in Vz =1.3x10~%m3s,
are approximately 8.1 x 1010, 6.5x10%, 3.2 per laser shot, at related thresholds n ~ 109, respec-
tively. This allows the posibility of observing 7+ creation with & ~ 102!V /m possibly using
E-144 like techniques (i.e. non-linear Compton scattering and Breit-Wheeler mechanism).
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Abstract

The aim of this work is to present a complete and elaborated investigation on pair
creation for two new kinds of experimental configurations using ultra-intense laser beams.
The high pair production and ergonomic efficiency of the proposed experimental
configurations may facilitate future designed experiments on laser-induced vacuum

breakdown.

Introduction

Electron positron pair creation from strong fields-induced vacuum breakdown is one of
outstanding importance non-linear QED phenomena [1-9]. Recently there is an increasing
interest on experimental investigations concerning pair creation of (¢*, ¢) by ultra-intense
laser beam interaction with vacuum due to new laser facilities installation [10, 11, 13].The
theoretical treatment and the subsequent numerical analysis follow that of [12, 14, 15] where
vacuum is treated as a two level quantum system under multi-photon resonance interaction
with the laser beam.

In the first part, pair production is investigated using a configuration which utilizes
high-energy photons generated by a laser based X-FEL in which the production and the
acceleration of the high current electron beam are entirely produced by an ultra-intense laser
beam.

In the second part, we will adapt our theoretical/numerical work [15, 17] to a novel
experimental configuration, in which a high intensity laser beam interacts with a relativistic
electron beam (REB), produced and accelerated by a high intensity laser system. Such a
configuration is equivalent to the Stanford E144 experimental work [16] for pair creation. The
numerical results presented concern the REB reference system for which the Lorentz
transformation allows to increase the electric field of the laser beam by an important factor

improving the efficiency of pair creation.

! Dept. of Sciences, Division of Mathematics
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Pair creation using a laser based X —FEL system

In the first configuration, we investigate, the use of a tabletop laser based X-ray Free
Electron Laser for the (¢”, &) pair production from high energy photons laser beam interacting
with vacuum. The proposed X-FEL will be operating by a relativistic electron beam produced
and accelerated by the high intensity (~10%° - 10*' W/em?) ultra-short laser beam. The
propagation of such a relativistic electron beam in a wiggler will produce the high energy
photons of the x-ray beam necessary for the pair creation. The theoretical treatment and the
numerical analysis follow the multiphoton resonant approximation, treating the vacuum as a
two level quantum system and the equations describing the approximation are already

presented in our previous work.[15, 17] where the number of produced pairs is given by

7_ . . E 3 E
Wme VAN 1/‘2, with f, =— feoe nhawJ, 4§ﬁ-p—' , and g=—=. The
Azt v, mct 4py E? E ho mc*

invariant parameter & is equal to the Work of electric field strength on a Acompton / Photon
energy, and is given by & = e (In fact & =1/y, where v, is in the pair production treatment
mee

of [5 -7], the equivalent of the Keldysh parameter). The selection of this parameter for the
result presentation was done in order to emphasize the importance of the multiphoton process
for the pair creation and allow estimations for the necessary electric field (or laser intensity
values for pair observation).

For the application we consider an electron beam with energy up to 1GeV and total
charge up to 1 nC, which can produce x-ray photons with energy of 1.909 keV. We assume
10% energy conversion efficiency from the laser beam to the x-ray with a pulse duration t
=100 fs and a focal spot of the main laser beam of ¢ = 100nm. This effect takes place in
interaction volume V given by V=0%(0.1A)t. Similar numerical estimations were carmied out
for other energy values, specifically for electron beam energy of 400 MeV and 200 MeV.
Using the above parameters the efficiency of the resonance multiphoton approximation was
tested, following the methodology and the mathematical analysis from our previous work[15,
17]. Fig. 1 presents the created pair number vs. the parameter & for the three mentioned
energies. The choice of plotting vs. the parameter &, is justifiable since it depends from the
electric field strength and photon energy and thus allowing to investigate the dependence of
Ny on both of these physical quantities. For any future experimental verification these plots
are important as they show the range of applicability of this approximation. By adjusting the
photon energy and the electric field strength, one can estimate the produced e* e pairs, for the
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corresponding value of & from the plot. As one can observe the curves have ending points
dictated by energy conservation considerations.

The curves verify the fact that we are studying multiphoton processes, and as we can
observe the efficiency of pair creation can reach up to 10° pairs depending the electron beam
energy. Such results are significant and strongly suggest the possible use of this configuration,

for experimental observation of resonance approximation.

Pair creation using a configuration analogous to the E144 experiment.

The second proposed configuration is based on the E144 experiment that took place on
SLAC [16] and was the first experimental verification of electron positron pair production
due to non-linear photon — photon interaction. A number of 175+13 positrons were measured
for 21962 laser shots corresponding to 5.1 multiphoton order.

Our proposed configuration consists of two steps. On the first step a relativistic electron beam
is produced using a high intensity, ultra sort laser beam. On the second step this electron beam
interacts with a second ultra-high intensity laser beam (photon energy = 1eV) from the same
laser system. We consider the energy of the electron beam to be 1 GeV, created by a laser

beam with 10%° W/cm?. On the electron’s reference frame, the Lorenz transformed electric

field is &' =7,E s = VidHocl, and the photon energy E,,,.=7,E ., Where

*

E . = o :
= —ebeam jg the Lorenz relativistic factor. With Ecpean= 1 GeV, E =1.956keV and

7L 2
m.c

photons

&" ~10"V /cm. Applying the same analysis as in [15, 17] we conclude that the efficiency of
multiphoton pair production using this configuration, is very high leading to Fig.2 which
summarizes our results for three energies of electron beam (1 GeV, 400 MeV, and 200 MeV).

No Ha

104
1010y

108

L :
092 094 0% 098 090 092 094 0.96 098

Fig. 1 Fig. 2
Fig 1. Log plot of number No of created e” e pairs versus & for 1GeV (Red), 400 MeV (Green), and 200
MeV (Blue) Laser X —-FEL configuration. Fig 2 Log plot of number No of created ¢ e pairs versus & for
1GeV (Red), 400 MeV (Green), and 200 MeV (Blue) E144 experiment equivalent configuration.
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Conclusion

For this work, we investigate theoretically two configurations based on high intensity
laser pair creation. The first concern the uses of a small scale X-FEL system and the other
describe an analogous to the E144 experimental configuration. Both of them appear to have
very satisfying efficiency and meet our targets of proposing new methods that do not require
special facilities using huge accelerators, but can be carried out on small scale designed
experiments. Furthermore, use of available values for the parameters on which our
configurations depend ensures that the results are realistic. The optimal results depending on
the laser parameters are of the order of 10" pairs for the first configuration and 10" for the
second.
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