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Euyapiotieg

H nopoloo didaxtopnt| dlatelBy| elvon to amotéheoua enipovne xou enimovng douketdc. H
dlexmepalwaon) Tne 6ev Yo oy TOTE BUVITY| YWl TNV UERLOTT CUUTAEAOCTACT) Xol AVEXTIUN TN
CLVELGPORE XATOWWY AvIpOTWY.

Hpwtiotwe Yo Hieha vo exppdow v Podid pou euyvwpocivr otov emBAénovia Ko-
Unynt x. Kevotavtivo Koouidn yio tnv epmiotocivn ye tnv omolo ye mepléfole xou yia
NV emoTNUoVIXY| X007y NoT Tou pou mapelye dha auTd Tor yedvia. Katd tny didpxeta tng
ouvepyaotag yag 1 evidopuvor xot oL GUPBOVAEC TOU HOL €dwoay xvNTeo xaL winom vo
cuveylow.

Enfong Yo Adeha v euyaplothon ta dhha 500 YEAT TNG TEEAOOS Uou GuUBouleuTinc
emtponhc, Tov Avamhnenth Kodnyntd x. Xougounk Koév xou tov Enixoupo Kodnynts x.
Eupovoinh MrevA yio Ti¢ onuavtixée cUUBOUAES xot ToRUTNENOELS TOUG TOc0 Ot Yeuata
VewpenTnd 660 %ol OE TELOUUTLXS.

I[Switepo euyaplot® ogethew otov Aéxtopa x. Lmupidwv Kalidvyn. H otevi| cuvepyoaoio
HOC OTO EPYUOTARLO, Ol TOMDWEES oLLNTAOEL YW amd Ta Véuata TNg datey3ric xaddg xou
ToL OYOALOL XAl OL TUEAUTNENCELS TOU GUVERBAAAAY oToV Vo yivel auty| TnVv epyaocio xahbTepn.

Tov x. Ywthen Ntavdxo v v aucpiotn Bordeid Tou oty Peitiotonoinomn tng meL-
eapaTxhAg SLdTadng, xardde xon Yo TNy avdmTuln Aoylouxol avdhuong dedouévmy. Kuplwg
OpOS VEAR Vo TOV ELYOEIOTHOW Yl TNV cuveyT| Puyoloyixr utooThEEn Tou Hou Tapelye
ONoL QUTAL TAL YEOVLAL.

Tov umodrgro dwdxtwe x. Anurten-Mdpo Kolotolpo yia tny avdmtuln Aoylopxol
QUTOUOTOTIOMNUEVTS XOUTAYEAUPYIG OEQOUEVEHV.

To xAnpoddTnua Twv <Agny Zwowdy utdTeopog Tou omolou uTHeda To 500 TEWTA YEOVLAL
e epyaoiog pou. Euyaploto eniong tov x.  Iwdvvn Mehryxomouho yio Ty amidyeen
UTOGTARIEN TOU oL TaPELYE OAOL UTA TOL YPOVIAL.

[Swaitepa V€A va euyapioThow Toug utodrglou diddxtopec Xptotiva Iamadomoliou xou
Anuocdévn YNnacomovio xodmg xau 6Tov UeTamtuylaxd gottnth Acutépn Iladlou pe toug
omoloug 1) BLEXTERUWOT) TWY ERYACUWY Hog ouvenEse Ypovixd. H auépiotn foreld Toug otnv
TohDwpEn xodnuepv emagr) Yog, o Véuata eVIOg xou exTOg gpyaoTneiou umplay mhvTa
ouctacTiés. Mall Toug polpdotnxa Tic avnouyleg ahhd xat TiC YoeEC ORO AUTO TO BLEAG TN
X0l TOUG ELUYOELOTE VEQUE TOU avEY TNXOY TaL Sy Y1) Xou TIC avnouyleg Lou.

Téhog, T0 YeYAAITERO EVYARIOTH TO OPEthw GTOUG Yovelc uou Pt xar Aviolra, oTnV
adep@r| wou Eprjvn xou otoug Yeloug pou Xndpo xou Buayyedr Mdpyapn yio tny nduc, oArd
%o UAXT, UTOOTARLEY OA®Y aUTOV Tov xoupd. Xwpelc Ty evidpeuvot| Toug auth 1 tpootddela
oev Yo ohoxhnpwvotay moté. Toug agiep®vey auth Ty epyaoia.
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Hepiindn

©¢uo tng mopoloag epyactag elvan 1 uEAETY uoplwv g adplag pdong und TNy enidpa-
on mediou laser dVo ypwudtwy pe Aoyo ouyvothtwy 2 (oyfua w/2w). O cuvduaoude e
VEPEALDDOUG GLUYVOTNTAS XAl TNG BEUTERNC APUOVIXYG, OGOV aPopd GTIS DLadLxacleg PuTOlO-
VIoP00, cuVETdyeToL OTdoo TNE cuuueTelog xatonTeopoL. Emnhéov autol, To mpogik tou
NAEXTEXOV TEBioU TOU TohoU efvot TAEOV GUPPETEO. 2TIC TEWTES EQUPUOYES To TEDiO W /2w
yenowonotinxay yla Ty eniteudn aéplou SelyUATOC TEOCUVATOAOUEVLY Lopinv xa fple
OC 1) CUVEYELL TV EQYAOLOY YUPW amtd TNy emiteuln poploxic suduypduuons. To oyrua
oUTO ATMOBELY TNXE AEXETE EMTUYNUEVO OTNY xaTELVUVOT TNS ETETELENS TEOCUVUTONGUEVOU
OelyuaTog opiev ot cUVTEAEGE 0TO Vo UEAETNUEL TELPAUUATING O LOVIGUOC XMV HoplwY XaL
va eheyy Vel 1oy 0 Twv Yewenuxdy poviéhwy toviopold MO-SFA MO-ADK [I],[2]. O éiey-
¥0¢ NS xorreutuvTixdTnTog poptoxdv Vpowopdtwy [3] xou 1 Bedtiotonoinon g napaywyie
uhmAdv oppovidv [4] etvor uepixd axdun mopadetyuoro.

Yo mhadotar Tne Topoloug epyactiog avartUyinxe didtaln dnulovpyioug acOUUeTEou TEdioU
laser 800 ypwudtwy w/2w pe yeron e Yepehiddoug ouyvotnog evoc utepPpoyéoug (30 fs)
laser xevtpixol uixoug xUpatoc 800 nm (800/400 nm). Apyixd pehetidnxe n poTodidonaon
XMV avopYavwy Hoplnv ot ouyxexpwéva Tov No, CO xaw NoO. H peiétn twv poplwy
CO xou Ny pog €560oe TNV BUVITOTNTA VoL XUTUVONCOUUE TOV UNYAVIOHO GAANAETIBEACTS TOU
nediov w/2w pe o ubpLal (ETAEXTIXOC LOVIOUOC TROGUVATOACUEV™Y LOplwYV).

To tptatound ypopupxd xo aoVUPeTEo woplo NoO unhple éva ebhoyo ENOUEVO UETH TNV
UEAETN ToV Olotouxdy.  AlmotdUnxe 1 duVATOTNTA ETAEXTIXOU LOVIOHO) TEOCAUVUTOAL-
ouévwy oplwy. Kataypdgnxe emmpociétng wo Wwitepn e€dptnon twv Ypououdtony mou
TeoXUTTOLY Péow TS Ywtodidonaonc NoO?*t = NOT+NT we npoc v @don ¢ Tou aclupe-
Tpou Tedlov w/2w 1 ontola amodidetar otV UopEn BV0 XovaLbY BidoTaon Tou BITAS Qop-
TIOPEVOU TOTEXOU LOVTOC T omolar amodidouv mpoibvta pe o yopaxtnplotxd (m/z,KER)
A0l CUVETOC UN-Olaxpitd pe Tic oudfotixée pedodouc gpoTodldonacnc ot €va gdoua Udlag
ToF. Emmiéov, n pehétn tou uvnoxateotnuévou NoO poc €6woe tny duvatotnTo var dia-
xplvoupe xavdhior SLEOTIUOTG TELWY COUATWY Xal Vo BYGAOUYE GUUTEQUCUN Yo TOV TEOTO
TOU ETUUNHOVOVTAL Ol OEGUOU Tou Uoplou xaog autd odnyeitan oe dldomaoT).

Y10 teheutalo xouudTt TNg epyociog HEAETHONXOY Tor opyavixd Lopta TG UEVAVOANG X
Tou Tohovohiou. Kdtw amd axtivofoinom pe woyupd medla laser tor popior autd aAAdlouy
YEWUETELN TEQVWVTAG OE €VaL SANO GTEQEOICOUERES UECW TNG METUXIVIONG LORPOYOVKY GTO
uoptox6 oxeheto. H avdhuon tev Sedouévmy ag €0woe TNV BUVATOTNTA VoL EEAYOUPE TAT-
POPORIES YLl TNV DOUT TOU GTEPEOICOUEPOUE TPV TNV OLACTUCT]. LUYKEXQPHIEVA GTO UOPLO TNG
ueBorvoAng xon HEGE NG XATEVIUVTIXOTNTAS TV VPUUOUNTWY CUUTEQEVAUE OTL GTO XAUVAAL
CH3;0D*" —COH*+ HyD™ n petagopd udpoydvou yivetar amd tnv peptd tou ouydvou
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TPOS TNV HEEL ToL dvipoxa. EmmAéov, dlaxpivouue OTL xan o€ xdmota amd To Vpadouato Tng
uedovorng evéyovton 500 Unyaviolol-E€vag YerYopog xal Evag apyos— Tou 0dNyolV G LOVTa
(BLWY Y oEOXTNELO TIXWY.

Téhog, 670 udpLo ToU TOAoLOAOL TaPATNEHITXE VLo TEGOTN Popd xavdh Topaywyhc Hy
vdmAinc xvnTAc evépyelag. H ouyxpitin alohdynom Ue To BEUTEQLOUEVA Tapdy®YE TOU
xorde xan 1 e€4pTNot Tou and TNV @dom ¢ Tou TEdioU w/ 2w Uag 08RYNCUY GTO GUUTELAUCHOL
OTL T0 Ypadoua AUTO TEOXUTTEL ATOXAELGTIXG 6TO YeYUMO Tou poplou. Erniong, dtamotaydnxe
6TL M @dom ¢ Tou TEdlou w/ 2w Uropel var yenodonotnUel KC o TELRUUATIXT TOUPHUETEOS VLol
TOV EAEYYO TN XATELILVTIXOTNTOC TNG EXTOUTAC TWV HOELIXGY YpouoUaT®Y H; , H;{ anod
TO TOAOUOALO.

H nopondve perétn ye aoluuetpa tedio laser w/2w, mépav twv xatvolpywy TANeopopt-
GOV TOU ATOXOUCTNHAY GE OYEDT) UE Tol Loptar Tou UEAETAUNMAY, Bleuplvel EmTPOcUETLE Tol
opta adlomoinonc g, LTIC 10N YVOOTES EQUPUOYES TOU TOL avapépdnxay Tapamdve, TEo-
OTEUNXAY 1) EQUPUOYT| TOUG YL TNV OLAXELOT) XOVAALGDY DLAPORETIXYG TROBEOUNG XAUTAO TACNG
70U 001 YOLY ot Vpahouata BV YUEAXTNELC TIXWY, 1) fatUTERN XATAVONOT) TKV DLUDLXACUOY
UETOPORES UBEOYGVOL XAl 1) BUVATOHTNTU EAEYYOU TNG XATEVTUVTIXOTNTAG EXTOUTAG LOPLOXMY
YooUoUATOY.
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Abstract

The subject of this dissertation is the study of gas phase molecules under the influence
of a two-color laser field with a frequency ratio 2 (w/2w scheme). As far as the pho-
toinization process is concerned, the combination of the fundamental frequency and its
second harmonic, results to the breaking of the parity symmetry. Additionally, the profile
of the electric field is no longer symmetric. During the first applications, the w/2w fields
were used in order to prepare gaseous samples consisting of oriented molecules, making
a step forward to the prior molecular alignment studies. This scheme proved quite suc-
cessful towards achieving oriented molecular samples. Furthermore, it contributed to the
experimental study of the ionization of small molecules along with the validity check of
the theoretical ionization models MO-SFA and MO-ADK [I],[2]. The control over the
directionality of the molecular fragments [3] and the optimization of the high harmonics
yield [4] constitute some more examples.

Within the framework of the present work, an asymmetric two-color w/2w laser field
was developed by utilizing the fundamental frequency of an ultrashort (~30 fs) laser
field with an 800 nm (800/400 nm) central wavelength. Initially, we investigated the
photodissociation of small inorganic molecules, namely Ny, CO and N5O. The study of
CO and N; molecules enabled us to understand the interaction mechanism between the
w/2w field and the target molecules (selective ionization of oriented molecules).

Following the study of diatomic molecules, the triatomic linear and asymmetric molecule
of nitrous oxide (N5O) was a reasonable next step. As in the case of the diatomics, the
mechanism of selective ionization of oriented molecules was also determined. Additionally,
a peculiar dependence over the phase ¢ in fragments resulting via the photodissociation
process NoO** —NO*+ N* was recorded. It was attributed to the existence of two
dissociation channels of the doubly charged parent ion. These lead to fragments with
the same characteristics (m/z, KER) and therefore indistinctable by a conventional ToF
mass spectrometer. Moreover, the study of substituted NoO enabled us to discern three-
body dissociation channels and draw conclusions on the molecular bond stretching during
dissociation.

In the last part of the dissertation, the organic molecules of methanol and toluene were
studied. Under irradiation with strong laser fields these molecules change their geometry,
i.e. converting to another stereoisomer via hydrogen movement along the molecular skele-
ton (hydrogen migration). Our data analysis enabled us to extract information on the
structure of the stereoisomer before the dissociation. Specifically, in methanol molecule
and through the fragments’ directionality, we have concluded that in the dissociation
channel CH;0D?T —COH"+H,D™ the hydrogen migration takes place from the oxygen-
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site towards the carbon-site of the molecule. Moreover, it has been discerned that some of
methanol fragments involve two dissociation mechanisms —a fast and a slow one- leading
to ions with the same characteristics.

Finally, the study on the toluene molecule revealed for the first time a dissociation
channel leading to high kinetic energy HJ , Hi molecular ions. Comparative assessment
of deuterated labelled toluene isotopes enabled us to conclude that these highly energetic
fragments derive exclusively in the methyl moiety of the molecule. The dependence on
the w/2w phase ¢ can be used as an experimental parameter for controlling the emission
direction of the Hy and HJ ions.

The above study with asymmetric w/2w laser fields has led to new information con-
cerning the molecules under investigation. Additionally, it extends the limits of the two-
color w/2w technique application. In the aforementioned known applications have also
been added, the usage to distinguish dissociation channel starting from different precur-
sor states that lead to fragments with same characteristics, a deeper understanding of
hydrogen migration procedures, as well as the ability to control the emission direction of
molecular fragments.



Kegpdiaio 1
Oewpntixn Ilepiypapn

1.1  AMNAnAenidpacrn Moplwv ue nedio Laser

H ohknhenidpoon nedlwy laser pe dropa B poplar etvor pior oOvietn diadicacio. To drto-
uot/woplar etvan xBovtixd cuoTiata Tou PeloxovTon oe xaTdo TaoT BUVOUIXHAS LoOPEOTIS Xou
Ol TUYOV BlTaEaYEC 001 YO0V GUYVE G TOMOTAOXES XATACTACELS. OewpenTixd, Ohn 1 TAN-
pogopio evog TéToou ¥Pavtiol cuoTHUNTOS Utopel va mpoxUel emhbovtag Ty e&lowon
Schrédinger yio to ehetepo dropo/ubdelo (oe atopxés yovédee h = m, = e = 1):

~ d
Holtpo) = i [1)o) (1.1)

Yo To OTOlo 1) YOUULATOVLOVT ﬁo elvon ave€dpTNnTn Tou Ypovou. XTNV TEQINTWON AUTH 1|

edlowon TOdPVEL TNV YEOVO—aVEEGOTNTY LORPY| TNG:
H,|¢) = E|9), (1.2)

6Tou @) T LOLOAVOOUATO TNG EVEQYELNG TIOU TEPLYQEAPOUV OTACWES XATUOTACES xan £ o
WoTEG TNE evépyetag. Tmodétovtag 6Tl Ty ypovixt| otiyur £ = 0 To cVotnua BeloxeTo
OTNV XUTACTACT) |03, 1 yeovt| e€€NEN Tou cuoTruaTtog Yo eivon:

[o(t)) = et = 0)) = e7 ] dy). (1.3)

Enedn o Gropo/pbpto etvou ouoThpaTa TOAAGY Badumy ecuieplag, n ameudeiog enthuon
¢ e&loworng elvon adUYVATN TOCO AVOAUTIXG OGO Xou aELIUNTIXG 10T Yio TO oBLATEEUXTO
xPovtxd cbotnua (ekediliepo dropo 1 uéeto). Ltnv mepintwon twv popinv, o TeoBinua
yivetow oxdun mo cOvieto, xaddg extog and Ty xivnomn tov nhextpoviwy meénel v Angiet
urtddm xou 1) Suvaxy Ty TUEHVeV (TeptoTteogn xat Tahdvtwon) [5].

Yo mAaiolar TS TELROUOTIXAC OTOUXAC X0t hoplaxiic uotxic Tar dtopa/udpla dev efvou
amouovwuéva, aAAd Beloxovtal und TNy entidpaom nhextpouayvrTixol nediou laser. Ye auth)
TNV TEPIMTWON XAk VLol TNV GWOTH Hotd Ut TERLYPPT) TOU TEOBAAUATOS GTNY YUUATOVIOVT
TEETEL VoL SUUTERANPUEL Xa TO BuvoLXO TNG BLUTaRuY |G, E0TW ‘A/mt(t). ‘Etol 1 mpog enthuon
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eiiowcn TodpveL TNV Lop@N:

A(O]v) = i 10} (14
H(t) = Hy + Vi (1) (15)

H yevixr Moon tng e€iowong efvan 1:

—i [t H(r)dr
(1)) = e~ DT gy, (1.6)
.t
6mou e 1O v o teheotic eZéhine. H elpeon avohutinic éx@paone Tou TENEOTH
eZEMENG elvan v TOAD 50GK0NO TEOBANUA X0l YioL TNV TEOGEYYIGT| TNS Ao e@apuolovTo
Tpooeyyloeic.

H ocuviing mpotier) odnuotinic avTiueTomong autol tou tpolArjuatog etvar 1 Yewpla
TV dlaTopay @y, utd TNy tpolumddeon 6TL dlatopayh elvan actevrc. H uedodoroyio auth
elvon GUeS un EapudoLun oTny TepInTwon aAANAETdpaoN S Ue WoyLed Tedlo laser, agod autd
elvon BUVATO Vo PTAVEL OE TYES TG (BLag TAENG UE TO ECWTERIXS TEDD TKV Hoplwy.

To duvauixd g datopay i 6TAY TO HOELO AAANAETOEE e Eval NAEXTEOUXY VTIXG TEdio
(oryvodvtag Toug Hpoug PayVNTIXAC SITOMXAC POTAC X0t NAEXTEIXNAC TETEPATOMXAC POTHC)
olvetow amd Vv e&lowon:

Via(t) = — 7 - E (1), (1.7)

6Tou 7 0 TEAEOTAC NG (HOVIUNG 1) EMOYOUEVNS) NAEXTEXAC BLTOAXTC pOThC Xou E(t) T0
nhextpix6 medio. Mdhiota xodde T Teheutaleg dexaetieg eivon Suvaty 1 eniteuén nedicv
laser mou @TdvouV o€ OAO XL UEYUAVTERES EVTAOELS, GTOV 6RO TOL BUVIHULXO) OAANAETBEUOTG
TEETEL Vo CUUTEQLANPHO0Y Xo OL 6EOL TWVY AVWTERNE TAENE EMAYOUEVWY BLTOMXMDY POTOV:

Uin(t) = —TE(t) - % BB () — %ﬁﬁ(t)EQ(t) +o (1.8)

omou « ebvan 0 BeUTEPNE TAENE TAVUOTAS TNE TOAWOWOTNTAC Xt 3 o Teltng TdEng TavuoTAC
TNG UTEQPTOAWOIUOTNTAS.

Anodewvietan [0, [7] 6tL n ypovind e€ehryuévn xupatoouvdetnon [¢(t)) ouvdéetar e auth
TOU ABLUTAPOXTOL GUOTAUNTOC [1,(t)) wéow tne edlowong:

!~

t o R -
|¢(t)> = |¢O(t)> — @/ dt/e_lfti H(T)dT‘/inte—zHo(t —t;)

t;

bi). (1.9)

H e&iowon TEPLYPAPEL TNV YeovixY| €ZEMEN TOu XPavTixol GUOTAUNTOS XoL UTO-
eel vou Jag BGOoEL TNV Quor Exova TG ahknienidpaong: To clotnuo Beloxetar apyt-
%8 otV otdown xatdotaon |¢;) xou eZellooeton oTov Ypovo ([1h,(t))) amoxtdvag @don,
em o' 1) = ¢=iEW'=t)  Tny yoovnh| otiypn ' to clotua opyilel vo ohAnhemdped ye To
nedlo laser xau otnv cuvéyela, yioo t > t', 1 e&EMET Tou Yo xadopiletar amd Tov TEAECTA
eZéNEnc ftt dte = i AT O teheothc ohmienidpaorc ‘Zm(t) odnyel ot petafdoelc Tou e-
tvan Buvatd var PETaPEPOLY TANUUCUO XU OE XAUTAC TYCELS TOU GUVEYOUC, XOl ETOUEVS UTOPEL
va eTEADEL tovioudg Tou oplou.



To mhdrtog mdavdtnrog wog petdfBoone and Ty apyixh xotdotacn oty ey |¢(t))
elvow:

apilt) = (Wrl(t)) = —i / ae (pgle™ OB (e ECt g (1.10)

i
A0l TROXEWEVOL YLOL LOVIOUOS 1) TEALXY) XATACTUON £Vl XATACTUOY) TOU GUVEYOUC.

H e&iowon elvon o3BG, ahAd 1) avouTiny| emiAucy| Tng meaxtixd adUvaTy. T T
UEAETN TOU Loviouol €youv avartuylel Yewpntind poviéha to omolo Bactiloviton o€ Quoxég
nopadoyéc/npoceyyioels xatdhhnho emAeypéves xdlde @opd, €tol (MoTe va elvon o XOVTE
otV Quoxt| TeoydatxotnTe. H egopuoyr tne xatdhining mpocéyyione xodopileton amd
TIC WOWOTNTES ToL Tediou laser (ouxvémw X0l YEOVIXT) OLIOXELYL TOU Tcoc)\po()) xadde, 6vTag 1)
xavnThAplar S0voun Tng dtotapay g, xodopiCouy TNV e€EMEN Tou Qarvouévou.

"Eva eup€w¢ yenotLoTOLOUUEVO HOVTENO YLOL TNV TEQLY QOPY| TOU LOVIGUOU TOU ETAYETOL OO

oy ved Tedla laser etvon autéd Tou oTnelleTton oty xoholuevn «Ilpocéyyion Ioyupol Ilediovy
(Strong Field Approximation-SFA,[7].[6]).

Yrig evotnreg mou axoloudolv Va avartuydel to poviého SFA. H axpiBric pordnuotinn
avdAuor Tou dovtélou elvan TEpa amd Toug oxomolc Tne mapovoag dtateBnc. H avdiuon
Yo ebvan meprypapux xou Yo emxevipwiel xuplwe oTNV QUOXT EOVO TOU TEQLYPAPEL TIC
otadxaoieg LoViouol og Eva UOELO.

1.2 Tlpoocéyyion Ioyveol Ilediov (Strong Field Approxima-
tion)

1o mAakolo TG TEOGEYYIONG AUTAC, O LOVIOUOSG avTHETOTICETL WG UETABooT EVOS Nhe-
xtpoviou Tou Yoplou and TNV Boocixr adLITAEUX TN XUTACTACT| OF ULol XATUO TAOT) EAELVEQOU
niextpoviou mapoucio nhextpouayvnTixol Tedlou, Ue To duvauxd Tou popiou vor oryvoettal
tekeing. To nhextpdvio mou Exel LOVIOTEL UTUXOUEL ETOPEVC OTNV Y OUUATOVIAV:

= R AR o p AdX(t)
Hy(t) = — + — t) = — — 7 ——I 1.11
omou Ye p oupfoliletar 1 opuy| Tou Nhextpoviou, UE X(t) TO OLVUOUOTIXO BUVAULIXO TIOU
dA(t =
TEPLYPAPEL TO NAEXTEXO TIEDID B(t) =— dt( ) xou e 7 1 OlevYuvoT TN BLTOAXHC POTHG.

Ou 1BloxaTao TdoElS Tou NAEXTEOVIOU TOU TEOXUTTOLY amd TNy eniluon Tng e&lowaorng Sch-
roedinger yio Ty Topamdve youthtoviavi etvor ot xataotdoels Volkov [§], |p + A(t)) émou
p + A(t) eivan 1 xovovixh opuy| Tou GUO THUATOS NAeXTEOPOY VTG Tedlo-nhextpdvio. Emi-
TAéov, ol WoTuée Tng evépyelag dSivovtar and v e&lowon: E(t) = §(p + A(t))?, xou dev
ebvon timota dhho amd TNV oTrydiado xvnTixe EVERYELX EVOS NAexTpoviou uTd TNV eTidpao
nAexTEOUAYVNTIXOL TEd{OU.

2 to Thadotal U TAG TG npoosyylong 1 YoLATOVIVA H oo TAdtog miavotnTog e e&lon-
ong |l - Yo avixotac todel amd TNy Hy. Av 1 TEAXT) xatdoToon [1y) lvor 1Bloxatdo oo

1~

L = €T = I Ot ATOPIXEC LOVADES



TNG EVEPYELUG TTIOU AVTLO TOLYEL 0TO TE®TO BuVAUXS toviopo Ip T6Te, T0 TAdTog TavoTnTag
e peTdPoong ayg;(t) Vo ebvou:

!~

¢ .t ~ S
agi(t) = (sl (t)) = —i / 4t (gl e BV oiBol =] (1.12)
t;
t - et/ 2 / ~
= ayi(t) = —i% / di'e” e WA gy A Vi ()| 65 (1.13)
t;
7’] LOOSOvocpoc:
t
agilt) = —i / dt'e 5 {p -+ A(E)| Vine(£)]61). (1.14)
t;
OToV:
1 [t
S = 5/ (p+A(7’))2dT—|-Ip(t—t/). (115)
t;

HpoximTel enouEveg 6TL To TAdTOG T aVOTNTOG TEQLYPAPETOL UTO TO YWVOUEVO EVOG EXVETIXOU
opou enl Tor oToLyelar Tou Tivoa petdBaong. Kdie évag and autolc Toug dpoug xadopilel To
1660 anodotixd Yo yivel 1 petdfoon oto cuveyés. And Tov exdeTind 6po elvar dBuvaTo Vo
Beedel o puduodg oviouol (PA. mapuxdte) eve and to ototyeio mivoxo goivetar 1 e&dptnon
TOU LOVIOUOU aTtd TOV TEOGUVATOAGUO TOU UOPloL (¢ TTROS TNV TOAWOT) TOU TEGIOU ﬁ(t) Ou
BOUME AVUAUTIXS TNV CUVELSQOEE GTOV LOVIOUOL XadeVOg amd Toug BV auToNg GEOUC.

1.2.1 Toviowoég pe woyved nedio Laser

Ou emixevTewUOLUE apyxd oTov exleTind 6po, dnhadt| Yo xputricouue oxplBeta exdeTi-
x0U oto ctoyelo mivoxa. H mpooéyyion auth elvon teptocdtepo ac@aiiic oTny TEpinTwon
TV ATOUWY, XD aUTd ToEouctdlouy eV YEVEL GQALEIXY| CUUUETEIN, Xo €TOL 0 6POC TWV
oTolyeiwv Tou Tivaxo petdBaong dev eivon 1060 xadoptoTixdS. NNV TERITTWOT TwY LopinV,
omwe Yo dolue TapaxdTe), auTO OV Loy Ve, xadng 1 YEwUeTplo Tou elvar xadoploTixy Yo
TOV LOVIGUO TOV.

To mhdtoc miavotnTog, xpatovioag oxplBeta exdeTinol:

t
afi(t)w/ dt'e™™ (1.16)
t.

omou 1 @don S diveton amd TNy e&iowon |1.15]
Mo Ty tepintwon nediou laser ypauuixhc nohwong: B(t) = ﬁo(t)cos(wt), T0 avtioTolyo
Stovuopatind Suvapixd oty Baduido urixouc (length gauge) etvou: Z(t) = —fﬁ(t)dt =

EO . 7 7 7
——sin(wt) xou 1 @don S unopel v ypopel:
w

1 1 [ E,
S = (Ip+=p2)(t—t) + —/ drlp — 22— sin(u)? = (1.17)
2 2 t/ w
e E, | )
S=1Ip(t—1t)+ 3 drlp — - sin(wt)] (1.18)
tl
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OTOL TNV EVEPYELX loviouol Ip €yel amoppogniel, ywelc BAILN tng yewxdtnTag, 1 ouvi-
OTWOo TNG 0pUNS p1 Tou elvar xdetn 6TNY TOAWGT TOL TEdlOL.

To oloxhfipwua oto mAdtog miavétnTag e eéicwong dloxoha uroloyiletar. T
NV TepinTon 1oy ueod TEdloL YouNANG CUYVOTNTAS, OTWS EVOL YIal TURUOELYUO EVOG TUAIOS
laser ye xevtpiny| cuyvotnta 800 nm, unopel Vo EQUPUOCTEL 1) TEOGEYYLON TOU GoYUAdIX0U
onueiou (saddle point approximation [9],[7]).

H avahutu enthuorn tou mopamdve oAoxAne®uatog elvor TEQY omd ToV 0X0T6 oUTHS TNG
oltelfric. Oa yivel OUwS ULl avaexOTNoY TWV Brudteny Tou oxolovdoivto, Yol xotd TV
OLadixaota ETIALGHE Tou eU@avi{ovTon YoEaxXTNELo TG UEYEDT TOU LOVIOHOV, OTWE 1) TORUUE-
tpo¢ Keldysh v [10] xou o yapuxtneiotindeg ypdvoc tou gavouévou orpayyos (tunneling
time,TT).

Yo mhadola TG mpooéyyiong coyUadxol onueiou, opywd utoloyilovtal Ta axpdTTo
¢ ouvdpetnong gdone S (onueio otadepric @doneéotw t,) emhbovtag Ty e&lowon:

oS E?

5 = 0= —1Ip— 2;2 [u — sin(wt')]* =0 (1.19)
2
[u — sin(wt')]2 = —I’;‘;’ = [u — sin(wt))]? = —? (1.20)

o

2
omov u =

i xou 2 = P
E, E?
oLVdETNOT Pdong S avanTOCCETOL OF OELRY UE XEVTPO ToL onueio ¢
otoyelov yetdPBaong unopet va Bpedel and v edicwon:

etvar 1 adtaPBatiny| mopdueteog Keldysh. Ytn ouvéyela, n

/
in’

%0 TO OAOXA PWHA TOU

' S/I (tlzn)

agi(t) = e ) /dt'e 2

2
(t'—t},)

~ e W)\ fom [iSM () ~ eiS(t’m% (1.21)

/
)

Aedopévou 6Tl umopel va undpyouv mEplocOTEpa onueio oTadepric @dong ti,, TO TAYTOC

mioavoTnTag Aopfdvovtog Loy TNV GUVELSPOEE amtd TO xoéva elvan:

api(t) ~ Y et S (1.22)

’
tin

Ané v e&iowon elvan @oavepd 6Tl tar oneta ¢, etvon pryoduxol aprduol xou umopolue
va ypdoupe: t, = t' +itp. Ano guowhc dmodng pryoadinos yeovog onuaivel xivnorn oe
xhaowxd amoryopeupévn mepoy . Me dhha Aoyior Yo mpémel To NAexTEOVIO VoL eEEQYETAL GTO
CUVEYEC UEOW TOU Qonvouévou orpayyas. Ilowo elvon duwg avtd to QEdypa duvouLXoy ard
70 omolo To NAexteovio Yo mpénel va diéhder; To gpdryuo Suvauixol dnutovpyeiton and TNy
urépdeon Tou duvauxo) Tou poplou xaL Tou YEUUUIXE ToAwUEVoL Tediou laser.

Emniéov, and tnyv e&iowon ouumepatvoule entiong 6Tl 1) pdon S 6To TAdTog TUVOTY-
o Tne e€lowong ebvan pryodinog oprduoc (S € C) xon emopévoe S = Re(S)+ilm(S) =
ReS — io, onbte xou:

ap(t) occe™® Z e HeS) (1.23)

t

in

Zypotddvrag méhL axpBeto exdeTinod



X0l CLVETOS 0 PLUUOC Loviopol Yo etvon: T' oc e2%.

Tehxd, n enthuon e eZlowong [7] Siver tor omueior otadepric @dong:
wrr = Inly + /72 + 1], =0, (1.24)

Onhadry: t, = —iTp xaw 0 puUOC Loviooy ebvau:
B2l , 1 1
['=exp {—E {(7 + é)ww - Z_lsznh(QWTT)H (1.25)

Y10 ornuelo autd Topouctdlel evilapépoy Vo EAEYEEL XaVElC TIC B0 OPLIXES TEPLTTAOELL,
onAaoY) v < 1 xan v > 1.

1.2.2 Ioviopog péow awvopévou Nrpayyos (Tunneling Ionization)

Ye auth Vv nepintwon 1 e&lowon [1.24] amhomoelton oe T = l, XL T) QUOLXT] OTUa-
w

1
olo g mapoapéteou v yiveta €tol Lexdopn. Egdcov v < 1 = wrr < 1 = 70 < —.
w

Omndte 0 YopuxTNEIO TGS YPOVOS Tr Ya Vo ohoxAnewlel To gavouevo cfjpayyag eivon To-
A0 Uixpotepog tng meptddou T tou medlov. Me dAda Aoyia To nAexTedVIo xiveltan oE Eva
OYEDOY GTUTIXG BUVUULXO TOU TEOXUTTEL Ad TNV UTEQUEST) TOL duVOULXOV Tou Hopiou xaL
TOU NAEXTEOUXYYNTXO) TEBIOU %O EYEL APXETO YEOVO OTE VoL OLUPUYEL GTO GUVEYEC HECK
(POYOUEVOL CREUYYAS. XTO oYU ToEOVCLALETOL TO BUVOHIXO EVOS BlaTouxoU poplou
UTIO TNV TOEOUGEN NAEXTEOMAY VN TXO) TEBlOU.

,vvlaser

Vtut

Yyfua 1.1: H unépdeon, Vigr, Tou Suvopuxol tou popiou Ve (UTAE Stoxexoupévn yeouun) xo Tou
BuVOIXOU TOU NAEXTEIXOL TEBIOU Vigser (x0¥0tv Slaxexouuévn yeouur). Adyw tne xdudmne tou
BLVIUIXOD, TO NAEXTEOVIO UTtopel VoL eCENDEL GTO GUVEYES UG POUVOUEVOL CHPAY YOS

‘Onwe ebvar Qovepd 070 oy Ua AUTO, TO NAEXTEOVIO UTOPEL VoL BLAUPUYEL GTO GUVEYES UECH
TOU (PULVOUEVOU GHRY YOS, ELTE A6 TO ECWTEQIUO PEAYUA BUVOULXOU, EITE amd TO EEWTEQIXO.
[ auth Ty Tepintwon o pudude viopo diveton amd TNy e&lcwon:

2 (21p)*?
I' exp[—g%]. (1.26)
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H ewxdva Tou xexoppévou duvouxol tou poplov untd v mapoucio loyupol nediou laser
(oyfua[l.1) rpoxinter ¢ opraxd epintwon tou povtéhou MO-SFA. Se auth tny (Bia eixdvor
opee Boaotletar xou €va GANO EUPENS EQPUQUOCUEVO HOVTEAD LOVIOUOU TO UOpLoxd Amosov-
Delone-Krainov (MO-ADK)[II] to omnoio amoteel tnv enéxtoon Tou LOVIEAOU LOVIGUOU
ADK [12] wwv atéuwy. Eto mhaioto tou poviéhou MO-ADK to nhextpixd nedio mou odn-
yel oty %dudm Tou duvouixol Yewpelton otatikd, o otatikds pUIUOS VoL I'yq Umopel
VoL UTOAOYLO TEL oV Vol YVWOTY| 1) ACUUTTOTIXY XUPATOOUVERTNOT Tou poplou amoucta me-
dlwv. O pududeg toviopol yia €var apyd yetaBaridpevo edlo laser mpoxnTel we 1 uéon T
ToU oToTXOU UKoY toviopol otic 800 Suvatéc xateudivoels Tou Tediou (aploTepd-Oelid),
TpocouotdlovTag £Tot Toug onTxoUS xUxhouc evog nediou laser [13], ONA.:

x F;fat + Fstat‘
2

r
xou ouuTminTtel pe TNy e€lowor

1.2.3 Mn—Xuvroviotixdg IToAvgpwtovixég Toviopog (Non-Resonant Mul-
tiPhoton Ionization-MPT)

Xy oploxy auth| TeplnTwon woylel ¥ > 1 = wrr > 1 = 70 > 5 xalL GpoL 0 YEOVOC
ToL yeetdleTal To NAEXTEOVIO Yia var ameheviepwiel 6To cuveyéc elvon TOAD ueyahlTepog o
oyéon e TNV TEpindo Tou NAEXTEOUAYVNTXOV X0uaTog. Autd onuaivel 6TL To NAeXTEOVIO OEV
umopel v anehevdepwiel 6TO CUVEYEC PECK PaVOUEVOL OTipory YOS oxELBME Yot 1) xdudn
TOU (EAYUATOS BUVAULXOU BEV UTERYEL YL IXaVO YeOVO. MTNV TERINTmon AUt T ~ ;ln(Qv)
xat 0 puiude VoUoU:

I « B,2r/e, (1.27)

Eyua 1.2: O nohugotovixds toviopods (MPI) tou popiou ye anoppdgnon ixavol aprduod gwtovioy
OOTE VoL PTECEL TO XoTPAL toviopol (ionization potential, IP). ¥to oyAua enione napouvodleton
1 TEPITTMOT TOL LVIGLOL TV amd To xatdehl (above threshold ionization-ATI [14]) xatd tov
oTolo TO POPLO ATOEEOYJ TEPLOCOTERN PWTOVIA OO AUTA TOU ATALTOVVTOL YLoL TOV LOVIGUO TOU.

Ebvar yvooto 6t n évtoon I evog nhextpopory vTinod xOUoTog eivat avaAoyT) ToU TETEO-

YOVOU TOU TAATOUG TOU NAEXTEWOU TEdloL, dnAadY): [ o< Eg Emmiéov o Adyog o N,
w
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omou N To OTOVIN TOU TEETEL VoL aropeo@Nn oy Un-cuVTOVIGTIXG Yl Vo Tporyotonotniet
1 ueTdPBaon oto ouveyés. Emopévwg: T' o IN. H QUOLXY| EXOVAL €D TEPLYPAPETOL GTO
oY To péplo amoppopd txavd oprdud @wtoviwy mou Yo Tou emtpédouy vo uneplet
TO XATWPAL LOVIOUOU xal €ToL Vo aneAeuiepwiel 6To cuveyEc.

Auté cav mpnTn eixdva dev eivan T6c0 Tpogavés. Eva poplaxd clo T amopeo®d Q-
TOVIL EVEPYELIC o3OS {omg e TNV evepyeton| Slapopd uetolh 800 emmédwy. Tnd auth
TNV OTTIXY| YWV 0 TOAVPWTOVIXOS LOVIOUOS BEV UTOREl var Tteptypapel, xadde Yo vor od1yT-
Vel To poplo oTov ovioudS Vo TEETEL VoL UTEEYOLY SLIECLUN PUTOVIAL EVERYELNS (oM UE TIC
EXQOTOTE EVERYELUXES OLUPOPESC TWV EVEQYELUXWY ETUTEDWY TOU Lo THUATOC. Tlapdha autd
0 TOALPWTOVIXOG LOVIOUOG E Loyued Tedio laser elvon TELQUUATIXG YEYOVOS %o EQUYVEVE-
oL UEOW TWY <EXOVIX®YY (virtual) evepyelaxmv xataotdoeny. [lpdxetton yior «<ev-0uvduety
AATUO TAUCELS TTOU OEV Vol WO THCO LBLOXATAC TACELS TOU GUOTHUNTOS X0 1) EVEQYELUXT] TOUG
OLpopd, o GYEOT UE TNV o)XY TOU NAexTpoviou, elvor axplBag {on Ue TNV EVERYELXL TOU
amoppopoluevou gwtoviou. Kaldog n xotdotaorn auth| etvar un-mporypotixy €yel Tohd pxpd
Yeovo Lwhc e (tng tééng twv 1016 s) xou o onotog xoopiletan o€ xde mepintwon Yéow
e apyY| anpocdlopiotiog tou Heisenberg AaufBdvovtac unodn ty evepyetomn dlopopd Ue-
00 Tne virtual ot e mo xovuvAc meayuaTxic evepyetoxc xatdotoons (1 ~ AE/h
detuning). Kadog to Lo TNUo axTvoBOAElToL UE POTOVIA TO NAEXTEOVIO Efval BuVITO Vol
AmOPEOPNOEL EVal PTOVIO xal Vo dieyeplel o wa virtual xatdotoon. H diadicactio auti
elvor TPOPAVMG LTIUEXTY| X0l Yol TIG CUUPATIXEG TINYES POTOSC, AOY® OUWS TOu UxEo YPOVoU
Cwiic tne virtual xatdoTtaong, To NAEXTEOVIO YPTYOpa AmodLEYElPETIL THow OTNY YoUNAOTER
EVEQYELOXT] XUTAC TUOT) EXTEUTOVTOS TO PwToVio. Me tnv dgpiln tov mediwy laser dung, yia
Ta omola xou 1) PO7 TWV POTOVIWY Efval AEXETE UEYIAT OE OUYXELON UE TIC XAACIXEC TINYES
POTOC, TO NAEXTEOVIO EUPIGKOUEVO OTNy Virtual xatdoTtaoT, £0Te oL Yol TOV Uxed YeOVo
Cwng, mapouctdlel audnuévr TavOTNT VoL ATOREOPHCEL ETITAEOY QOTOVIAL Xt Vo 0oy el
€T0L OTO GUVEYEQ (mfcuwowouxég TOAUPOTOVIXOG Lovtcpég).

Emmiéov, nelpopotind €yet xotoypapel 6Tt 600 auidvel 1 €vtooct Tou medlou laser To
dropo/uodeto ebvar dBuvatd Vo amoppo@hoet oELud P Toviky N UEYUAITERO TOU EAAYIOTOU
AmOUTOUMEVOL Yl TNV ETTELEN Tou Loviool. To gouvouevo autd ebvar YVenotd we <loviopos
Tévew amd To xotdehy (above threshold ionization-ATT)[15],[14] xou anodideton oTny Woyueh
00CeVEN TWV EVERYELIXMY XUTUOTACEWY UE TO NAexTpouayvntixd nedio (AC-Stark), n onoio
odnyel xou otnV evepyetox| petortomion avtwy [16].

1.2.4 E&dptnomn tou pudnol LoVICROU ANd TOV TEOCAVATOACWUO TOU WO-
pelov wg mpog TNV TOAwoY Tou laser

Yy ouvéyeta Yo emxevipwiolue ota otovyeio Tou mivaxo uetdfoacng
(p+ A1) Vi (t))|3) TOU epgavilovton oto mAdtog mdavotnTag arpi(t) xou Vo SovUe Twe
auTd emneedlouy Tov puUUs viouoL. ‘Omng avagpépinxe 1o oty EvVOTNTA 0 TEAEOTAC
OAANAETBPOONC LoOUTOL OE TIEWTY TEOGEYYLOT WE: @nt(t) = — 7 E(t) = —iEcosh, 6mou 0
1 Yovio tou oynuoatileton petald Tou dlaviouaTo TNE BLTOMXNC PoTNG Xon NG dlediuvong
TOAWOTNG TOU NAEXTEOUXYVNTXOL xVpatog. Emmhéov 1 apyxh xatdotaoy Tou cusTHUNTOq
i) xou Yo TV TepinTON WY popiny xodopileton amd To LPNAGTERA XaTENNUUEVO HopLaXE
tpoytoxd (highest occupied molecular orbital-HOMO) ye yopaxtneiotixs yewpetpio. Eivar
ooy Eexddopo, OTL 0 TEOCAVATOMOUOS TOU Hoplou wE TPog TNV TOAWGCT Tou laser omwg
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xan ) yewuetplo e Poacinig Tou xatdotaong elvon xployng onuaciog Yo Tov LoVIGHO.

Eivar mpogavég 6Tt to duvouixd ahknhenidpaong Yo etvar péyioto dtav 1 ywvia U mdpel
TNV EAGYLOTN T NG, Onhadr 6ty 1 OLmoAwt| eonr) Tou Joplou elvar cuYYEUUUXT TNG
Tohwone Tou medlov. Me dhha Aoy, o €va agpto poplaxd detyuo 6mou dhot ol mdavol
Tpocavatohlouol etvon duvatol, Tor wbptar Tou Yo LovioTody To amodoTixd Yo evon ouTd Yo

oL oTola ﬁ i ﬁ M ouviing mapepunveia eivon 6TL 0 pUIPOS toviouo) yiveTon UEYLIoTOG
OTAY 0 HopLIXOS dEovag etvar eVUYEUUUIOUEVOS UE TNV BlEVYUVOT) TOL TEdioL, VeWEMVTAC K¢
0edopévo, OTL 1) BLtolt| poTr| Tou Uoplou Va eivan cuyypouLxr) ToL %x0ELOL LoELXOL dEova.
Auté oy mpaypatixdtnta dev ebvor owotéd [II]. H xatedduvon tne dinohxhc pomic tou
uoplou xodopileton amd Ty yewpetpio tou HOMO, dnhadn omd tny xotdotaon |¢;) xou etvo
BLVLTOV VOL UMV EEVOL CLUYYEUULXT| TOU HopLaxol GEova.

06l =ans BFEA ]
M —— SFA corrected

05| B co ]
. 2 X 10 W/em?
04} % dipole=1.1 a.u. 1

ion signal (arb. units)

0.0 | . L . gy i

o] 20 40 60 80 100 120 140 160 180

. L--- SFA
‘ ~ ———SFA cerrected
NO
1 X10" W/em?
dipole=0.28 a.u,

03+

0.2+

ion signal (arb. units)

0.0 ! I L ! I L L L
] 20 40 80 80 100 120 140 160 180

alignment angle (degrees)

Eyua 1.3: H xatavoun tou nhextpoviaxot végoug tou (HOMO) twv popiwy CO xow NO xodae
xou ot pudpol viopol Toug K TEOXVHTTOLY amd TNV TEocéY Yo toyueol nediou (SFA) [II.

AopBdvovtag undn To TUEATAVE CUUTERAVOUNE OTL, 0 PUUUOC LOVIGUOU EVOC Uopiou elval
UEYIOTOS OTAY TO NAEXTEOVIXG VEQOS Tou Uopiou elvan Tpocuvatohouévo otny diebuvor
mohwone tou mediou. o mopdderyua, yia to woépo tou CO, xou plag xou T0 NAEXTEOVIO
o¥évoug tou Pploxetal o 6 TEOY LG, O LOVIGUOS avaUEVETAL Vo Efval HEYLOTOS OTAY O [o-
pLoxde Tou dEovag etvan eutuypauutopévos e to edio (6 = 0°). Xe avtideon, yio to poplo
NO, 6mouv 10 nAextpdvio c¥évouc Tou avixel 6 T TEOYLIXO, O PUUUOS loviouol Yo eival
UEytoTog Otay 1 Ywvia YeTag) Tou poploxol d&ova xou Tou Tedlou elvon § = 45° (o'mv 1OovL-
x1) TepinTwon mou dev AduBdveTon UTOYN N TAEUUOEPWOT TNG YEWUETENG Tou Uoplou Aoyw
Tou Loy uEoL TEdiou laser). Yto oxf]poz dtvovtar ta HOMO towv CO xou NO pall pe toug
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eLdoUg WVIoPo) OTWE aUTOL TEOXVTTOUY ATO TNV TEOCEYYLON oY LEOV TEdlOU.

1.3 MeTd Tov oviouo

1.3.1 «EAebOepo» niextpdVio

Yy evotnta auth Yo aoyolndolue e Toug mdavolc BeOUoUS TOU UTOREl Vo dXOROU-
Ufoel To «amehevicpwuévor nhexteovio. Baowr mapductpog yio TV peténelto mopeio To
ebvan 1) XN evépyela Ty omolar amoxTd xatd Ty Sadixacia Tou viopol. Yto oy [L.4]
potvovton ot Tiaveg TPoYLES TOU NAEXTEOVIOU.

€mmmmne e
- — e
[ > Mn-Awdoykog Aurhos loviepoc

2
3 hv

N~ 1 B

Toviopocg Awdoon \ m (

TI'éveon Yyniov Appovikev

Yyfuor 1.4: Apyixd to nhexpovio oviletar Y€ow @avouévou ooy Yag. LTNV CUVEYEld xadde To
nedio ahAdlel xatebuvor To EAeUlEpo NAEXTEOVIO, OXOROLVMVTIC TO NAEXTEIXO TEDIO ETOTEEPEL
oTNV TEPLOY N Tou mateixol Wvtoc. Katd v emotpogr Tou elvar duvatd va cuyxeousTel Ue To
matewo 1ov. H xivntinn evépyela mou €xel amoxtrioel xatd tnv xivnoy| Tou péoa 6To medlo xaTd TNV
xpolon unopel var anehevdeptoel éva oaxdun nhexteévio (un-dadoyixdc Sithde oviopde) # unopel
v deopeutel and o matexd ubplo amodidoviac putévia (YEVvEST UPNAOY dpUOVIXGY).

‘Otav 1 xivntier) Tou evépyela efval UEYIAT TO NAEXTEOVIO, EYXATUAEITEL TO TUTEIXO LOY,
xan Oev €yel xoplo TEpeTalpw AAANAETIDEAOT) UE aUTO. LTNY TEPIMTWOY OUWS TOU 1) XIVNTIXT)
TOU eVEPYELNL ElVOL UXET|, TO NAEXTEOVIO TUQUUEVEL UETE TOV LOVIGHO OTNV TEPLOY T TOU TUTEL-
%00 1OVTOG, Xl x4Te amd TNV aAANAETBPUoT TOGO TOU BUVUULXOU TOU TATEXOU LOVTOS 6GO
xan Tou edlou laser. Av ayvoricoupe, Yo amhoUcTEUOTC TO BUVAUIXS TOU LOVTOC, TEAMXY TO
nhexteovio Yo axorovdrioel TNy TeoyLd Tou Tou ETPAAEL TO PETOBUANOUEVO UE CLYVOTNTO W
Tohavtovuevo medio laser [I7], [18]. Apyixd Vo amopoxpuviel and to Toteixd LoV, amoXTOVTIC
XATE TNV ETUTOYLVOUEVT xivnor| Tou xvnTixr evépyela. ‘Otav To medio oAAdEel xatebduvon
70 NAexteovio Ya 0dnyniel mlow otny meployy| Tou Tateo Wvtog. H ueon twn tne xavn-
TG EVERYELIG TOU NAEXTEOVIOU uTtopel var uToAOYIG Tl EUXOAN XAVOVTUS YRHOT| TWV VOUWY
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NG XAUCLXAG UNyoviXG. e Evay oTixd xOXAO 1) UECT) TN TNG XVNTIXNAG EVEPYELNS TOU
niextpoviou elvon YvwoTh w¢ (ponteromotive energy ¥ xou quiver energy) xou divetar andé
v e&icwon:

e’E?
U, = 4—”‘;’“[81] = U,[eV] = 9.34- 1072 . (A\[nm)])? - I[[W /em?], (1.28)
Mew
OTOL € To PopTio TOL NAEXTEOVIOU, Fpeqr TO TAATOC TOU NAEXTELXOV Tediou, m, 1 udla Tou
nAextpoviou xou w 1 cuYVeTNTA Tou Tedlov laser,A To prxog xVuatog xou I N Evtacr tou
nediov.

To U, tou nhextpoviou @Tdvel o 0EXETE UEYAUAEC TWES, OE CUYXQLON UE TO XUTOPAL
loviopol tou poplou/otdpou. Ent tapadeiyportt yior évor nedio laser urxoug xOpatoc A = 1024
nm xou évtaone = 1.3 - 10 W/cm? 7o U, ~ 13.6 eV! Tw éva medlo laser pe A = 800 nm
xow I= 10" W/em?, U, ~ 6 eV [19)].

Kadoe to medlo laser odddler xatebduvor, xor T0 NAEXTEOVIO EMLTOYOVETOL TEOS TNV
TEPLOYT| TOU TATELXOV 1OVTOG 1) TaveTNTL Vo oXeBUOTEL amd auTd efvon LPMAY, yior yeauuxd
nolwpévo nedio laser (rescattering)[17],[20]. Kotd tnv oxédaon, umopel va amodwoet v
YAVITIXY EVEQYELXL TIOU EYEL UTOXTACEL XIVOUPEVO PECH GTO TEDLD YLt Vo LoVioEL €val BEUTERD
NAEXTEOVIO UPHVOVTOG VoL DITAY LOVIGUEVO TATEIXO LGV, Bladxacia Tou elvor YVwoTh ¢ un-
Loy tx6e BImhog tovioude (non-sequential double ionization). Mo dhhn mdavdTnTa etvon
VoL OEOUEUTEL amd TO TATEIXO 1OV, UmOBIBOVTUC TNV XIVNTIXT| EVEQYELXL UTO LORPY| PWTOVIKY,
PAUVOUEVO YVWOTO Xoit ¢ Yéveon VPN appovixdv (high harmonic generation)[19].

1.3.2 TIlatewxd 1ov-Ilepaitépw loviopwodg xau AldonacT

Metd tov 1ovioud To TaTEd LoV BeV elvon TAEoV oe xatdo Toon Woopporiac. H diaduacio
TOU LOVIOHOU, €YEL aPutEETEL £Val NAEXTEOVIO xal To. popTia Oev elvon Théov oe ooppomio. Ou
deopol mou cuyxpeoToLy To Ubplo apyilouv va «aduvatiCouvy, xadde avanTiccovToL AmeK-
oTiég BuVAELC PETOCD TwY TUEY VY. Eivor mdavdv, to pdpto va tcopponhoet uetd Ty AHEN
NG dTopay ) WG LoV, LTy ahAnhemidpaot) pe oyupols Toipolg laser, dung to clvnieg
ebvar Tor uoptar vo tovilovton mohhamhd (uéow nediov, TOAVPWTOVIXE. 1| Xl UEGL TNG OLodLxa-
ofoc e enovaoxédaonc). H agaipeon moAhdy nhextpovioy ond to matpwd pdelo odnyel
oTNV OMtoveYia EVOS XATIOVTOEC GTO OTOlO OL LOYUPES ATWC TIXES DUVBELS METALY TeV VeTixd
POPTIOUEVLY TUEHVWY BEV Elval TAEOV BUVITO VAL LoOG TAULE TOUY, X Ay aUTOU TO UOELO
odnyettar oe ddomact. Adpopa Yewpntind poviéra £youy mpotadel yia TNy TEQLYPAPY| TNG
otadwaotog mou 0dnyel oTnv ddoTaon Tou popiou.

1.3.2.1 Eviocyupévoc oviocpdg nécw cuvtovicpol goptiny (Charged Resonance
Enhanced Ionization-CREI)

‘Eyet mpootioplotel melpauatind 0Tt oL XVNTIXEG EVERPYELEC TV VPoUOUITLY UETS TNV
oldomact Tou Yoplou, Bev efval aUTEC TOU Yo AVOUEVOVTAY OV TO UOELO BLICTIOTOY Amd TNV
Véom woopponiog Tou, dnhadr and evbomupnvixt| anbéotacn R.. Ilpoxintel 611 1) Bidomaoy
yivetan amd wa xplowrn evdomupnvixy| amootacn R, > R xo ouyxexpwéva R, ~ 2R..
Kodoe 1 dramiotwon tne Onopdng tne xplowng andctaone K. elvon TEWUUATING YEYOVOS Yo
Har LEYSAT) xoTnyoplor HOople)V, UVAUEVETAL VoL EVEYETOL EVAS XOWVOG UNYAVIOUOS [21].
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R-Bc —— R-~Re E=Fe

I
|
!
|
1

Yyfua 1.5: To duvaixd evog diatouxol Loplou LTd TNV ETBEACT) NAEXTELXOU TEBIOU YLl TREIC TYES
TIg eviomupnVIXC amdatacng: otny Véon woppotiac R~Re, otnv xplown andéotacn R~R. xa o
evbomupnvixy andotaon yeyahitepn tne xplowne R>R.. ‘Oco 1 evbonupnvixn andctacn R auvédvel
TO EOWTEPXO PEAYUAL BUVOLXOU oVUPOVETAL.

To povtélo mou mpotdlnxe YloL TNV EQUNVELN TNS TUEATAVE TEWUUATIXAC OlamicTwong
etvar awt6d Tou Evioyupévou loviopol péow Luvtoviopol Poptiwv (Charged Resonance E-
nhanced Ionization-CREI)[22],[23],[24]. Eougovo pe to govtého autd xou Yewpmvtag éva
OLUTOULXO LOELO, UETA TOV LOVIOUOG ToU Hoplou, oL TupveS apy(louvy vo amouaxpivovTon Aoy
TWV OO TIX®Y duvdueny Coulomb, anoxtdviag 6O xaL PEYUAITERT EVOOTURNVIXY| ATOC TO-
on. Kodag n evbomupnvix andctaon audvel 1o ecntepd gpdyuo Suvopuxol apyilel va
avuaveton (oyfua [LB). Stnv nepoyh Tpdv R < R, 10 @pdypa duvapixod Sev €yel ovu-
heydel apxetd, omdTe o 10 NAexTEOVIO e€axolouiel Vo xivelton avdusoa oToug 600 TUEY|VES.
Xy xplown T TG EVOOTUENVIXTG anocTaoNG f: OUWC, TO ECWTERIXO PEAY A DUVOULXOU
€yt avupoiel apxeTd 1ol WoTe To NhexTEOVIO Vo EYXAWPBLo TEl oF Evay amd Toug BUO TUPTVEC,
EVE TOUTOY POV 1) EVERYELS Tou auidvel. O eyxhoBionds Tou nhextpoviou GTnV TEpLoy Y| TOU
EVOC €X TWV 0U0 TUPHVKV XAl 1) TAUTOYPOVT aOENCT TNE EVERYELIS TOU XAvVouV TIC oUVUNXES
XOTEAANAES €TOL HOTE VoL LoVIoTOUY TOMG nhextpdvio [25]. T R > R. m evbomupnvixh
anoctaot €yel auéniel TG00 TOU Ta PHOPLIXA TEOYINXA ATOXTOUY ATOUIXO YORAUX TR, XL 1)
mdovoTnTo toviouol uetdveton [26], [27].

Metd tov moAAamAS ovioud 1) woyvet dnworn Coulomb yetal twv Tupvev odnyel otny
ddomaom Tou woplou, uio Btadixascio yvwo | otny Bihoypagio kg éxpnén Coulomb (Cou-
lomb explosion)[2§].

1.3.2.2 Aidonaon YroBorndoluevr and to IIedio (Field Assisted Dissociation,FAD)

To yovtého autd TERPLYEAPEL TOV LOVIGHO ToOAVATOUXGY Hoplwy. H qguowy| edva niow
am6 to poviérho FAD elvon 611 T0 1oyupd medio laser dlaop@mvel TG BUVOUIXES ETLPAVELES
(PES) tou poplaxot cuothuatog [29, B0]. O npoxintouvces SuvaUxéc EMLPAVELES, TOU
TEPLYPAPOLY TO GUOTNUA HOEPLO-NAEXTOOUNY VNTIXO TEDLD AVAUPEQOVTAL GLY VAL (G KEVOEOUNEVEG
xataotdoelcy (dressed states). Aedopévou 0Tt To NAEXTEXO Tedio elvan ToAavTOTIXS POoTNC,
ot dreesed states eivon emTAE0V YPOVOEEUOTOUEVES Kol ETOPEVWE, 1) XIVNOT TWV TURY VWY TG
oe autég xadoplleTon and To TEdlo xde ypovxh GTIYUN.
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LNy dardnuaties TEpLY popt| TOU HOVTEAOU 1) EAEUEQRT TOHRAUETEOS TOU TROBAAUATOS Elvor
1 EVOOTIUENVIXT| AmOG TAOT) XaTd TNV SLlelduvoT Tou xVELOL LoELoXoL GEOVA, EVE OL UTOAOLTOL
deopol Tou poplou Yewpolvton «morywuévoly. Me Al Aoyia To Lovtého autd avTipeTonilel
TO U6pELO WS dlatouxd. Emhboviac tny e&lowon Schoedinger napousio Tou medlou, 1 evdonu-
envixn anéctaor uropet vor unoloyiotel. H yéomn Ty tng, o yiot 660 0 Toahuég ohAnhemidped
UE To 0VOTNUA, OTAdLS AUEAVEL o £TOL O Hoplaxdg deopos e€aotevel. Av o tahudc laser
elvon aEXETA LoYUPOC %O UE IXAUVT| YEOVIXT) DLAEXELY, O DECUOC UTopel Vo oTdoEL.

H Baocwry unddeorn tou poviéhou FAD ebvar 61t 1 Sidomacy tou poplou mpoyUotonote-
{tar 600 0 TMEAUOG AAANAETOPE UE TO Woplo, Yot wovo TOTe uploTatan ol dressed states.
Yy mepintwon mokpoU laser ypovixic didpxeiog ~ 30 fs xou epdcov o moAudS cuyxpoTe-
fton amd Abyoug oyetind omTo0g xUXAOUS, TO UOVTENO QUTO AVOUEVETOL VO TEQLYPAPEL TIO
XAVOTIONTIXE. EXEVOUG TOUG HOELaX00E DECUOUE GTOUG OTIOIOUG GUUHETEYOUY EANPELY. GTOUOL.
Enl nopadetyportt, og Eva opyavixd woéeto und tny enidpaon naipod ~ 20 — 30 fs to yovtéio
FAD ovapéveton vo eptypdpel xaAOTepa To OTACWO TOV SEOUMY PETOED Svilpoxa-UBpoYGVOoU
(C-H), nopd dvipoxa-dvipaxa (C-C).

1.4 JTovioudg o ypovixr oidexela Tou ooV laser

Hpogaverg o yapaxtneloTixd Tou Tedlou laser—cuyvoTnTa xon Yeovixr| didEXxelo TUAUOU—
amoTeEAOVY Bucinéc TORUUETEOUS TTOL ENNEEACOUY TOV LOVIOUO. XTIC TEONYOUUEVES EVOTNTES
TEPLYRAPNXE 1 EEHPTNOT TOU LOVIOUOU amd TNV EVINOY Xol TNV CUYVOTNTA Xo TRoExuoy
0VO OPLUAEC TEEQITTOELS (nedio YOUUNAAS oLYVOTNTAC xou Tedo LPNATC Guxvéqu), UE TO
METEO CUYXELOME VAL EIVOL O ATOUTOUPEVOS YPOVOS DLAPUYTIC TOU NAEXTEOVIOU UECK) (POUUVOUEVOU
ONHEAYYAS WS TEOC TNV TERIOBO TOL NAEXTEOUXYVNTIXOL Tedlou. Mevel enopévime va eheyyvel
1 enidpaon NG ypeovixhg ddpxetag Tou ToAuol laser. Ev mpoxeiéve n ypovixy| dudpxeia Tou
TohUoU laser cuyxplvetal G OYECT UE TOUG YPOVOUS TwV ECWTEPOY Boaduwy eicuteplag
TV TUEHVLY Tou Uoplou (Teplotpopixn xar TahavtoTxy xivion) [31].

Tumée ypovixég dudpxeieg moAumy laser etvon tng té€ng twv nanosecond (ns), picose-
cond (ps) xou femtosecond (fs).

[a mohpoUc e T8ENC TV NS xaL ps, CUYXEICWIOUS UE TOUS YPOVOUC TOAAVTWONG Xl
TEPLOTEOPNC, OV unopel va ayvoniel 1 duvouxr twv Tuphvey. Kotd v dudexeior tng
oAANAETBpoONG Tal woplal TEPLOTEEQOVTAL, oTNY Oleltuvor ou xadoplleton and TNV pomn
otpédne Tou medlou. Emmhéov, yia peydAec evidoelg ta popta tovilovTon xou BlaeTe)vIaL oE
Yeavouata. Emeldr), de n didonoon etvon o oyetind yeryopn dladacio k¢ Teog TNy Yeovixt)
OLdipxeLor TOL TOAUOU, Tor TRy OpEVL VpotdoUATA UTOPOUY VO AAANAETLOPACOLY ETioNG UE TO
nedio. Eivon emopévoe uvatd vo loviotody 1 xon vor Staotaotoly nepontépw [26],[32].

[ Toug modpole e TéEng Tov fs 1 Quor edva eivon BlapopeTinr. Adyw Tng pi-
%PNG YEOVIXNAS OLdEXELdS TOUG GE GYEoT UE AUTH TNG xivNnong TwV TUEHVLY, ot Tohuol autol
«BAETOLYY Eval TAYWUEVO HOELOXG DElYUa, BNAadT xaTd TNV Sldpxela TNG aAANAETIdpaoTS Ta
uopta etvon mpatixd oxivnta. Adyw tne e€dptnong Tou puiol LVIGUOY aTd TOV TEOCUVA-
TOMOUS TV Uoplwy, ot urepPpayceic TaAdol AAANAETLOPOLY O Loy UEd UE HopL EVIUYEU-
wopéva otnyv diediuvon tne mohwone. Trdpyel dnhadt|, xdrowo ldog emAoyrc Twv Yoplwy
omo To laser. H peydn porf) twv @otoviov oviler TohAhamhd To uoplo xat xdmola and oautd
o ovTa Yo SlaoTtao Touy. Me dhhar Aoyl 0 LoVioUOg xou 1) BLdoTaoT XATe and unepBpayelc
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TOALOUG €lvor 8O0 oVTOY VIO TLX (POUVOUEVY [26]. Kou nopdtt oe ypovixéc didpxetec ™G TaENg
TV NS ot ps, ebvar BuvaTd, aLEdVoVTaC TOAD THY pOT TWY PKTOViwY (éviaoT Tou Tediou) To
ubpeLol Tou SelyoTog Vo LoVIG ToUY Ghal TopdyovTag Vpolouata (XOpEOHOS), OE TOAUOUS YEO-
vixic dudipxetag fs, To xuplapyo @ouvouevo eivon o LVIGHOS TOU Hoplou Xt GE TOAD XEOTERO
Bordud 1 didomnaon [33],[34],[35].

H mopamdvey meprypapr) elvon mo peahloTinr yior taAnolg ypovixig ddpxeog < 10 fs.
Ebvar, mopdha autd, ptar xohy| TeOTN TEOCEYYLOT OTNV UEAETH LOPiwY HOU GUYXEOTOUVTAL
amd Bapdtepa dtoua, 6w yio Toeddelypo dtopo C, xan yior YeOVIXEC OLIEXEIES TTUAULOU
T < 100 fs.

1.5 Aocbupetpa Iledia Laser

1.5.1 Kivntpo

‘Eva aéplo péoa oe €va xAeloTo Yo, Vo dlacTtahel €Tol WoTe va yeuioer 6ho Tov Olo-
Véowo ydpo. Xe uixpooxomnixd eninedo, ta droya/udpla tou aecpiov, xwvolvtar Tuyodo xat
ouyxpolovton petadd Toug. Eyouv emouévee par eupelar xatavour| TayLTATWY Xat xdde du-
VOTO TPOGUVATOAOUS OTOV YOPO. LTa TAALOLN TNG TELRAUUAUTIXNG ORI G PUOLXTS, EVal AEELO
octyuo ebvon 1 emtdupnTin xatdoTacT g VANG Yo TNV TEAYUATOTOINoT TELRUdTeY, OLOTL
OlVEL TNV BLVATOTNTA TNG UEAETNG QUTOV XUVEAUTOV TWV HOPLIXOY YURAXTNRLO TIXWY, Y0elg
ONAOY| TIC OLOOPLUXES UAANAETLOPAOELS TTOU EVUTIERYOLY GTNY UYQH X0l GTEQET XATAC TAOT).
To mpoBinuo €6 Ouwe etvar 6Tt €var aéplo poplaxd delypa €yel uépta pe xdde duvatd mpo-
CUVATOMGUO GTOV YWOEO, XATL TOU TOAMES POpEC UTopEl Vo <DOAMCELy TNV YEVIXT ELXOVAL TOU
UTLO UEAETY) POLYOUEVOU.

‘Onwe €yer Hon avagepiel, Evag TaAuog yeovixig dudpxelac Mywv fs €yel v duvatdTn-
ToL VoL OLoxplvel Wovo To poplar mou efvor eLYUYPUUUIOUEVE WC TTEOS TNV TOAWGT) Tou TEd{oU,
oivovtac emopévee Wi mo xadapr) eéva Tou uTd PEAETN gawvouévou. Me tov dpo eudu-
YOUUMULOUEVO EVVOOUUE TA HOELOL TOU £YOUV TO TO PEYIOTO TNG XATAVOUYC TOU NAEXTROVLUXOU
TOUG VEQOUC OE DIEVVUVOT) TOEUAANAT] UE oUTY| TOU TEdiOU.

[Ma va yiver o cagric 1 emhoyr Twy popiwy and 1o laser Alywv fs divoupe éva Topddery o
oty exévo mou axohoulel (oyruofl.6).

To nhexted medlo evog maAuol laser yooupxAc TOAWoNS, AOY® TG THAAVTWTIXHS TOU
pLomMe €xel xadoptopévn dlediuvon ahhd Oyt xon xatedduvon. XTo oyfuc palveTon EVg
OTTIXOC XOUAOG YLOL EVOL NULTOVOELDES NAEXTEOUOYVNTIXG xOua. Efvor goavepd 611 610 mpdTo
wod tou omtikod x0xhou To Nhexteixd Tedio Exel xodoptoévn xatedduvon (ot VeTixd Tou
dEova z) eV Yol To UTONOLTO oo Tou om0l x0XAoU, 1 XATEDYUVOY) TOU AVTIO TEEPETAL
(ot opvnTd tou dZova z). ‘Etot, ouvolixd, to nhexteixd nedio dev éyel mpotiunTtéo xo-
tebduvor. O 1oViouos Twv poplwy e€opTdTon and TOV TEOCUVATOMOUO UTMY KOS TPOS TO
medio laser, xou ylvetan UEYIOTOC OTAV TO PEYIOTO TNG XATUAVOURE TOU NAEXTEOVIOXOU VEQPOUSG
elvon TPOCUVATONOUEVO GTNV Blediuvon Tou SlayUoUaTog Tou NAexTeixol medlov. Etol v
TO TEMTO 66 ToU OTTIXOV XUXA0U, TO TEd(o Yo AAANAETOPACEL O oY UEA UE ToL OPLOL TOU
elvol TEOGUVATOAGHUEVA OTIWE TO HOELO (1) Tou oY AUUTOS . [No to udhoLio Pod Tou OTTL-
%00 x0xhou, To ubptLol Ue Tov Tpocavatoloud (2) Ya toviotody euxohdtepa. ¢ anotéleoya,
uéoa ot évav omtxd xOxho ta pépLol Twv tpocovatohopny (1) xou (2) vo tovilovtar pe Ty
(Do amod00,.
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Emisknikog 1ovopnog
EEUYPEUUIGUEVEY LopieY

Yo 1.6: Xynuatin avanopdotaon tng Sladixaciog Tou emAEXTIX00) oVIGHOU eLYUYQOUULOUEVGY
nopleyv amd éva uTepPpoyh TaAus laser.

To endpevo Briua, ebvon vo urnopel vo ahAnAemidpdoet évag ToAuog laser ue uodpLo GuyxexpEL-
UEVOL TPOCAVATOAGUO) BnhadT| vor umopel emmhéov va Sloxpivel Toug Tiavols TEOGUVAUTOAL-
opolc (1) xou (2). Kémt tétoto eivon e@ixto, av o nahudc laser éyer npotiuntéa xatediuvon
oto yweo. T va yiver autéd cagée, oto oyfua [1.7 tou axohouvdei éyet oyediactel To duva-
U0 EVOC ETEQOATOUOD BLUTOUXOU Loplou xdTw amd TNV enidpact) evog NhexTELXOL TEdioU
oLYXEXPYEVNE xaTeuvoNg Yia Toug 800 Tavolg TEOCAUVATOAGUOUS (1) %o (2). Etvor xo-
TAVONTO, OTL To amodoTd Yo ovio Tel To UbpLo Tou EYEL TEOCUVATOMGTEL OIS GTO Oy U
(oc) %x0OC TO E0WTERIXG TNYAOL BVl Eyel onxwiel o Ynhd oe oyéon Ue To oy
(B) xou emmAéoy éyel uxpoTERO €0p0C. LUUTERUVOUNE AOLTGV, OTL EVOG TOAIOS UE ACUUPUETEO
TeoQ{A, Yo AAANAETUORACEL TLO LOYUEA UE UOPLAL CUYXEXPUIEVOU TEOCUVATOMGHOV.

H perétn yoplwyv ye aclupetpoug moahuolg uropet vor odnyroel oc PBaditepn xatavonon
e Badwaciog Tou toviopol g xou didoraong. Hapoucidlel eniong xou evilagépouoeg epap-
HoYES, Omwe 1) eniteudn aéplou BElYUATOC TEOCUVATOMOUEVWY O GUYXEXPUEVT xaTebduvoT)
uoplwv. Eyouv avartuydel didpopec metpopatinée pedodohoylee yio Thy emiteuln TOAIOY UE
actupeteo mpoeih([36],[37],[38],[39], [40], [41],[42],[43],[44]). Meta&d autdv ot 800 mo yve-
otéc pédodot etvan: (A) mahude Mywy ontindyv xOxdwy (few cycle pulse) [45], [46], [47] xou (B)

acOupeTEoC Moo laser B0 ypwudtov [48],[49],[50], [51],[47]. Mupaxdtew Ya avapepdolue

aVoAUTIXE 0TS 800 aTEC UEYOBOUC.
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EmiekTikég 1oviopog
MPOCAVETOLIGUEVOV LOPIOV
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Yyfuor 1.7: Xynuotinn avamapdo Taon Tne Sladixaclog Tou ETAEXTIX0U LOVIOHOU TEOGAVATONCUEVKY
wopiov. Adyw tne xatueduvtixdTntde tou, To nedio w/2w aANAemdpd To amodoTXd YE ubpLa GU-
yxexptpuévou tpocavatohopou. (a),(B) To duvauixd evée Satopxot popiov und Ty enidpoon Tediou
xadoplopévng xateduvone. Elvar @avepd oti 1 xdudn tou duvouixol tou poplou eivon amodoTixoTe-
eN OTOY TO POELO €YEL TO PEYIOTO TNG XATAVOUNG TOU NAEXTEOVIOXOU TOU VEQOUS GE XUTEUTUVOT)
avtietn authc Tou Tediou. AVouéveTon ETOPEVS O LOVIGHOS VoL EfValL ATOBOTIXOTEQOS VLol AUTOV TOV
TREOCUVATOMOUO, O cUUPLVIa Ue Ti¢ Teofiédelc Tou yovtéhou MO-SFA.

1.5.2 TITaApoi Alywv Ontixdv Kioxheov (Few Cycles Pulses)
‘Evog modpog laser xevipixrc ouyvotntag w meptypdpetan wardnuotind and tny eiowon:
ﬁ(t) = ﬁo(t)cos(wt + ), (1.29)

OTIOU 1) PACT  TOU PECOVTOC XUUATOC YOl Bo n mepBdAiouca yioo TNy omolo cuvdeg
umo¥€Toupe yxaouolavy cuvdpTnoM :
t2
—2ln2—
E ) =Ee T, (1.30)
ue E, to mhdrtoc tou medlou, xou T 1 ypovixh didpxela tou nahuwol (FWHM). ‘Evoc nohuée

ypovixng dudpxetag 7 = 30fs xar xevteol urxoug xopatog A = 800 nm (w=2,36-10"
rad/s) 6nwe goiveton oo oyfue[1.8(a) ouviotd éva ouppeTed TEdo. ‘Ouwe, 660 wxpoivel
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(8) AN

Eyua 1.8: Tohpol laser xevtpixol urxoug xOpatoc A = 800 nm xat ypovixrc didpxetog (o) 7 = 30
fs xou (B) 7 =4 fs (FWHM).

1 YeoVixn BLdEXELL TOU TOAUOD, ONAADY AlyOGTEVOUY OL OTITIXOL XUXAOL TTOU TO GUYXEOTOUY,
TO NAEXTEIXO TEDLO amoXTd TEOTNTEN XUTELYUVOT] GTO YWEO, OTWS YALPUXTNELOTLIXS QolveTaL
0TO oYU (f)) omou ametxovi{eton évag TaAUOS yeovxhc dudpxetag 4 fs. Puduilovtag tnv
@don ¢ ebvar duvatdy va emaeyel 1 xateduvon tou medlou. XTo oyrua Tou axoloudel
ouyxpivovton Teelg Tahuol ypovixrc dudpxelag 4 fs yio TEES BLPORETIXES TUIES TOU .

NTH N A~ ) [V
A AT CENAWA JADN . AN
= “\J \‘ " l| ; VT tfs] et [ & -\_/” ’ t[fs] B R I Lt t[fs] i

\ -psf \/ -o \

Eyhua 1.9: Hohude xevtpol uixoug xduatog 800 nm xou ypovixic didpxewac 7 = 4 fs (FWHM)
yio teele Tpée e @dome (o) ¢ = 0,(B) ¢ = 7/2 xau (Y) ¢ = .

H acuppetpla evog tétolou mahdol, 6mng QaiveTon xou 6To oyl ebvon pxer|. Mro-
POUUE VL ELOAYOUUE E0G EVal AOYO YLaL TNV TOCOTIXY| TERLYQUPT| TN ACUUUETELNG:

Emax - Emzn
B Ema:r + Emin7 <131>
OTOU UE Frag, Emin cUBolileton To uéytoto mhdtog Tou nAexteo tediou otny Jetinr xou
otV apvnTixy| diedduvorn Tou dfova zEL avtiotorya [A7]. H napduetpoc aouppetpioc A eivar
CLVEETNOT TGO TNG YEOVIXTS DLIEXELIS TOU TOALOU T, OGO XL TNG QAcNE . XTO Gxﬁpa
nopovatdleton Saypapuatixd n ouvdptnon A = A(T, ). Do otadepn @don, éotw ¢ = 0,
n aovppetplo A = A(T) gaiveton oto (Blo oyfuc. Eivon govepd and to oyfua [1.I0[B) 6
acuUueTElo TodpveL HEYBAES TWES Yo TOAUO TTOU GUYXEOTELTAL amd Alyoug omTixolg xUxhoug,
Opwe Yeryopa ydvetar xodme ouTtol audvouv.

3Bietduvon wddetn oty diéBoon tou xipaToc
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t [optical cycles]

Eyua 1.10: (o) Awodidotatn anexdvnon tne acuppeteioc A(T,¢). (B) H xaundin e acuppetpiog
A1, =0).

1.5.3 Aoclupetpog Talpkoc 800 Ypwudtony /20

‘Evag acOuuetpog Touog Alywy omTixwy xOxhwy Tapouctdlel uixpés acuuuetpleg. Emi-
TAEOV 1) TELpoATIXT LAOTIOINGY) ToUg Xon 1 BlaTAEN o oTAdERTC PAoNG ¢ OTNV OLAEXEL TWV
TELQUUATOY EIVOL AEXETE AMAUTNTLIXY|. ME AVTIOLAC TOA) AUTWY, 1) VAOTIOINOT| AGOUUETOOU Toh-
LoV UE To oyAua w/2w elvat TEWOPOTIXG AYOTEPO amonTnTIXY | Xou UTOPEL Vo ETTUYEL UEYANES
ACUMETELES.

‘Evog acOupeTeog TaAuog w /2w etvon 1 unépieon dVo TaAU®Y laser ye Aoyo cuyvVoOTHTWY
2. 'Evag t€to10¢ TaAuoC umopel var teplypapel og:

E(t) = Bw(t)cos(wt) + Ezw(t)cos@wt + ) =
E(t) = Ew(t)(cos(wt) + ycos(2wt + ) (1.32)

onou I, xou Es, T0 mAdTog TOu TEdiou YeUeAdBOUC cLUYVOTNTIC W Xal TG OEOTERNSC oppo-
vixhc 2w ,cxvrioTOLXO(, xou @ 1 oyeTiny| dlaopd pdone touc. H moapduetpog v = % elvat

0 AOY0G PETUE) TV TAATOV TWV TEdWY cUYVOTHTOY 2w ot w. 'Evag tétolog Tcoc)\pgg, EYEL
TEOTIUNTEN XUTEVVUYOT 0TO YWpo, elvar ue dAla Aoyia acluueTeog. Mropolue va yenot-
uomoicoupe xou €8¢ TNy mapduetpo A (e&iowon Yl Voo TEpLyedpouUE TOGOTIXG TNV
aoLUPETElaL XE auTh TNV TERITTWoT 0 Aoyog A elvon cUVAETNOT TV TUPUUETEWY 7Y XL @,
onhadry A = A(7y,p). Lto Sdypouuo ToU oY AUTOC olveTon 1 SLOOLACTATY XOPUTOAN
A = A(7, p), 6mou eivor Qovepd 6Tt 1 péytotn aouppetpion A mpoxUntet yia tig tpéc v = 0.5
xuw p =047 [B0]. To nhextpixd medio yior auTH TNV TWH TOV TUPOUETEWY, UTOVETOVTUC
yeovuxt| dudoxeto toAuod T = 30fs xou yio 600 urppn xOpoatog 800 nm xar 400 nm @otveTton

%0 oyt LTI

H xatedduvorn tou nhextpixol medlou unopel vo puiuotel and v @dorn ¢ petall Tov
0VO YPWUATWY. XTO OYYU TOU ocxo)\ouﬁei, OlveTal £Vag ACUPPETEOC TUAUOS YIol TEELG
OLPOPETIXES THIES TNG ToEAUETEOU ¢ xan otadepr] Tur Tng mapouéteou v = 0.5. Eivor gavepd
OTL 0TV TERIMTWOT IOV P = /2, 0 Tahu6C elvor oUPPETEXOC. X T0 (Blo oyfua TopovotdleTto

o 1 péyioTn T Tou Mhexteixol edlo B, g ouvdptnon tng gdomng ¢ (oyfua [L.12[3) ).

4 , . . . Lon
unotétovtag ydplv amhovoteuong (Bieg ypovixés BldpXeles Tw = Taw
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Tyfuo 1.11: (o) Awodidototn anexdvion e aovypetpiog Ay, @) o (B) n xoauniln aovupetpiog
A(7,¢ = 0). Eivou goavepd éti péyiotn aoupuetplo mpoxOnTer yio Tic TS TwV Tapopetewy ¥ = 0.5
xou @ =0 H7m.(y) O modpdc w/2w yoey = 0.5 xou ¢ = 0 A 7.

HpoxOmtel 6TL 1 katevOuvon tou mediou axoloulel NUITOVOELDY| GUVAETNON UE TEPLOBIXOTNTA
[0, 27]. Mnopel enopévng vor tpocopuoaTel e ouvdetnon e Lopwhc f(¢) = Eysin(p + ).
210 oy fua (e) TopouotdleTon ETIONG TO TETEAYWVO TNC MEYLOTNG ATMOUSXEUVONC Eg,
TocdTnTa avéhoyT g éviaong Tou medlou (Ix E2). Oolwe, to E2 unopet va TpocapuooTel
OE NULTOVOELSH GUVEPTNOT 1) oTtoloL GUKS €yel TNV woY| teplodixétnta [0, 7.

HHMMM
. 3.5 4.0

3.0

Eyfpo 1.12: O aobupetpog nahuds w/2w ypovinic didpxetac 7 = 30 fs yio T e mapopétpou
v=05xxu(0) =0 ) p =7/2 xu (y) ¢ = 7. (8) H géyotmn anoudxpuvon tou nhexteixod
nedlouv B, xou (€) To 1eTpdymvo Tne péytotne aropdxpuvone autod B2 (vtaon) we cuvdptnom e
pdone ¢ axohovdolv avtioToyo NULITOVOEY cuvdptnon e tepodxotnta [0, 27] xou [0, 7).

Kadog n mapoloo diatplfr) emixevipmvetal otny aAAnAenidpact yopiwy pe acluueTeo
medior V0 ypwudtov w/2w, otn ouvéyewr Vo yiver extevéotepn mopousioon tou VéuaTtog
EENWVWVTAG OO TNV XBovTOUNyoviXT] TERLYEPY| TNG dAANAET{BpooTC.
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1.6 KRavtounyovixr neplypoapr aAANAenidpacns woplwy pe
acVLuuetpa nedio laser 8Vo ypwpdtwy w/2w-XpovixA e-

SINERY

‘Oln 1 mAnpogopia Yl to ¥Bovtnd clotnua (Woptar) xdtw and v enidpoon tou o-
oOPPETEOL TOAULOL w/2w, uropel vor mpoxDer emAlovtag TV yeovo-eLopTiuevn e&lowon
Schroedinger. Yo mhaiotor Tng mpooéyyione Born-Oppenheimer 1 npog avalftnon
xupatoouvdetnon [Y( 7, 1)) yedweton ot Siaywelowrn wopph:

(7)) = (1,6, ,1)) = [R(r,1))|0(6, £))| (¢, 1)) (1.33)

Hpoxewévou, Yo aoUUUETEO TUAUO W /2w uPnAfc évtaong xar AauBdvovtog uTodhn Toug
OPOUC TIOU APOEOLY GTNV UOVIUT BITOMXT POTY|, OTNV TOAWCWOTNTA XUl CTNV UTEETOAWO!-
uéTnTe, 1 Ototoporyh Vi (t) toodton ye:

Vint (t) = Vo (£) + Voot (£) + Vi (£). (1.34)

Avahutid, autol ol empépoug dpot divovtal and TiC ELOWOELS:

~

V,u(0,t) = —pE(t)cosd (1.35)
V(0. 1) = —% [(a) — a1 )cos®d + o] E*(t) = —% [Aacos®d + o] E® (1.36)
Vigp(0,1) = —é [(B) — 3B1)cos®0 + 3B cosb] E*(t) (1.37)

omou pe i cuUBolileton N uovIUN BLtoxr) poTi| Tou Yoplou, UE aj xou oy To oToLyEld Tou
ivano TOAWGOTNTAS TaEdAANAa xan xddeta oTov poptaxd d&ova, avtioTolya xou Ye [ xou
B1 Ta oToLyEldl TOU TOVUOTH TG UTEPTOAWOOTNTOC, TURIAANAL Xat XEUETA OTO UOoplaxd
dZova, avtiotoryo. Emmiéov Aa = (o — ay).

‘Onwe yivetar Qovepd amd TIC TORATAVE AVUAVTIXES EXPEACELS, TO SUVOLIXO AAANAETOEO-
one etvar GLUVEETNOT TOL YEOVOL Xt TNE Ywviag O Tou oynuatileton yetadd Tne dieduvong
Tou Tediou laser xou Tou poplaxol dova. OewpmvTag 6Tl 1 BlevYuVoT Tou dEova TOAWOTG
ouurninTtel Ue Tov dfova z, 1 ywvia 0 eivon 1 TOAMXT YWVId TWV CQUEIXOY CUVTETAYUEVGY.
ATouTéVTAG ToL UOELOL VO CUUTIERLPEROVTAL WG CTEPEOL TEQIGTEOYELS, dNAASY 1 evBoTLUENVIXA
TOUG AmOCTUOY) Vo TapoEVEL GTardepT], Xou ETELDY) TO SUVOUIXG TNG Blortapoy g dEV eCopTdToN
ond Vv ouvtetoypévn ¢ (alyovhaxy| cuppetpla), 1 mpog enthuon eZioworn Schroedinger
amhoToleltar oTNY Exgpaon:

[ﬁ[o + XZm(t)] o) =29 (1.38)
ot

H adrotdpoxtn yotAToViavy] ToU GUGTAUATOS, Xl EQPOCOV aUTH TEPLORICTNXE GTNV TE-

PO TEOPIXT| UOVO XvNoT), LOOoUTAL UE ];AIO = BJ? é6nou B eivau n otadepd mEQLOTPOYTG

WO ﬁ TO TETPAYWVO TOL TEAEOTY| Ywvioxrc oTpoopurc. To adwtdpuxto choTnua me-

erypdpetar and Ty yeovoaveldptntn e&loworn Schroedinger: H,|J, M) = E,|J, M), émou
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|J, M) elvon ta Woaviopata xou £y = BJ(J + 1) ol Bl0TWES TG TEPLOTEOPIXAC EVER-
YEWS. LTV Y00 TV VEGEMY, Ol aVTIoTOLYES IBLOCLVAPTHOELS EVOL OL GQULEIXES UPUOVIXES
TJ,M(97¢) = <‘9?¢|J7 M>

To npog avalhon Wodvuoua |O(t)) umopel vo ypapel we ypauuxde cuVBLACUOS TwV
wioovuopdtoy |J, M) 1ou oblatdpeaxTov cUG THUATOS, Xt oUTE amoTEROVUY TAEYN Xol Op-
Yoxavovixr Bdon:

O(t)) = Ayu(t)e 1], M) (1.39)

Ou ouvteheotég Bapltntag Ay ar(t) Teprypdpouy To «T0G0G 10> GUUPETOY S XAl TepioTEO-
g xatdotaong J wg ouvdpTnom Tou ypovou. AviixahoTovtag oTtny dopopixt e€lowon,
70 Tpog enthuoTr GO TNUA TolpVEL TNV LOPQN:

Z,dAJVM(t)

P > At (0T, M Vi ()| T, M)~ Er=En)t (1.40)

xan ebvan €va GOVORO BlaopLx®y e€LoMoEWY Yiol xde duvaty| Twr Tou J xou M. O mivoxag
(J' M Vi (8)]J, M) xoopilet moteg xatactdoelc |J', M') ebvar duvortd va ouleuxtody ue Ty
oy |J, M). Me dhho Moyt Yo xordoploer Toug xavove EMAOYAS Yo TNV GUYXEXQWEVT
aAnAenidpao.

HpoxOmTer 6 6L Yo vor uny ebvan undevixd o otolyelor Tou Thvoxa petdBaong, Yo meenet
var unv undeviCovton o otowyetor (J', M'|cosb|J, M),
(J', M'|cos*0|J, M) xou (J', M'|cos®0|J, M). Egupuélovtoc 1o emyelpnuo e ouppetplog
xotontelopol (parity),mpoxntel TEAXE 6Tt oL XoVOVES ETAOYAS Yo TNV CUYXEXPUIEVY OA-
Anhenidpoon eltvon: AJ = 0,41, £2, 43 xow AM = 0. uurepaivoude emouévng 6T €va
uéeto mou ahhnhemided pe éva medio w/ 2w, etvar Buvatd va dieyeplel teploTpoPINd o0 oE
doTior 660 X o€ TEPLTTA J, EVE 1) TEOBOAY TNG GTROPOPUNC TOU TUEAUUEVEL GTOERY.

‘Eyovtag dwoel tny Baowr| xBovtounyovixt| Tepiypapr), oty cuvéyela Yo acyolniolue
AETTOUERECTERU UE TEELC TEPLTTWOELS TOU OYETILOVTAL UE TNV YPOVIXT| DLUEXELY XAl TNV EVTUOT)
Tou Tediou w/2w xar cuyxexplpéva: (o) acOupeTpo Tedio laser w/2w younhnic évtoong xou
HEYSANG yeoVixAC OLdpxELag, (B) acLpPETEO TEdio laser w /2w YOUNAAG EvToong xon Uxenc
Ypovixhc Sudpxetog xou () aoluueTeo tedio laser w/2w peydine évtaone xat uixeic yeovixic
OLdpxeLag.

1.6.1 AocvVupetpo nedio laser 300 ypwUdTwV wW/2w YAUNAAS EVIAONS Kol
REYAANG YpoVvixng didpxetag: AdiaBatixodg Ilpocavatohiowoc
Ocwpolpe w¢ yaunif évtaon éva tedlo e WEng twv ~ 10 W/em? étor dote va
UNV TEOXAAEl LOVIOUO TOU LUTO UEAETY Woptaxol delypatog. EmmAcov, 1 ypovixn didpxela
ToU ToAUoU Yewpolue OTL elvol TOAD UEYOADTERT TNG TEELOBOU TEPLOTEOYNC Tou Uopiou.
Aebopgvou 6Tt Yl Ta TEPLOGOTERA UOELYL OL YPOVOL TEPLETEOPNS Efvan TNg TAENG TV Ps, £Vag
TETOL0G TTohUOG Vo TEETEL var €xEL Ypoviny| Sldpxela TNG TAENG TKV NS. LTNV TEPINTOON auTY,
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o teheoThc T adAnhenidpaong Vo eivon 1) Y€on T Tou oTov Yeovo, dSnAadh: (Vi (t)) .

(147)°
4

(1+7)?
4
3ycosp

8

Vit (£))r = — o B2 — AaE?cos*0

Yycosp
8

ﬁIIESCOSG - (B — 381)E3cos®0. (1.41)

‘Oneg gaivetan amd Ty mapamdve e€lonmon o 6pog alknienidpaong mou oyetileton Ye TNV
uévun dimohuxt| porh undeviletan (Vy,); — 0 [36] xou omowadrinote ahknenidpoon pe to tedio
ogelleTan OTIC EMAYOUEVES DIMOAXES pOTEG v xou [3.

To duvaixd aAnhenidpaone, e€opTdToL Ao TA YURPUXTNEIG TIXE TOU AGUUHETEOU TOAUOD
W/2w, 7 %o @, XM XL o T YAPOXTNELG TIXS TOL LOEIOL (TOAWOWOTNTO X0l UTEPTIONG-
owédTtnTa). T vor tdpoupe yior 1d€a Tou BUVOUIXOY GAANAEBRIOTE WS CUVARTNCT TN YWVIAG
0, Yewpolue aclupeteo mahud pe v = 0.5. T v epinTtwon tou dlatouxol wopiou Tou
uovoletdiou tou dvdpoxa CO, oL TYWES TWV TUPUUETEY TNE TOAWGCHIOTNTIC XAl UTEPTOADCL-
uoTNTOG Ebvon YVwotég xan divovtar oTov Tivaxa [52].

al  ap B By
CcO 11.7 15.7 6.00 26.0

ivoxag 1.1: Ov mapdueteol g TOAWCIIOTNTAS Xol TNS UTEPTOAWCWOTNTAC ToU HovoEeldiou Tou
Gvipaxa CO [52] oe atopxéc povddec.

To duvauxd wg cuvdptnorn g Ywviag 0 galvetow oTo oyfuc YL TREWS TWES NG
@pdomng ¢ xon otodepd v = 0.5. Eivar mpogaveg 6Tt To duvouxd dev elvor cuppetewo. o

0
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Syfua 1.13: To duvouixd e adknienidpaonc V(0) (eEiowon [1.41) yio to pdpto tou povoletdiou
Tou avipaxa CO yio tpewe Tpée e @done ¢ = 0,7/2, ™ xou otadepd v = 0.5.

T axpadeg Tweg ¢ = 0 xou ¢ = 7 umdpyel Eva uovo erdyoto. H guour exdva Tng
aAnAeTidpaong, xa EQHCOV VEWEOUUE OTL BEV TEAYHATOTOLE(TOL LOVIOUOS, UTopel var yivel
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AATOVONTY| UE EMLYERRoTa XAuoxNG NhexTpoduvouxhc. To pdeta unopolv va Yewprnioiv
dimola (oy o OLTOAXNC POTAC [ing. Me tov deixtn ’ind’ evvoolvia ot emorydUeveg
OLmONXES POTEC v, B xaddg OTwG oy oMAGTNXE 1) LOVIUTY BLtolxt| porr Bev cuvelo@épet. Ta
enayoueva dimola und TNV emldpaoT TOL TEBOU CUYXEXEIEVNS XUTEVTUYVONS, XaL AOYW TNG
comfic oTEédNg 7 = ﬁmd X B LlGOPEOTIOUY OTNV XATACTUOT] YOUUNATC EVEQYELUG TOU €0
avtiototyel oty T @ = 0 (0 = 180°). And puowic dmodng autéd onuaiver 6L tor wbpla Yo
TEOCAVUTONGTOLY 6Ny xatediuvor tou acluueteou mediou, xo Yo Tapopeivouy TeocUva-
TONOUEVY 600 TO NAEXTEIXO TEd{o elvon un-undevixd. To govouevo autod elval YVOGTO 0Ty

BiBhoypapio we adtafotindg tpocavatohonos wopiny [50], [53].

=0 E

7 \ S,
S =
M | BB

I |

Eyfuo 1.14: Nynuatixn aneixdvior Tou QouvouEévou Tou adlaBatixol tpocavatohlouol. Me xoxxi-
vo Béhog ouufBoiiletar 1 uéviun Simohixr| pomh xde poplou. Amnoucio e&wtepol medlou Ta udpia
€y 0LV xdE BUVATO TREOCAVATOMGOUS OTOV ¥weo. ‘Otay 1o aclUPETEO Tedlo yauninig éviaong oh-
ANhemidpdoel Ue TO Uoploxd Belypo xou AOYw TNG POTNC OTEEPNE oL auUTO EMAYEL OTAL UOPLYL, To
tehevuTador Tetvouy va tpocavatohloToly otny xatebuvorn tou mediou. Ilpoxintel €tol éva poploxd
OElY A TEOCUVATONCUEVGLY Hopiwy To omtolo dlatneeital LOVO 660 UTEEYEL Xl O TOAUOC.

To néco Badl Yo elvon T0 EAdyLoTO TOU BUVIULXOD ak)\n)\sniﬁpaor]g(oxﬁpa e€op-
Tdton omd Tov 6po tne unepmolwouotntac [BI]. Mobpla pe ueydin unepnorwotudTnTa Yo
TeocavatorilovTal, ETOPEVKC TO EUXONN XTe ATO TNV EMOEUCT) AGUUUETEOL ToAL00. LTO
oy diveton xou to Suvauxd Yo @ = /2. T v nepintwon mou ¢ = /2, oL bpot
aMnhenidpaong tTne uteprmohwotudtntac undeviCovtar. Iopatnpoiue dti otny tepinTtwon au-
™ t0 duvoxd Taovatdlel dVo erdytota (0 = 0 xou 6 = 180°). Autd onuaiver 6 Tor pdpta
Vo oTEaPoLY TROg AUTES TIC BV0 XaTeLDVVOELS, BNAXDY Vo ELYUYEAUUULO TOVY, TUEATEUTOVTOG
€ToL 0Ty ewdva alknienidpaong pe medlo plag povo ouyvotnrag. ELdAlov, omwe oyoht-
GO TNHE Ao GTNV TAPATEVE EVOTATA, TO TEDIO W /2w elvan GE QUTH TNV TERITTMOOT CUUPETEXO,
ONAadY| deV Exel mpoTynTéa xatevuvon.

"AUECT) GUVETELD TGV AVWTERE Efvol OTL Yiot SUVOUIXG IANAETBpAOTC TNG LOoPPTG elvou
duvaty| 1 aprdunTte enthuon g e€loworng Schroedinger. Ov Kanai et al. mpoctidpioay Tig
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LOLOGUVORTHOELS %ol WOLOTHIES Tou poplou FON [B1]. O LOLOGUVORTYOELG EEVAL OL YEVIXEUPEVESG
OQALPOELDELS APUOVIXES %Ol EYEL EVOLUPEROY VAL TIG GLYXPIVEL XAVEIS UE TIC YVWOTEG CPUEIXES

OpUOVIXES, OTLC TapouatdlovTon oto oyrua [1.16]

GENERALIZED
9.0 SPHERICAL HARMONICS 2.0 SPHERQIDAL HARMQNIGS
1.5F Seo 1.5 So0
1.0F 1.0 }
0.5F 0.5} 1
0.0 0.0 il
0 /4 /2 In/4 r 0 .”;4 .m'z 3;;1-,‘4 n
1.0} 1.0|- - . .
-\Sl,n Sl.ﬁ
0.0 \ 0.0
-1.0} 1 -1.0}
-2.0 L " N -9. N . M
0 nj4 #f2 3nf4 2.0 0 /4 w2 3In/4 T
1.0} Sia 1.0 S
0.0 0
-1.0p . . . -1.0 . , .
0 n/4 n/2 Inf4 x 0 x4 %[2 3x/4 T

Yyfuor 1.15: X0yxplon Twv TeOY TE®TOY CQUEIXOY JPUOVIXOY UE TIC AVTIOTOLYES TEELS TEWTES
YeEVIXELPEVES oaupoetdfic appovixéc [H1].

[apatnpolue 6Tl o GYEOT UE TIC CPULELXES UPUOVIXEG OL YEVIXEUUEVESC GPUPOELDELC apUO-
VIXEC Efval AOVUPETEES. LUYXEXQPWEVA, 1) TEOTY CQOLELXT AQUOVIXT| €Vl TATIPWS CUUUETELXT,
oe mhApn avtideon pe TNV avtioTolyn TEMTN YEVIXEUUEVT GQaLpoEldt| 1 omtola elvon EvTtova
OVIGOTEOTY %ot EVIOTUONEVY YUPw amtd TN ywvia 0 = 0. H évtovn auth acupuctpla detyvel
TOV EVTOTUOMO TOU XUUATOTOXETOU Xt amd TNV 8pdaT Tou acUUUETPOU TEOL w /2w xat dpo
TOV TPOGUVATOMOMOG TOu Uoptaxol delypoatog. Opoiwe, ol BedTepeg xou TEITEC YEVIXEUUEVES
OQALPOELDELC OPUOVIXES Efval ACUUUETEES TOEOUCIALOVTAS OUWS TOAD UxEOTERT doUUUETElO!
oe olyxelon PE TIC opatpixés apuovixés. Autd onuadvel yia va emitevy el o BéATIoTOC BU-
VOTOG adLaBATINOS TTROCUVUTOMOUOS, TO HopLaxd Oelyud TEETEL Vol EVOL TUYWHUEVO, OTIOTE XAl
Ta popla Vo BploxovTal Ot YaUNAY| TERLO TEOPIXY| XATEC TACT).

Yuunepaouatixd, 1 ahhnhenidpuot uoplwy oty agpla @dorn ue acUUueTpo medio laser
w/2w, YEYSANS Ypovixhc Otdpxetlac xat YounhAc évioone odnyel ot TpocavaTOMOUS Tou
Hoplaxol delypotog, utd TNy Teolnddeon ot auTd elvar apPYINd TUYWUEVO, Y OGO YEOVIXO
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OLdoTnua dlopxel 0 Tahuog. Metd to mépag Tou ToAUoU, Ta ubpLa apyilouv Vo TEpIoTEEPOVTOL
TUY Ao oL ETOL EMIOTEEPOLY OTNV TEOTERT) TOUG XATHOTIOT).

1.6.2 AocvVupetpo nedio laser 300 ypwUdTwV wW/2w YAUNAAS EVIAONS Kol
mxpenc xpovixng oidpxeiag: Mn-AdiaBatixdg Ilpocavatorionog

H youhtoviav mou meprypdpet to obotnua elvan auth mou diveton omé v eiowon [L.41]
Kodoe 1 ypovur Sudpxeta Tou mokuo ebvan ToAD uixpdtepn and tny 1eplodo TEpLoTEOPTS ToU
wopiou (t << Thot), T0 YOPLO BV EYEL AEXETO YPOVO YLa VO AAANAETLORAOEL BuVOLXEL, ONAadY
va otpagel 6mwe avapévetan and tnyv ponh oteédne [52],[54]. Emnhéov, hAoyw tne younihc
évtaong To popto dev tovieton. H @uow eixdva mou amodidel auth) Tnv aAAnAenidpaor eivar
auth T Eapvixhc olyxpovone (sudden impact approximation ¥ xou the kicked molecule
model) [37] .

Y10 onpeio auTO TEETEL Vo TERLY PUPEL 1) PUOLXT EOVIL aXEBAOC UETA TO TEEAS TOU TOAOD.
Av Yewpricoupe 6Tt oT0 Géplo Uoptoaxd Oelypa Ol Tar pbpla Bploxovton oty Veushidn
neptotpopixty xatdotoon [0,0) téte o Aoyw Twv xovévey emhoyic AJ = £1,42, 43
TOo poploxd Oetyuo dieyelpetan TEpIOTROPXE Tdc0 oE dpTial 660 xou ot meplttd J. Edv o
Vewpricoupe 1o Poploxd Selypo morywuévo xar Adyw Tou xavova emhoyhc AM = 0, ot
OlEYELPOUEVES XaTaoTdoELG Vo elvon emimAéoy olugpwves. To xupatomoxéto dev Yo Eyel cugr)
parity, oniadr éyoude ondowo tne oudueTeiog xatontpiopol. Kdtl tétolo dev oupPaivel
otnv mepintwon Oyepone Ue Wla povo ouyvotnta, xodmg exel ol xavoveg emAoyng eivan
AJ = £0,£2 xar AM = 0, onoTE XU TO BNULOVEYOVUUEVO XUPATOTOXETO EYEL XOVOPIGUEVT|
parity, dptia 1) teptttr). o var yiver xatavontd to ondowo tne oupuetplog Yo Yewpricouue
T0 TopaXdTL Topddetypa. Yrodétoue Gt n apyixr xotdotaon eivon 1 |0,0), dnhadr otov
W0 TV Veoewy 1 oponpixy apuovixy|) Yoo, 1 omolo dlvetan oTo oyfuc woll ye T
T10, T2,0, T3p.

H ouppetpla xatontpiopol aviiotoryel and podnuatiny| dnodrn oTov UETACY NUATIOUO
6 — (m—46). Yo oyfua pofveTon axoun, Twg cuuneptpépovtor ol T, Too xou T3
%(4te amd TV dpdon autod Tou TeheoTr. Elvou gavepd 6TL ol dpTieg apuovixég elvon cuu-
UETEES €V oL TEPLTTES avTiouuueTewée. Tlpénel topa va eAéyCouue ye v idlor Aoy,
oV TO ONULOUPYOUUEVO XUHATOTOXETO, TO omolo elvon UTEPUEDT) CPUEXMY JPUOVIX®Y, EYEL
xadoplopévn parity. o tny nepintowon diéyepong pe tedlo laser plag uévo cuyvdtnTog w oL
xavoveg emhoyhc ebvon: AJ = 30, £2 xon dpa Eexvarvtoag amd TNy YeUeALnddn TEQIGTROPIXT
%ATEo TAoT) UoeoUV Vo TeoxOYouY UOVO BIEYERCELS OE JPTIEC OPUOVIXEC. LTO Oy AU (0()
gofveTton €var UTOTLIEUEVO XUUATOTIOXETO BUO dpTIwV dpuovixy. Eivon govepd 6TL xdtw and
TNV 5pdoT) TOU TEAECTY| TOU XUTOTTELOUOU, TO XUMATOTOXETO €C0XOMOLVEL VoL EVOIL CUUUETEL-
%0, XU ETOUEVWS 1) ouppETElo parity Statneeiton. Av 1 apyixr xotdo Taon Aoy pla TERLTTA
apUoviXY|, OTwg Y. 1N Y1, TOTE BACEL TV XxAVOVWY ETLAOYNG UOVO TEQITTES UPUOVIXES
unopoly vo. dieyepdoiv (oyfua [LIT|(B) ). To tehixd xupatonaxéto da eivor uTépdeon twv
TEPLTTWV apuovixwy xo Ya €yel eniong xadoplopévn parity, onhadr avTioLUUETELX. TNV
nepintwon Béyeponc e Moo 800 CLYVOTATOY w/2w Xt AOY® TWY XavOVwY eTAOYHC,
ETUTEETETAL OLEYEPOT TO0O GE dPTIEC OO0 XL OF TEQITTEC OPouEéS appovixés. To tehind
HUUATOTAXETO OEV Vot EYEL, ETOUEVKC xadoptouévr parity. Auto elvon Qovepd 6To ToRAdELY UaL
Tou oyfuatoc |L.17(y) 6mou to xupatonaxéto mou eivar 1 UTEEVEST TWV TEGGEEWY TEHTWY
CQAULPIXWY CEUOVIXWY BEV EIVAL O XAUTOTTEIOUOS (dotioc 1 meptttéc) awtol oTo omolo Eyel
EQUPUOOTEL 0 TEAEGTAC XaToTTEIoUoL. Me dhhar Aoyiar 1) ouppeTtpio parity €yet ondoet. Amo
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(a) Yoo(8) Yoo(x-8) (B) Yio(8) Ylo(n-6)
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Eyfuo 1.16: Or cuvopthoelc v o@oupixdy opuovixés Yipmy, (0) (podpn Soxexoppévn yoeouur) xat
oL avTOTOLYEC TOU TPOXUTTOUY PETA amd TNV Opdor Tou TEAEOTH xatonTpiopol (parity) (x6xxvn
Sroxexopévn yoouun) (o) L =0,m =0, B)l=1,m =0, (y) I =2,m =0 xu (8) I =3,m = 0.
O dpTiec opoupixéc dpUOVIXES TUPAUUEVOLY AVOAOIWTES XATW ATO TOV UETACY NUATIONO XATOTTEIGUOU
EV( Ol TEPLTTEC ATODIBOUY TNV XATOTTELXA CUUHETELXT] TOUC.

PUOAC dmodPng aUTO ornuaiver 6Tt elvar BuVaTo var Btaxprioly ot Vo Tavol TpocuvaToAIGUOL
TV Poplwv ¢ Teog TNV xatebuvoT Tou NAExTELXOL TEdioU.

To Bieyeipbpevo xupatononéto [(t)) = 3, Ay (t)e BTV M) xoun yetd o
TEQEAS TOU TOAMOU, X0t aVEAOY UE TNV TEQIOTEOPIXT| XaTdoTacy J oTny omolo €youv Ole-
yepUet, apyilouv va meploTeépovton wg TEog TNV xatediuvor Tou Tedlou. AuTd Ue TIC ye-
YOAUTEREG TWES J TEQIOTREPOVTAL TUO YRTYOPO OE GYECT UE QUTH PE TIC YUUNAOTERES TUIES
[55],[56]. Tehxd mpocoavatorilovton dha TNy Blol TERITOU YEOVIXTH CTIYHR XU ONULOLEYO-
OV £T0L €Val TOPOOLIXA TPOCAVATOAMGUEVO opLaxd Oelyua, To omolo yeryopa ydveTtow xodng
Toe poptar oLVEYILOLY Vo TIERLO TEEPOVTOL OVAAOYO UE TNV GTEOGOPUY| Toug. Emeldr| 6e to
HUUUTOTAXETO GUYXPOTEITOL OO GUUPMVES XUTACTACELS, xdmoto oTiyur Vo cupfdhhouy e-
VIoYLTd xou Yo Teoxder TaAL éva mpocavatohouévo aépto Belypa. Ou ypovixés autéc
otiyués ovopdlovtal «ypovol avoflwongy (time revivals) [56]. Ou ypdvol avafBinong etvan
wordnuaTxng TeoBhéduuot xar TeoxUTTOUY AT TOV TEAECTY sié)\ting/ (PAOTC TOL KUUATOTA-
wétou e BIUFDE Ay Yewprioouue yio mopdderypa, plo teptotpoind xatdotaon |J + N),
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{a) Yoo(8)+Y20(8) Yoo(x-8)+Y2o(n-6) (8) Ylo(8)+Y30(B) Ylo(n-8)+Y3o(n—0)
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Yyua 1.17: To xupatonaxéta mou mpoxintovy and v unépdeon twv (o) V0 TEOTLY dPTILY
ooupxtv appovixay Yoo + Yoo (B) 800 mpdtwy neplttdv apuovixav Yig + Tsg xou (Y) TV te0-
GpeV TREMTOV GPaUEXGY apuovx®y Yoo + Y10 + Yoo + T30 (Ladpeg dlaxexoupéves ypauuée). Nta
(Bl oyruato SivovTan xou oL AVTIGTOLYEC CUVAPTACELS TOU TEOXVUTTOUV amd TNV 8pdor Tou TEAETTY
XATOTTEIOUOU (xOxxvn Staxexoppévn yeouur). H unépleon opaipixdv apuovixdv xadopiopévng -
deTiog 1) TEELTTAC- parity anodidel cuvdpTtnon e xadopiouévn parity enione. Avtidétng n unépdeon
XUHOTOTIOXETOU GRAUPIXADY ApHOVIXOV amtodidel cuvdptnon ywelc xodoptouévn parity (omdowo tng
CUUMETELOGC XATOTTELOHOV).

T0 N umopel va etvan eite dpTio elte mepittd, avdhoyo Pe To TOLog amd TOUG XAVOVES ETLAOYNG
é0nxe oe eqapuoyn Yo v amoxthoel TAnduoud auth 1 xatdotaon (AJ = 0, £2 y detio
N xaw AJ = £1 £ 3 v meprttd N). e xdde neplntwon xa v xdde N oty @don g
watdotaonc e BUFNMUANIDE 26 vivéuevo (J + N)(J + N + 1) ebvor névta dptiog opripoc.
Omndte yioo var GUUBEAOUY EVIOYUTIXG OL XAUTUC TUOELS TOU XUUATOTAXETOU Yo TEETEL:

Bt = kr = tye, :k%,ke Z. (1.42)

O evtomopog autdC TEPLY PAPETAL LAINUATIXG AT TNV TUEAUETEO (cosB) ou eivan YVWOO T
(¢ TOPYUETEOS TEOCUVAUTONGUOU [BI. ¥to oy o otveton 1 melpopoT] emBePalwon
e avaPiwong to gouvouévou, Y to ubpto tou CO oe éva melpopo pump-probe [57]. H
déoun Biéyepone (pump) eivor évog acUUUETEOC TOAUOS w/2w (800/400nm) ypovixic Bide-
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xewog 45 fs won 1 8éoun aviyveuone (probe) uio ypopuixd torwpévn déoun 800nm. Metd tnv
oANAETBEUOT) TOU AGUUUETEOU TOALOU UE TO Ty WUEVO HopLoxd Oelyua, 1) BEour aviyveuong
Topatneel Tov Bodud mpocavatohouol Yo dtdpopes yeovixés xaducTepoel. XTo oYU
patveTton xordopd 0 EVIOTIOUOS TV HopltY AUECKS UETE TNV AAEN TOU ACUUUETEOU Toh-
Lo0, xS ot 1 TEMTN ot OEVTERT avaPlwaoT Tou govouévou ot ~ 8ps xaL ~ 16ps petd
TO TEEUC TOL W /2w ToALoU. Y10 oy o polveTal ETTAEOV 1) BuVATOHTNT PUUUIONC TG XATE-
OYUVOTC TOU TEOCUVATOACUOU UE TNV PLUUULCT| TNE TORUUETEOU  TOU ACUUUETEOU TEG{OU.

0.06

e

0.03 1

axp

0.00

<cos B

=0.03 -

-0.06 - o =0

0 2 4 6 8 10 1I2 1I4 16
delay / ps
Yyfua 1.18: Tewpopotind emBeBaiworn tou un-adtaBatixod Teocavatolouol. K10 oy Aud ToEoUst-
Gleton 1 MopduETPOC Tpocavatohopol (cosh) yia Bidpopes ypovixéc xadUoTEPAOELC UETA TO TEPOC
Tou Bleyelpovtog w/2w ToAUol xon Y 8Vo TWée e @done ¢ = 0, = m. Eivaw epgavic 1660 o
OEYXOC EVIOTUOUOC TOU HOELIXOU BElYHATOS axEiBmE UETE TO TEQEUC TOU TOAUOU, OGO XAl 1) TEMTN
xou Seltepn avaPinwon tou gavopévou [57].

To pouvouevo autod ebvar Yvwot6 oty BiBoypagla we un-adtafatindc Tpocavatolouoc.
H pédodoc auth| yioo Ty enlteudn mpocavatohlouévou toptoxol delyatog anoucio eEwTepL-
%0V medlou, Tapouctdlel yeydho evdtagépoy. ‘Eva tétolo delyua, elediepo and omoladrimote
eCOTEPIXO TORAYOVTA Vol TOMG UTOGYOUEVO TOGO amd dmodn EQUPUOY®Y, Xo®S UTOopE
va yenowonowmiel yia v adénon tne anédoonc ynuixedy avtdpdoeny [58], # yo tny Bei-
Tlotonoinon e mapaywyhc udmiic téEng appovixdv [4],[59], xodoe xou and v dmodn g
Baowhc épeuvac xadoe urnopel va yenotworomnlel yia Ty mewpopatiny UEAETN Tou puluol
toviopol uxewy popinv [60], 3], 611, [11, 2], [62].

1.6.3 AocVupetpo nedio laser dVo ypwpdtwy w/2w vPNAAg €viaong xo
WXENS XPOVIXYS DLdpXELAS

H avéivon ohoxinpwveton agrivoviag eAciiepn xon TNy TOEHUETEO TOU LOVIGUOU (xarderg
1 évtoon auidvel), Ty onolo 6TIC BVO TEONYOUUEVES EVOTNTES TNV Elyoue Vewprioet aue-
Antéa. XauTthv TNV TEPIMTWoN N YUUATOVIOVY TOU CUCTAUNTOS, EXTOS amd TO BUVUUIXO
[1.41] npéner var oupmepthdBer xou Ty peTopopd TANYUoHOL oTo cuveyés [63] xou auTd Yiveta
ETUTUYYAVETOL TEOGUETOVTAS OTNY YUUATOVIOVT] €V ULy odixd BUVOUIXS TNG HOPYNG:

Vion = —i/20(0, 1) (1.43)
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émou o(t,8) eivon n péon tun tou puluol toviopol oe évay oTTXd X0UXAO WS CUVAETNOT
TOU YEOVoL xau TN Ywviag 0 uetall tne diediuvong TOAwone xou Tou Yoptoxod d&ova. H
Topapévouoa eZ4pTnon and Tov Ypévo ogethetan oty TepBdihouca Tou oot [63] [

To duvouxd ahhnhemidpoong ‘A/mt D %S %Al TO BUVIIXO LOVIGUOU ‘A/i(m ,

Topouctdlouy e€dpTNom amd TNV YWVl TEOCAUVATOAGUOU. LNy Ted T Tepintworn utebuvog
elvol 0 6POC TNG UTEPTOAWCWOTNTOS EVG oty 0elTepn 1 e€dptnor Tou puiuol LovioUoy
amo TV ywvia 6 mou odnyel, 6Twe avagEpUnxeE O ETAEXTIXO LOVIOUS TROGUVITOMGCUEVLY
noplwv. Ev YEVEL, 0 6p0¢ TNG UTEQOAOGUOTNTOG Vol XEOS VLo TO TEQLOCOTERA UOPLOL, XAl
€tol auddvovtag TNV €viaoT Tou Tediou, To xuplaEyo GuVOUEVO Tou eivon UTEVYUVO Yo TIC
TELQUUOTIXG XOTAYQUPOUEVES ACUMUETPIES EfVAL O ETAEXTIXOG LOVIGUOS TROGUVITONGCUEVWY
uopiwyv

‘Oc0o Gume avldvel 1 €vtoon Tou Tedlou To uoploxd detyua ovileton TodhoamAd. H e&dp-
TNoM Tou anAol VIoHoU uTopel Vo Yivel udAiov evxola xoatavonth. ‘Onwg eldoue o oTig
TEONYOUUEVES eVOTNTEG €yl onuacia 1 yewuetpio Tou HOMO o 1 @dorn ¢ yio v omolo
0 ACOUUETEOS TOAUOS EYEL TNV PEYLOTY ACUUMETELA.

Yy mepintwon tou moAhamiol oviopo) dev unopel xovelc va mpofBiédel ye tnv (Ol
emyelenuatoroyia Ty eEEMEN Tou govouévou. Kaldoe 1 évtaon tou mediou elvon toyupen,
TEETEL xavelg vor AdfBel umodn xou Ty Tapopdepnon Tou HOMO Adyw Tou duvouxol (oi-
vouévou Stark [I],[64]. Eivou de avapevopevo (yia molomAd toviopd) 6t Yo cuupetéyouy
OTOV LOVIGHO Ol NAEXTEOVIOXG JopLaxd TpoyLaxd younhotepne evépyetag. Enlong 6ev mpémel
vor Yewpelton ¢ BeBOUEVO OTL 0 TOAATAGS LoVioUoc Va elvon péyloTog yio Ty T ¢ = 0 1)
@ = m. T mapdderyua, edv 0 BLTAGS LoVIoPOS O@ElAEToL TNV BLadIXACTN TNE EMUVACHEDUOTG
(non-sequential douple ionization), xou axéun xou €dv o TEOTOC tOVIoPHS YiveTon TO amodo-
Ty = 0, dev onpalvel amapaltnTa OTL X0t 0 BITAOG LoVIouOg Vo EyEL UEYIO TN amddooT)
v =0 [65].

1.7 lIlpbdogata Ileipapatixdt AnoteAécpato-Moviéha epun-
veloc

YNy mapamdve avéhuor eldaue OTL 1) aoUPPETEIO 0TO BuVoUXG AAANAETBpUONC OpEiAeTON
OTOV 6PO TNG UTEPTOAWOIIOTNTAS. LTV TERITTwon uhniic évtaong, extéc amd Tov 60 auTo,
meémel vo ouuneptAn@Iet xou 1 acuppeteia Tou ogelieton otV e€dpTNoT TOL EPLIUOY VLoD
amd TOV TEOCUVATOMONG Tou popiou, dnAadY) oto acluuetpo HOMO. To dbo mapamdve
TEOUTOVETOLY ETEQOTLETVIXG. UOELYL, OTLOTE Xdmotog Yo unopoloe Vo uToYEoeL OTL aoUUUETELES
elvar BUVATOV Vo TEOXV(OLY U6VO GE ETEPOTUENVIXG Uopta. AUTO OTNY TEAYHATIXOTNTO OEV
oy el AcuupeTtpieg €youv xatoypapel TGO GTNY TEPITTWOT) ETEPOTUPTVIXMY HOPIWY, OTKS
n.y. ta CO, OSC, DCI [3],/46] [66],[67] f xou peydho opyovind péeto énwe CHgl, CzHsl
[68], [69], xadcdc xar oty mepinTwon opomuenVXGY Lopinwy 6ttwe, T.y. T Ha, No, Oy [3,
[70], [71]. Ipémel enoyévig va PENETHAOOLUE EEYWELOTA OUTEC TIC BVO TEPLTTWOELS, EPOHCOV
O Unyoviopog Oev ebvar o {dlog.

5\c0dUvaa urogel vo ypuget ot daywelown woe@h Vien = —i/2K (t)I'(6)
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1.7.1 Ezepornupnvixd Mobeia

O xatorypagoueveg acuuuetpleg o auth) TNV TepinTtwon ogellovion 610 acvupeteo H-
OMO. O aocluuetpog mohuog ahhnhemidpd xou oviel To amodoTxd To UopLo oL €Y 0UV
TO NAEXTEOVIXO TOUC VEQOC oty avtidetn xatedduvon and outh tou medlou (EmhexTixdg
LOVIOPOG TEOCUVATOMOEVLDY Hopiwy) [60],[1]. Xtnv cuvéyeia, xon xadde n evbotupnvixy o-
moo oo apyilel vo augdvet, To uopta auTd lovi{ovton TOANATAY UEGw Tou unyoviouot CREI
xat 001 yolvTal oTny ddonaoy. To napoydueva Ypodopota ETOUEVOS EXTEUTOVTOL XATEUTU-
VTLXG. Yoy TOEdOELyUa OTO Oy , QOEVETOL BLOYQOUUATIXG O UNYAVIOUOS QUTOS Yol TO
uopto CO.

Emisktikog
Tovicpéc

Yyfuo 1.19: Eynuotixt| aneixdvior) Tou eMAEXTIX00 LOVIGUO) TEOGAVATOACUEVGLY Hoplnv Bdoel Tou
HOMO.

Metd v olAnAenidpaon To ToAhamAd woptiouévo matpixd 16y COMPIF ofnyelton oe
oldomao:
COU It — ¢ + OPF(n, p)

xou T moparybueva Vpoopoto OPF (C™) amedevdepidvovtan oe xatebiuvon Bra (avtidetn)
ue awth tou mediov. To xavdha (1,0) xan (1,1) amodidouv xon to d0o C, xon mepopoTNd
TEOXOTTEL OTL OVEEUPTAHTOS AV TEOERYETOL OO TO OAG 1) OITAGL POPTICUEVO 1OV, VT OTE-
Aevdepwvetar oe xotevuvor avtidetn and auty| Tou tediov. Autd amoTehel Wio TEWUUATIXT
emPBeBaimon tou emhextixol oviopol Bdoet e yewuetplag Tou HOMO [71].

1.7.2  Oponupnvixd Mobpia

Yy nepintwon auth, Ta popta dev tapouctdlouy actupetpo HOMO, ondte xan xatd tnyv
OAATAETBpooN Ue aoVUPETEO TohuoU LoviCovTal amoBoTd HOELL UE TO NAEXTEOVIOXO TOUG
vEépog oTny dleuvor tou mediou. Evtoltolg, xan o auth Ty meplntwon €youv xatorypapet
aoUUUETPIEC 0TNY ameAeulépwon TV VoauoUdTwY Tou €EYOVTOL OO ACUUMETEO XAUVOALYL
(Onhadh) tne wopyhc (n,m)) [3],[72],[73],[71]. O unyaviopdc mou e€nyel tic aouppeTtpies eivor
auTHS TouKEVTOTIOUEVOL Nhextpoviouy (electron-localization-assisted enhanced ionization)
[73]. T vor yiver o g0xolol xatavonTog 0 Unyomopos autoc do Vewpriooupe w¢ TapddeLyUa
70 poplo Ny 10 omolo €yel ueretniel ye aclupeTea Tedlor and BIdPOPES EQEUVINTIXES OUBDES.
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Yyfuar 1.20: Xynuotiny| avamaedeTaoT) TOU UNYoVICHOU KEVIOTLOUEVOL NAEXTEOVIOUY.

Yo oyfua [1.20] goiveton 1 emdoyr| TV popiny and o tedio. L1o poptaxd 1év to evamo-
uetvavta nhexteovio oo HOMO, axorouvddvtoc to tahavtnTxhc @iong niextend medio,
TUAQVTOVOVTAL OVIUESH GTOUC BU0 Tuprvec. Toautdypova, 1 evOOTUENVIXT ATOCTACT) oU-
Eavel xodode To Yopto odnyeltal ot BIAoTAoT), XdTL Tou €YEL WS AMOTEAECUN TNV adENGCT) Tou
PpedryuoTog duvaixol PETHC) TwY BV Tupivey. Kdmowr oty To0 e0wTepind Qpdyua €yl
vwiel 1600 HOTE TO NAEXTEOVIO VoL UNV UTOPEL TAEOV Vo UETATNONOEL amd TOV EVa TURT VAL
otov dhho. Me dhha Aoyt eyxhoBileton oTov éva ex TV 800 TUPTVLY, OTOTE XAUT TNV
oldomacT Eyel TpoTWNTEX DlEVVUVOT) EXTIOUTHS.

Mewpopatxd €xel Beedel 6L To Vpadoua N2+ tou Ny umopel var TeoxOPEL amd Tar XoVAALYL
(2,0) xou (2,1), dnhodn amd dimhd Y\ tewAd poptiouévo moteixd v, ‘Eyel neipapating o-
rodetytel 6t N xorevduvon exnopmic Tou N2T efvon Srapopetind Yo T dVo oWt orvdho
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Kegpdhawo 2

IMewpapotinr, Awdtagn

Y10 XEQAAoUO oUTO TEPLYPAPETOL OVIAUTIXG 1) TELRUUATIX BLdTadn yioo TNV vhomoinom
QCUUPETEWY OOV BU0 Ypwudtwy (w/2w), xadde xou To cloTNUA aviyVEUONS Xoi Topa-
THENONG TWV TELRUUATIXDY DEDOUEVLV.

Y10 oy o paivovTon dlorypouuaTixd T Tl Bactxd TuaTo TG dtdTadng.

30 TuAua

ZuoTnua AviXveuaong
Time-of-flight (ToF)

i

Atdragn mapaywyng
nediov w/2w

I g

Femtosecond laser
800nm,~30 fs, 5mJ/pulse

20 TUApa

lo TuARua

Eyfuo 2.1: H metpopatien Sidtodn yia v vAoroinom telpoudtomy oANAETSpaong noplwy oTny aéota
(pdon Pe oo OPPETPOUS TahuoUS BU0 YpwUdTtony w/2w.

To mpoto TuAua g ddtadng elvon évar laser ypovixfc ddpxelag ~ 30 fs, xevtpnrg
ouyvotntag 800 nm tou Kévtpou Eqoupuoywy Laser tou Havemotnuiou Inavvivev.

To deltepo TwAua elvor 1 Tetpopatixny SdTadn TopoyWYHS ACUUUETEWY TUAUOY w /2w
€V 10 Tpito TR To cUoTnua aviyveuong. Ilpdxeitan yio évar pacpatoypdpo udlag yedvou
ntione (time-of-flight mass spectrometer).

X1g evotnteg mou axoioudoly Vo 5o0uE avahuTd xodEva amd Tol EMUEEOUS TURAATO
g OudTadng.
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2.1  Auwtaln naluixod cuoctriuatog laser ypovixrg Sidpxeiag
30 fs

[oe v etpoportind) vhonoinan Tou aoUPPETEOL oo 800 YEWUETKY w/2w Yenotuo-
noufinxe 1 Boowr| ouyvétnta w, (800 nm) tou femtosecond laser tov Kévtpou Egapuoydv
Laser tou Iavemotnuiou Iwavvivwy. Ipdxettan yio éva Ti:Sapphire fs laser tng etoupe-
foc Coherent, ye 600 Paowd péen. To mpidto pépog eivon o tahavtwthc (oscillator) Mi-
cra(Coherent) oto onoio yivetow 1 yévvnon twv unepPpayény mohuoy laser. To dedtepo
uépoc amotehel tov evioyutr) (amplifier) povtédo Legend Elite DUO USX, pump Evolu-
tion.

Yy ouvéyeta o avahOoOUUE EEYWELOTA Tor BUO T UERT.

2.1.1 Taoraviwtig Micra

Y10 oyfjua patveton 1 Sudtodn tou Tohavtwth micra [74]. T tnv eniteudn noahudy
laser ypovixfic didpxeiog Aywv fs anopaitntn mpolndleon eivon 1 diadeoyudtnto YeydAou
€0pOUC CUYVOTATLY (EPOCOV Yo ToAUOUS TEpLoplopévous xatd Fourier woyver AwAT ~ 1).
To evepyd UAXO YL TNV Topay WYY UTERBEayEwy ToAU®OY eivon évag xpLoTahhog Cagelplol
EUTAOUTIOUEVOC UE TPOOHIEELC TLTarvivou (xp()ow)\kog Ti:Sapphire). H aVTLOTEOYPY| TANL-
ouol otov xphoTtarho Ti:Sapphire emituyydvetan dtav 1 deour Tou laser dvthnorng ecTiac Tel
Tve otov xpuotarro. To laser dvtinong ebvan eva laser otepedc xotdoTaong ue evepyd
UAX6 éva xpUotahho YVO, eumioutiopévo pe tdvta veodupiou (Nd:YVOy, Verdi, Cohe-
rent)[74],[27]. O xpvotorroc Nd:YVOy avthetton ond évo dtodixd laser vhmifc toyboc ota
808 nm. Méow tng e€avoryxaouévng exnounhc otov xpuotahho Nd:YVO, mpoxdntel axti-
vofohio laser prxoug xOpatog 1064 nm. Ilowv tny €€006 tng amd TNV OnTXY XOLAOTNTO TOU
Verdi n 6éoun tewv 1064 nm diepyetan amd Evay xp00 TUAAO BITAAGLACUOU GUY VOTNTNAG TUTOU
LBO (LiB305), 6mou xou u€poc TN peToTeéneTal o€ axTvofolria 532 nm ye oy’ Tou pnopet
vou pTdoeL uEypL xan 5 W.

To 532 nm ebvon WWovixd urxog xOuatog yia Ty eniteudn aviiotpopnc tAnducuol otov
xpVotahho Ti:Sapphire n omolo mpoyuatonoteiton Yetad 800 UTAVTOV TV EVEQYELNXMY
Tou emmédwy. ‘Otav 1 e€avoryxoouévn exmouny AopPBAavel yweo, ToEdYOVTOL QPWTOVIOL UE
CLUYVOTNTEC TOL XAAOTTOLY Eval UeYEAO eVpog YOpw antd Tor 800 nm. 3To omTixd avTnyEelo
TOU TUAUVTOTY OEV eVIOYVUOVTOL OAEC OL TUPAYOUEVES GUYVOTNTES, OAAL UOVO exelveg TwV
omolwy To uxog xUPoTog efval axpono TOMATAGGLO TOU UAXOUS TOU oTTo0 avTnyelou 1o
omolo optodeteitar and tor xdrontea M1 xon M8 (ending mirrors). To @wtdvior Twv omolwy
1 CLUYVOTNTO XAVOTIOLEL TO XELTARLO TN EVIoYUTIXHG GUUPBOATIC TNV opoloyio TS QuOLXNG
oV laser Aéyovtar odAde xou dlopxne puduol (longitudinal modes). O pudyol Srabidovto
%0l EVICYVOVTOL GTO OTTIXO AVINYED OYAUATOC «DUXTUALDIOUY TOU TOAXVTWTY EYOVTUG OUWS
TuYlES Blapopéc pdong HeTaL Toug (kewoupyioc continuum wave, CW).

H enfreuln unepPpoyénv nahumy laser 610 cOoTua quUTO ETTUYYAVETOL UEGK TNG OLo-
duaoiog eyxheldwone pududv (mode locking) [75]. To xdromntpo M4 eivor tonodetnuévo
TV OE XUTIAANAO UNYOVIOUO Xl UTOPEL VoL TUAXVTMVETOL ONULOURYWVTOS ETOL Lol EVOP-
xthpL Statapay ). Kdmowa otiyuy), xdmotor and toug puiuole amoxtoly xatdhhnin Slapopd
@dong, CUYXEOTWVTAG £ToL évay TeKTo ToAud. Tote 1 évtaon otov xplotahho audvel
%At TOAD, X AOY® TOu OTTIXoU Gouvouévou Kerr, o xpUoTaAAOG GUUTEQLPERETAL TAEOV
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M Verdi

PD1 PD2 | =

b 11 Ti:S

\ H

'.\ 1 M6, M5
N \ I

TTmm——y

l 'M7
BS Ms
M4\ =M3
msc\  PR2 PRI/
slit M1

Yyfua 2.2: Mymuatixr avanopdotacy Tou taAavtot Micra. Ontxd e€auptruata ota 532 nm: R1,
R2 emnéda xdronteo uPnirg avodhac txdtntac, ROT yoouuuxde mohwthgc 8éoung, L1 cuyxevtpnmti-
%0¢ poxog. Ontind eapthiuota otor 800 nm: M1-M4 xow M7,M8 enineda xdtontpa vming avaxio-
owxotnrag, M5, M6 cpapixd xdtontea uhniig avaxractixotntag, PR1, PR2 (ebyog npioudtwy,
MSC Bonintixdg xadeéntne, BS doaywpiotrc 6éoune, Ti:S xpbotahhog Lagelpiol eumhouTiopévog
ue tovto titaviou, PD1, PD2, yeryoen xau apyn gwrtodiodog avtioTtoya, oylour Slit.

0¢ oxdg. TTo autég TI¢ CUVITXES ETOUEVWE, UTOROUUE Vol TOUUE OTL TO OTTXO avTinyEio
AmOXTY Evar 0O Poxd XAVOVTAC TO €ToL Bavixd Yl TNV evioyuon Tou ToAgol (tadnTtind
modelocking). Ipoxinter étot évog mahude YPOoVAC BLdpxetag Alywv fs.

Kadrg o uneppayric moAuode dladidetar ota SL1dpopa OTTIXG TN XOMOTNTAS, XAl AOY® TNG
OLIOTIOPAIC TNG OUUBIXYC ToY VTN TG (group velocity dispersion) émwe xat Tou (POLYOUEVOL TNG
awTo-Blopoppwong gpdong (self-phase mondulation) ot peydhec CUYVOTNTES TIOU TO GUYXEO-
00V XU TEREOUY AYOTEPO Ot oyéan We TiC Uxpdtepes (positive chirp) xaw oautd odnyel
oe yeovixny dwmAdtuvon Tou moAuol. T var amogevyVel o pavéuevo auTd, TNV OTTIXY
xo\otnTor Tou Tohaviwth Micra €youv ouumepthngldel 8o mplopata (PR1, PR2) dote va
XU TERONY TEPIOGOTERPO TOUC pUIKOUE e PEYEAN cuyvotnta (negative chirp)[74].

Bdoel twv mpodlarypapdy Tou, ot toAyol mou e&épyovion and To onTxd avTLNyEio Tou
Micra €youv ypovuxt| didpxeta 15 fs, téhworn tOnou sﬂ pacpotixd tepeyouevo (bandwidth)
> 100 nm xevtpixnc ouyvotntog 780 nm, cuyvoTNTa HETAED Dladoy Y Tahuy (repetition
rate) 80 MHz xot 1oy0 ~ 350 mW. Katd tnv €066 tng, n 8éopn diépyetar amd dlaywptoTh
OEOUNS (BS)xou UXEO T0G00TH TNG AvaAdTon TEOS 600 PKTOBLOO0US, Uid PwTOdl0d0S dpYHg
ATOXQELONG (PD2) Yy Tov ENEYYO TNC TUEAYOUEVNS Loy VOC, xou Uiog yeryoens amdxpelong
(PD1), n éZobog NG OTOLOG YENOWOTOLELTOL YId TOV CUYYEOVIOUO UE TA ETMHIEPOUG T
TOU EVIOYUTY.

18mh. wddetn we mpoc To eninedo mpbontwong
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2.1.2 Evwoyvutrg Legend

Ov maporyduevol Tahdol amd Tov TAAAVTOTH micra €youv TNy EMYUUNTY Yeovixr| didpxeLa,
Oyt Opwe xan TNV evEpyeta. MeTd Tov ToAaVTWTY 1) OECUT) ELCEPYETUL GTOV EVIOYUTH OOTE VOl
amoxthoel TNy emduunty evépyeta. Adyw TN WxEnc YeoVIxAC OLdEXELaS Tou, €val TETOLOC
ToAu6G Oev pmopel v evioyudel ywplc va xataoteéder ta Sidpopa onTind e€apthAuoTa. T
var amogeuy Vel To TEOBANUa auTd yenoylormoteitar n tey v Chripped Pulse Amplification,
CPA [76],[75],[27]. Envypoppotind, xotd v Swdtaxacioo CPA, o apyixdc unepPayfic nohuode
OBleuplveTal Ypovixd, €Tol Wote vo yewwdel 1 évtaoy| Tou (peak intensity) xoaw otnv cuvéyela
evioyVeta. Téhoc o evioyuuévog TAéov ToAuoC GUUTLECETAL OTOV YPOVO.

Stretcher RGA,SPA Compressor
—

Eyfua 2.3: H teyvinry Chirped Pulse Amplification, CPA.

[Nt autd xou 0 evioyuthic Legend ywetletan o tpla empuépoug tufuata. To mpdto tuhua
(Stretcher) Siamhotivel ypovixd tov mohpd. 3to deltepo twiua (RGA, SPA) o moudc e-
vioyVeton xou 0to Tpito turua (Compressor) o evioyuuévoc Théov mahude cuUTECETon AL
oTOV Ypovo. Xty ouvéyelo Yo meptypdloude TNV apyY| AEtToupYlaC TWV TELWY QUTWV TUN-
UdTwv.

2.1.2.1 Xpovixy SranAdtuvon tng déowrng Laser (Stretcher)

H opyny hertovpylog tou Baoileton oty xoducTERNOT TWV UXEOY GUYVOTATOY GE GYEaT
UE TIC UEYAAEC TOU GLYXEOTOUY TOV TaAUO. Me dhAo Adyla, 6TO TUrUo oUTO, ElodyeTo
Uetixd chirp xou €tol 0 maAuOC dramhaTOVETOL YEOVIXG.

H oéoun and tov tohavtwty| mpoonintel mhvew ot gedyua mepidiaong, e anotéAeoua
Ol BLAPOPES GUYVOTNTEC TOU GUYXEOTOVV TOV TUAUO VoL DLy wELoToLY Ywetxd. MdloTa, 1
yYewuetplo TNg ddTane elvon TETOWL WOTE 1) oEYLXT) OECUT VO TEOOTINTEL OTO (QPEAYUO TE-
clbhaong otnv yopaxtnetony| ywvia Littrow, Swogakilovtag €tol 6TL 1 ywvia avdxhaong
TV eEEPYOUEVLY BECUMY elvan (Blar Ye TNV Ywvia Tpoottwong. Kdle plo and tic ouyvotnreg
OLVOEL DLAPOPETIXG OTTIXO OPOWUO, TETOWOV MOTE OTAY 1) dEoUn avacuyxpotniel, ol didpo-
PEC CUYVOTNTEG VOl £YOUV DLAVUCEL BLUPOPETIXES UTOCTACELS, EGAYOVToG ETOL TO EiuunTd
Vetixd chirp [76].

O apyinde mahuode dudpxetag ~ 15 fs unopel va dieupuviel ypovixd peyer xon 10000 gopéc.
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Stretcher

—? R

R.R

input

Sph. M

Yo 2.4: Mynuat avanopdotaor tou Stretcher.Onouv R.R neptoxdmo yio xotaxdpupo avéBa-
ouo tng 6éoune, G pedyua tepldraong, Sph.M. opoupixd xdtonteo peyding diopétpou, M eninedo
xdromtea LPNAAC avohao TixétnTog oo 800 nm.

2.1.2.2 Evioyvorn d¢oung Laser (RGA,SPA)

To Bacwd Turde Tou EVIoYUTH 610 omolo TpaypaToToLe(Ton 1) evioyuor elvor 1 OLdTo-
&n RGA (ReGen Amplifier). Xtnv ouoio eivon pio omtixr) xoldtnto pe evepyod uéoo éva
xpVotadho Ti:Sapphire o onolog avticiton and Eva todpxod laser ypovixrg ddpxetag ~ 150
ns, Xevipxol urixou x0potog 527 nm xou udpnirc oy vog (60 W) (uovtéro Evolution, Cohe-
rent). O opyix6c noahuoc (seed pulse) xatd v Siéhevar] Tou and to xpVo Ao Vo evioyudel
u€ow tNe eCovaryxaoUévng expmounic tou Vo mpoxaréoel. H oymuotin avoarnapdotacn tng
xohotnTac RGA divetan oto oyrfua .

H 8éoun seed eiogpyeton xon maydeveton Yéoo oty xohotnta tng RGA xan extehel
SLodpopée avdueoo oo xdtonteor M1 xow M4 (ending mirrors). Avdueoa otoug xadpénteg
M1 xon M4 mopeufBdiieton o xpbotodlog Ti:Sapphire, évo mhaxidio xaduotépnone @dong
A4, éva mhoxido oe ywvia Brewster, éva eldd @ilteo Yyl tov €heyyo TOU PAUCUUTIXOD
ebpouc xau dVo xehd Pockells (Pockells cells) to onolo dtay toug aoxniel nhextpwnt| téon
oupneptpépovtar ooy mAaxidir A/4. H mpoornintouca déopn éyet mdhwon tOnou s onoTE
avonhdtan amd o mopddupo oe ywvia Brewster unpootd and tov xpiotahho. O xodpéntng
M2 obnyel v 8éoun mpog tov xodpéntn M1. Mtnv nopeio napeufdiieton o mhaxido A/4
xar To Pockells cell 1 o670 onolo, oto otddlo autod, dev aoxelton tdon. Kadog n déoun
TOAONG § TEPVE 800 Qopéc amd To mhaxidlo A/4 n téAwon tou akhdlel o p. Metd and
oUTO TO TEWTO TEPUoUN Tou eCac@aiilel TNV emiuunTns TOAKCY P, EQaEUOLETOL TUOT) XAl
oto Pockells cell 1 mou duwe dev Yo adrdlel TNV TOAOT TNG SECUNS OTOL ETOUEVA TEQAUCUATA,
€QOCOV aUTH TEEVA B0 Qopég and autd. H molwon p eCacpoiilel 6Tt 1 déourn maytdedeTon
uéoo oty xothétnta xou oe xdie dradpopr| (round trip) evioyletou nepoutépr. ‘Otov grdoet
oty emduunty evioyvor, Snhadr petd amd mepitou 15 Biadpoués, epoupudleTon TdoT GTO
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A/4 waveplate Pump

mirror
M1 | B filter \I
M2

Yyhua 2.5: Eynuat| avanapdotoon e xothotntag RGA. Omouv M1-M4 xdrontea upnirc avo-
xhactxotnTog ota 800 nm, filter giktpo yio Ty pbduor Tou gacuatixol ebpoug bandwidth, B.W
Tapdiupo €106d0u aTov xploTahho Totodetnuévo oe Ywvia Brewster yia ta 800 nm.

Pockells cell 2 xau 1 néhwon and p yiveton s. Avoxddton €tol and to TAox(S0 o€ ywvia
Brewster xou odnyeiton €é€w and tnv RGA mpog tov evioyuty SPA[T6].

Eivon qavepd and tny mapamdve teptypapt] tng xothotntog RGA, 611 anouteiton e€mtept-
%0C oLYYEOVIOUOC TwV seed xor pump ToAp®Y xadne xou Twv dLo Pockells cells. O ouy-
YPOVIOHOG ATV xodwe xat Tou cuoThuatog dvtinone (Evolution) emtuyydveton ye tnv
yenon e€otepinic yevwhtploc (SDG) e omolag to ofjua oxavBahlopol Teoépyeton and Tny
Yenhyopn gwtodiodo (PD1) tou tahavtwth micra. H SDG xadopilel emnhéov tnv cuyvotn-
oL ETAVIANPNG (repetition rate tou elepyduevou moipoL. Emimhéoy, bivel Ty duvatodTnTa
elutepnic pUlong TS egapuoyYic Tdoswy ot dUo Pockells Cells.

H e&epyduevn xan mhéov evioyupévn and tny RGA déoun, odnyeiton todpa oe pla dedtepn
Yoot evioyuong, 1 omolo oxomé €yel va eVIoyUoEL TEpaTéP® TNV e€epyOuEVN antd Ty RGA
o¢oun. H ypopur autr mepthopfBdver Evay axdun xpvotarro Ti: Sapphire, o onolog avtheiton
amd Evol Uxpd TOCOGTO NG dpyxrg 0éounc Tou pump laser, (Evolution). Eneidn) n 6€oun
TEEVE amd TNV Yeouun LOAC Wla Qopd, 1 Yeouur auTh Elval YVOOTH 0¢ <EVIOYUTAS UOVAS
Sadpouricy (Single Pass Amplifier, SPA). Xtnv ypouur| auth emnhéov eumiéxovton xat €val
(elYOg GPUPIXMY XATOTTEWY TOU GLUYXEOTOUY TNAEGKOTLO XAl GXOTO EYEL VoL BIEUPUVEL TNV
OLUETPO TNG DEOUNG.

Metd tov ewioyutry SPA, 1 6éourn €yet evioyudel ~ 106 (POPEC OE OYEDT HE TNV apy LX)
Ewépyeto 670 Tpito TuAUa, oTo omolo yiveta 1 ypovixt| cuprieon tou.

2.1.2.3 Xpovixf Tvunicor IHorpod— JuuniectricLaser (Compressor)

210 TeAeuTafo TUAUA, Yl TNV YEOVIXY| GUUTHEST) TOU ooV oxohouleiton o dtadxacio
avtiotpogn authc tou Stretcher (oyrua .

H vewpetpla tou Lugmeot (Compressor) eumhéxet gpdryuoata nepldiaong xotdAinho
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Yyfuor 2.6: Mynuotiny avanapdotaor tou Compressor. Onou M xdtonteo udming ovorhoo TixdTn-
tag ot 800nm, G1,G2 gpdypata nepldraone, R.R nepioxdmio yior tnv xotaxdpuen avidonon e
OEoUNG.

Tonodetnuéva €tol HOTE VoL Elodyouy otov ol apvntixd chirp [76],[27],[75]. Autd on-
Holvel 6TL, amd TIC CUYVOTNTES TTOU GUYXEOTOVY TOV TAAUO, Ol UEYAAUTERES Xotuo TEQOUVTAL
TEPLOGOTEPO OE OYEOT UE TIC UXQPOTERES, XYTL TOU OONYEL OE YPOVIXT]) GUUTIEST] TOU TOAUOU.

Kotd tnv €€066 tng and tov Compressor xow GLVETGS Tov evioyutr Legend, n déoun
€xet, Bdoet Twv Tpodlaypapdy, yeovixt didpxeta ~ 20 fs, evépyela avd modud ~ 5.54J /pulse,
bandwidth ~ 60 nm, xevtpxd prxoc xOpatoc A = 800 nm xou cLYVOTNTAC ETAVEANdNG
(Repetition Rate) 1 kHz.

2.2 Tleipopotiny] OLATalY ToeAYWYNS ACVUUUETEWY TAAUWDYV
V0 ypwudtwy w/2w

H mewpopatind) Sdtaln yioo TNV TEQOUOTIXY VAOTONOY ACUUUETRWY TUAUOY BU0 ypw-
HdTwv QaiveTon 6T0 oxr’]pa H Yepehddne ouyvétnra w (800 nm) tou femtosecond laser
TEOOTUTTEL 0Py O Eva GUVOAO OTTIXWY Yiar TNV pLYULoT TG évtaong. [lpdxeiton yior Eva
Tolw T TUnou Brewster xou 600 mhox(Bua xarduotépnone @done A/2. ‘Onwc elvar Yvwo 16, o
EVOL TOAWTY| OTEUUUEVO TNV YapaxTnelo Tixr yovio Brewster ovaxdtar povo 1's Guvo Twoo
tohwone (dnh. niextewd nedio xdieto oo eninedo mpbomTwONG) TN dEyxc déounc. E-
TEWY| O 1 6éoun Tou laser €yel xadoplouévn TOAWOY TUTOU P, UTEOCTA Omd TOV TOAWTY
Tonovetelton €vor mhaxidlo xaduotépnone pdong A/2, t0 omnolo OTEEYPEL TO ETUTEDO TOAWONG
xoté BovAnom, xa emopéveg pLIUICEL To aVOXAOUEVO T0000TO. Mty Pootxr didtaln mopo-
YWY TOU AGUUUETEOL TOAOU 1) emduunTA TOAWGT Yiar TNV VeUeAwdn cuyvoTnTa w elvon 1|
p (étoL Bote N téhwon va elvon TapdAANAN pe tov dEova Tou cuo Thatog aviyveuone ToF)
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, YVowTO xon aéowe UETE ToV TOhwTH, Tomoveteiton évar axdurn mhox(dio A/2 xortdAinia
TPOCAVUTONOUEVO WOTE VoL OTEEPEL TO NimEdO TOAWONG amd TUTOU S OE P.

output

Dual waveplate 2
Stepper Motor
Dual waveplate 1
M7 M6
Calcite 2 |

Calcite 1 A
l u 'BSZ
Rotational stage 1 %
1 o
1 o
BS1
beam stop
M1 Waveplate 2
pump
¥
Waveplate 1
I Iris B iris I
e ——————— < 1 )
1 M3 input

Yyfor 2.7 Eynuotiny) avanapdoTacy) TN TELROUATIXAC OIdTang yiol TV UAOTOINoT aGUUUETEOU
ooV 800 ypwudtwy w/2w. ‘Onov M1-M3 xdrontpo udpnifc avaxhaotixdtntog ota 800 nm, M4-
M8 xdrontpa uPnAhic avorhaotixotntag ota 800 xow 400 nm. Waveplate 1,2 mhaxidio xoduotéenong
pdone A/2 oto 800 nm. BS1 Saywplothc déounc ota 800 nm pe avohoyior avaxh®UEVNS TPOg
Srodthapevn 70/30. BBO un yeapuixoc xpvotahhog mopaywyhc tne devtepne appovixic 2w mdyoug
250pm. BS2 Sioywpetotic déopune ota 800 nm pe avahoyio avoxhduevnc tpog Stodhopevn 50/50 mou
emTEénEL TNV OLéAeucT) Tng OelTeRNg appovixig. Calcite 1,2 dumhodractixol xploTodlol acleotitn
(CaCO3) aclupetene xomhc, Téyouc xat ywviog xomic 1.6 mm, @ = 35° xou 2.4 mm, Q = 55°
avtiotoya. Dual waveplate 1 mhaxidio xaduotépnone @done A/2 ota 400 nm xou A otor 800 nm.
Dual waveplate 2 mhaxidio xaduotépnone @done A/2 ota 800 xou 400 nm. B.P nohwthc timou
Brewster ota 800 nm. iris {pideg yio Tov €heyyo tng evduypduuiong.

H mewpoporind Sdtaln yio tnv maporywyy| acOuueTeou Tahuol eivar Evar oUPBoAOUETEO
tOnou Mach-Zender. O Siyweiotiic 6éoung BS1 ywellel tnv npoonintovca 6éoun oe 0o
uEpn TNV BEoun dvTAnonc-pump xou Ty 6éoun aviyveuong-probe. Ot 500 dEoueg enavacu-
viidevtar otov Seltepo Sarywelo T déounc BS2 ohoxAnpwvovtg étol tny idtaln oupforo-
UETEOL.

H avaxdouevn déoun pump and tov BS1 ypnowomoieiton yioo tnv napaywy?n tou o-
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OUUUETEOU ToApOoU. Xty Topela Tng OEoung TapepBAAAETOL EVAS UN-YEUUUIXOS xp0o TAANOG
(BBa(B0O3)2, BBO) yéveone tne devtepne opuoviniic 2w (400 nm). H andédoon tou xpu-
otéMou elvon epitou 20% %o and Tov xpUGTUANO EEEPYETOL TOGO 1) TPy OUEVY) CLYVOTNTO
2w 660 xan 1 Yepehwone w. O dVo cUYVOTNTES Elval YEIXE ETUXUAUTTOUEVES Xl €YOUV
#d¥eteg Petadl TOUC TOAMOES OTWS QalveTal GTO YU (wp TOAWOT, 2w s né)\wcn).
[ var ebvon egixtn 1 moparywyy) Tou AcOUUETEOU TohoU oL 6Uo cuyvoTnTeES Vo TEETEL Vol
€youv TOAwon Blou TOTou. Mot To Adyo autd, oTny Topela Tng déounc €yet Totodetniel Evar
mhaxido xoduotépnone (dual waveplate 1 to omolo hertovpyel w¢ TAaxido A yior v Vepe-
MO cuyVOTNTAL X WS TAaxiBlo A/2 yia TV deltepn opuovixy. Etol otpépel 1o eninedo
TOAWONG TNG W %t 180° xou EMOPEVLS 1) TOAWGST) TOU TUPUUEVEL TUTIOU P, EVG TO ETUTEDO
TOAWONG TNG 2w oTépeTan xatd 90° xou cuVET®E aAAGLeL and tunou s oe p. Télog, To Tha-
x{810 xohuo tépnone @done dual waveplate 2 Aettoupyel wc A/2 xon yio Tic d0o cuyvoTNTES
X0 YENOWOTOLELTAL YOl TNV XUTAYQOUPY| YOVIOXGDY XATAVOUMV.

H mopoywyt| evog aciuuetpou moahuol npobnovétel emmiéov 6Tl oL toAuol w xat 2w ou-
UTTTOUY Oyt MOVO YwEd ahhd xan ypovixd. Katd tnv 81ddoor Toug péoa amd tor dLdpopa
ontxd, 6Twe Ta Lo dual waveplates, To dayweto T 6éoung BS2 xou to mapdiupo elodoou
oto cuotnua aviyvevone Time-Of-Flight, n depehnddng ocuyvétnroc w nponyeitan ypovixd
™ 2w. Autd elvon amoTéAEGUN TOU UixpoTeEOL BeiX TN Biddhaone TNe YeUEAMBOUS GUYVOTY-
TUC W OE GYECT) HE QUTOV TN OEUTEPNS AEUOVIXTS 2w, ATl TOU LoYUEL YId To TEPLOCOTEQRY
onTme Stapovy) UAxS pe detind (1) ahhide «xovovixny) Soomopd. T Ty avtetdmion
auTtoL Tou TEoPBAAUATOS otV Topela TG déoung pump tomovetolvton 600 dimhoYracTixol
xpvotodot acPeotitny (CaCOs) aclupetene xomhc.

‘Onwg ebva Yvwoto, og €vay SImAoYAac TG xp00TIALO 0 OTTIXOC BROUOE TIOU aXOAOVVEL 1|
déopn e€aptdron amd Ty nohwor| tne[77],[78],[79]. H didxpion yiveton €8¢ ¢ mpog tov ontind
d&ova Tou dimhodhaoTnol xpuotdhhov. H cuvictdoa Tng mtéhwong mou elvan xddetn otov
omTix6 d&ova Slodhdtan GUUPWVA PE ToV Voo Tou Snell xou yU'autéd ovopdleton TomTiny oxtiva
(ordinary wave). Avtideta, n ndéhwon nou eivar TopdAAnhn 6Tov OnTIXG dEOVa UTAXOVEL GE
ULaL YEVIXEUUEVT, Hop@T| Tou vouou tou Snell pe deixtn diddiaone o omolog eaptdton xde
(pOpd. ambd TOV TEOGUVAUTOMOMO TOU XPUOTAAAOU, xal yYUowtd yoapaxTnelleton w¢ €XToxTN
(extraordinary wave).

O Sumhodhaotinog xpvotahhoc (CaCOsg) eivon 1 avixy) emhoyn yioo v enitevdn g
YEOVWAC EmEALPNG, BLOTL Tapouctdlel apyNnTxy SitAoVAac TixdTNTA, ONAadY o avtiveon
UE TOUG TEPLOGOTEPOUC BITAOVAAGTIN0UC UG TAANOUE, 0 BeixTng BLdAaone TN EXTaxTNG
oxtivog elvon UXEOTEQOS Ao AUTOV TNE TUXTIXNG (ne < nyp). Oudlo %00 TAAAOL TNG TELQOO-
TS BLdTa NG €YOUY TEOCAUVATOMGTEL OIS OTO Oy Autéc 0 TPOTOC TPOCUVATOAL-
ouo e€aculilel 6TL 1) VePeADdONG CUYVOTATA EVOL 1) TO(TIXY axTEvVoL Xou 1) BEVTERY) APUOVIXT
1 €xtoxtn. Méoa 6Tov xpUoTaAAO xou AOYw TNg apvnTixic dimhodhacTixdtnTag, 1 Yeuelt-
OONG oLYVOTNTA XoUC TEPEL TEPLOCHTERD OE GYEDT UE TNV OEVTEPT) APUOVIXT|. LTEEPOVTAS
XATIAANAAL TOV XEUOTUARO ETULTUYYEVETOL £TOL 1) YEOVIXT| ETUXSAUT.

YN mepauaTiny O1dTaln Tou oy NUATOg , uTdpyouv dU0 xpUoTUALOL acPeoTitn Xo-
Yévag and toug onoloug emitehel dhho oxomd. O xplotadhog calcite 2, ndyouc d=2.4 mm
xou yoviag xomhc @ = 55° GTEEPOUEVOC OE XATIAANAT Ywvia eao@ahilel TNV yeovixt| Emi-
xS twv Svo Seoudv (nopdptnua B)[78],[79]. O xplotalhog calcite 1, anooxonel otny
€LY WY Slapopdc paong ¢ PETAED Twv 8U0 cuyvoThTwY puiuilovtac éTol TNV xatebduvorn
Tou aoUppeTpou Tedlou (tapdptnua [A)),[78],[79]. Autéd emtuyydvetan Aoy TV yopaxTneL-
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w, 2w / -
— w ordinary wave
incident waves

2w extraordinary wave

Yy 2.8: O mpocavatohoddg TV xpuoTdAAny acPeotitn. ‘Onwg elvon govepd OTL 1) TaxTix
oxtivar etvon 1) YeUEALOONG CUYVOTNTO W o 1) EXTaxTn 1) delTeRn appovixy 2w. ‘Omou o.a. 0 omTixdg
GE€ovag Tou xpuoTdihou, Q 1 ywvia xomig xau d To Tdyog Tou xpuotdhhou. Me 6 cuuBoiileTan
N Ywvia 0TpognE Tou xpuaTdAlou yia va ewoayVel €tol 1 emuunty xoduotéenon otny Yeuehlddn
ocuyvotnTa. Ot omtixol SpduoL TwV 600 CUYVOTATLY PEGA GTOV XPUGTAANO.

oY o (ndyoc d= 1.6 mm ,yovioac xonhc @ = 35°) xadde xar omd To yeyovoc ot elvan
TomoeTnuEVOS TV OE unyavixt| TeploTeopur Bdor oxplfBetag ~ 0.00033° mou eAéyyeTan
uéow nhextpovixol vnohoyoth (PRM1-Z7, software: T-Cube PC Servo Motor Driver,
Thor Labs)[80] (mopdptnuo @) Y10 oyfjun OLVETOL Lol OY NUATIXY) AVOTUREC TAUCT) TWV
TOADOEWY X0l TWYV YPOVIXMY BLAPOp®OY UETOEY TwV U0 GUYVOTHTWV.

‘Onwe avagépinxe xon oty evémra [1.5.3], 1 uéyiom) aouduetpio emtuyydveton yior Ty
Tin e mapopéteou ¥ = 0.5. Adyw Tng oyeTnd younhrc anddoorng Tou xpuotdiiou BBO,
1 Yepehwong ouyvotnta w ebvar TOhD o toyver) o oyéon e TNV BedTepn dpuovixy 2w.
Hpoxewévou va emtevydel n twn v ~ 0.5 o dedtepog dlaywpelothc déoune BS2 diadétel
eWdxr| enloTEwoN MOTE VoL ASLTOURYEL WC BlayWELOTAC BEOUNG AVahOYIAS OVAXADUEVNE TEOS
OLAUOLOOUEYNC 50/50 yio TNV VEUEALDOOT CUYVOTNTA, EVE TAUTOY POV VoL ETLTEETEL TNV BIEAEUOT)
NG OEUTEQNG APUOVIXNG OF TOGOGTO > 98%. To €0pOC TV TNG TUPAUUETEOU Y YidL TNV
v Tépe ddtadn extiudton vor etvon v =~ (0.4 — 0.6), o xodopileton xdde @opd omd tnv
avohoYiol TWY EVIEOE®Y TwV 500 GUYVOTHTLY w, 2w (TapdeTnua .

H probe 8éoun yenowomoleiton o auth) TNV O1dTadn xupledg yior Slory Vo Tixols Adyoug
TavTonolinone Twv 8V0 XEUCTIAAWY acBecTitr (m(pocp'w'woc'rcx X0l TTUPEUUEVEL XAELD TT),
XATE TNV TEAYHATOTOMNOY TELRUUdTLY Ue aoluueTea edia laser mou meprypdpoviar 6To €-
TIOUEVO XEPANLO.
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Eyhuo 2.9: Uy nuatinn avanapdo oo TwY TOAWCEWY NS VEUEMMBOUS CUYVOTNTAC W Xl TG OEUTE-
eNS dpUOVIXAC 2w Yo TNV 6éoun pump. 3To (Blo oyfuo diveton xou 1 yeovixr xohuotéenon UeTaEl
TwV 600 CUYVOTHTWY Xal 0 TEOTOC Tou auUTY BtopddveTtal and Toug 600 xpuUoTdhhoug acPBeaTitn.

2.3 XO0otnua aviyvevong-Pacuatoyedpog palog
xeovou nthone (Time-of-Flight, ToF)

210 oy paivetan xdTodn g Sdtadng Ue TNV omola PEAETETOL 1) GAATAETDEOOT
TOU LT YEAETY LopLoxoU BelyUaTog U To aoUUUETPO TEdio 800 Ypwudtwy w/2w.

[Tpbxerton yior évar aouatoypdpo Ualac yeOVoU TTACNC Xl €YEL TEQLYQUPEL OVUAUTIXS
oto mapehdov [32],[55],[27]. Xe ouvtopia avagpépoupe OTL amotereiton omd B0 Vohduoug
xevol. To mpdto tphua eivar o Vdhopog alknhenidpoone (interaction champer), oto onoio
Tpoydotonoleltar 1 aAAnAenidpaor Tou poploxol detyuotog pe to laser. ITpdxeiton yio €va
Voo xUAvdeixol oyfuatog, dloauéteou 25 cm xon Udoug 40 cm. To Bedtepo TR TOU
pacpotoypedpou eivar 1) <eAebiepn amd tedioy meptoyn (field free region). Eivon évog xuivdpl-
%06¢ Ydhapog dopéteou 15 cm xan urixoug L~ 150 cm. O 800 Vdhauol elvon Totovetnuévol
%ATE TETOLO TPOTO MHOTE VoL £YOUV TOUS XUALVORLXOUS TOUG BEOVES *GUETA O EVay WE TR0 TOV
GANO, OTWS QaivETOL GTO Ty U , xou €youv xowd clotnua dvtinong (BA. mapoxdtw).
O dCovac Tou xUAVOpoL Tne «eAelUepnc amd Tedlay TEPLOY NS, CUUTITTEL EMTAEOY UE TOV
d&ova Tou PacUaTOYEdPOL Palug (ToF axis), o onoiog Vewpolye 6Tt cUUTITTEL PE ToV dEova
z. Téhoc, otnv diebduvon tou d&ova ToF undpyet To chotnua elcaywyNc Tou ULoptaxoy
oelypatoc.
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Yyfua 2.10: Eynuotinf avanapedo Taoy ToU Qaouatoyedgou udlouc yeovou ntriong tou Havemon-
ulou Iwavvivwy. ‘Omou w to tapdiupo eilcddou oto ahotnua aviyvevong, R, Repeller, E, Extractor,
M opopxd xdronteo eotioxrc andéotoong 20 cm e vPnin avohaoTixoétnTo otor 800 xon 400 nm,
XYZ Béon pe duvatdtnta xivnomng otoug d€oveg X,y,z e axpifeio mm xotdAnin yia xeve. MCP no-
Auxovahixdg aviyveuthc (Multichannel Plates). d1~2.7 cm anéotoon Repeller-Extractor, d2=1.5
cm oanoéotacn Extractor-lou ontixol, L=~ 1.5 m, yfxoc tng «eheliepne amd medioy meploync
(field-free-region)

To laser ewoépyeton otov Vdhopo ahhnhenidpaong amd eva Topdupo xan 1) dleiuvon
0L&b00Y|g Tou ebvon xdetn otov d&ova Tou ToF. Avtidiouetend we mpog to Topdiupo uTdpyEL
oQoEd X4ToTTEo coTioxg anootaong 20 cm uPnAfc avodhaoTtixétnTag ota 800, 400 nm
70 omoio eoTidlel T1) 6éoun 0To %xEVTEO TOL VahdUou CAANAETIBEUOT.

Kdeta otov dZova tou ToF xou mapdAinia we mpog tnv diediuvor duddoong tou laser
UTIAQYEL OELREL OTITIXWY YIO POPTIOUEVY COUATIOL xou cuyxexpueva yia tovta. To mpwto
OTTIXO GToLYElo, To omolo GtV cuvEyela Vo avapépetal we anwinthc (repeller), éyet oyrua
dloxou dlouéTeou ~ 6 cm 0To XEVTPO Tou OToloV UTEPYEL UXET| 0T, amd GTOU TO UopLaxd
Oetyua eloépyetan péow didyuone atov yweo alknienidpaonc. To Beltepo omtind, o e€o-
ywyéac (extractor), oyfuatog dioxou dowétpou 10 cm, anéyet and tov repeller andotaon
nepinou dl~ 2.7 cm xou 670 *€VTpo TOu LTdpYEL ETlong onY| Blapéteou ~ 1 mm. Avdueco
otov repeller xou extractor ectidletan 1 0éour laser 1 onola GAANAETLOEMOVTOC UE TO LOPLIXO
oetyua mapdryel VeTind @opTioUéva LopLoxd LovTa xan nhexteovia. Egapuolovtag xatdAAnieg
tdoewg Vg > Vi otov repeller xa tov extractor, to @optiopéva poplaxd Ypodouota emt-
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’ 7 ’ /7 ’ ’ = VR - VE 2 ’
ToyUvovTal Aoy TNng Umapdng Tou oyedoV ouoyevolg medlou By o~ d— XVOUUEVAL
1
meog Tov e€aywyéa. To undloima OTTIXd LOVTWY, UETA TOoV eaywyéa, elvon yelwpéva. Adyw
oo, UETAED TOU eCorywyéa xaL Tou 1ou Yelwpévou omtixoy, avantiocetal enione éva tedio

B~ L2 A Sicov B, xen By, war Detind v '
9 X~ d—Z oYW TWV TEOLWY 1 xau 2, T UETIXA (POPTLOHSVO( LOVTU ELGEPXOVTO(L OTY]V L0~

2
Tovoia TEdiVy TEPLOY T o ETLTOY OVOVTAL TEOS TOV DLTAG TOALXOVUAIXG AVLY VEUTY) (El-Mul

Multichannel Plates, MCP). Ané tov aviyveuth 1oviwy 1o ofua odnyeiton o€ xdptor Tahdo-
Yedgou (uovtého P7888,quad 0.5/1 GHz Time-of-Flight/Multiscaler), eyxateotnuévn oe
NAEXTEOVIXG UTIOAOYLOTY|, OTIOU XAl AmOUNXEVETOL.

Egopuélovtag Toug VOUOUS TNG XAACXAC UNyoviXAC Yiot TNV xivnor ornuelaxod goptiou
UECA OE OUOYEVEG NAEXTEWO TEdiD, e0xoho XATUATYEL Xxavelc OTL 0 Ypodvog TThong t Twv
OLapOEWY LOVTWY BlveTton amd TNy e&lowon:

t=a(m/z)/? (2.1)

omou m 1 Yalol TV WOVIWY, 2 1) TOAMATAGTATA TOL GopTiou xou ar pla oTodepd avahoylag 1)
omoio e€apTdTan and TNV YEWUETPlO TOU QaopaToYEdpou, TG e@upuoloueves tdoelg Vg, Vi
xododg xou TNV Véom g eotlag. Amo v ediowon elvon Qavepd OTL 0 YpOVOSG TTHONG
TV BLopdpwY OVTLY e&aptdtal and v avoloyla e udloc we mpog to goptio (m/z). H
m t
olapoplon tne e€iowong OLVEL TNV BLOELTIXY| XAVOTNTA TOU (PUCUTOYEAPOU A = AL
m
6mou At o €0pog¢ NS PaoUaTNAC X0pLYHS 6To Wb Tou Dhoug g (FWHM). Tumixée tiuée
NG BloxplTixAc eovotTnToS Yoo m/z = 32 xou yioe m/z = 17 ebvon 250 xon 200, avtiotoryo.

210 oyfua otveton évar TUTIXO Qdopa udlag Tou popiou Tou NoO %dtw and ahknhe-
idpaon ye aclppetpoue ool w/2w évtaong I~ 2+ 10 W/em?.

Y70 oxf]poz TOEUTNEOVUE OTL Tol Loptaxd Vpodouata £Y0UV TOUAYIGTOV U0 XOPUYES
JouvioTHoES YOpw amd TV T m/z Tou toug avtioTtouyel. o napdderypa o Ypadopa NOT
10 onolo avopévetow oty TWH m/z = 30 €yel T€ooEpc CUVOAIXE X0pUPES, YUPW omd TNV
Tipr 30, 600 ot UxpPdTEPOUS YPOVOUC TTHONG Xal dLo ot peyahitepous. Kdti tétoto elvan
TUTIXG OE €val Qdopo udlog 6Tay 1 TOhwon Tou laser elvan mapdiinin otov d&ova tou ToF.
Y10 €€hg, 1) x0PLUYPY| TOL AVTIGTOLYEL OE UXEOTEROUS YpoVoug TTHong Yo avagpépetal forward
CUVIOTMON, EVW AUTH Yo UEYUAUTEQOUS Ypovoug TTHone backward cuvictwoo.

[ var yiver xortovont n Omoap€n Bimhodv xopugwy forward/backward, oto oyfua
OVUTOPIO TYTOL OYNUOTIX 1) BLdoTaoT VOC dlatopxod poplou uéoa otov VdAouo oAlnhe-
nidpaone [BI]. Tt v nepintwon mou 1 méAwon tou laser eivar nopdhhnin otov dEova Tou
ToF', o uopta mou Yor aAANAETLOEAGOLY TO LoYUEA UE TO TEdlo efvan aUTd UE TOV Joptaxd TOUg
dCova emiong mapdAinio we Teog Tov dova Tou pacuatoyedgou. TTo tnv mpolnddeor 6Tt
%aTé TNV OLdoTaoT), Tor VeadoUATo EYOUY UN-UNBEVIXT| XIVNTIXT EVERYELY, ElVal AVOUEVOUEVO
amd TNV apyY| SlTAENONG TNG OPURS, To TapayOUEVY VpodoUaTo Vol EXTOEEUTOUY XUt TNV
oeduvor tou dova tou Tok éyovtag avtideteg xateutivoelg. Ta Ypadopata mTou extole-
VovTon xotd Ty xatevduvor Tou extractor Yo dSopoppmcouy v forward cuvictwooa. To
VYpadopata mou extoZebovton oty avtidetn xatedduvon (repeller), Vo emfBpoduvioldy ond
TO OUOYEVEC NAEXTEXO TEDD PEYPIC 6TOU 1) ToyUTNTE TOUG Vo UNOEVIOEL XU GTNY GUVEYELXL
Yo emtoyuvdoly ex véou, amd To NAexTEO TEdio xatd TN xatebuvor Tou extractor xau

23\, oty detduvon tou dEova tou ToF
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Eyua 2.11: (o) To gpdopa pélag yio to pépto NoO xdte and tny odAnhenidpaon pe aoOuUeTEous

Toole w/2w évtaong I~ 1.4 1015 W/ch. O\ tdoeic tou repeller xaw extractor eivow Vi = 3400
V, Ve = 3000 V avtictoyo.(B) xa () Meyedupévo turiuata tou @dopotog pélag.

Laser polarization

forward backward

ToF axis O KER
"""""" > = parallel polarization
S+ H H
repeler Ve extractor
P ’JJ —
Vi At |
interaction region 0 KER

— vertical polarization

Yyhuo 2.12: Mynuatied avamapdotaon tTng ahAnAenidpaong woplwy Ue To laser.

CUVETIOC TROG TOV AVLYVELTH LOVIwy. Autd elodyel uio emmiéov ypovixr xaduotépnon xau
ot Ypaopata autd Yo cuyxpothcouy TV backward cuvict®oo. ‘Onwe avagépdnxe xan ma-
pamdve, amopaitnty tpolndieon yia tov oynuatiopd forward/backard cuvic twomy, etvon 1
UN-UNOEVIXT) apytxT) XVNTLIXY) EVEQYELX TwV YoouoUdTeY, ONhadh 1) Ol Un-undevixhc xivn-
T evépyetag. H ypovixr Swapopd At, 1) omolo uropet va peteniel oto pdoua pdlug, unopet
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EMOUEVKG VAL yernotponotniel Yot ToV UTOAOYIOUO TNG XIVNTIXAC EVEQYELNG PE TNV oTola To
Vpaopata anehevdepdvovtor. Amodevietor 6Tt auth 1 xvnuxy| evépyeta (kinetic energy,
K) diveton amd tny e&iowaon:

(At)?[ns]z2(AV)? [V/ch]

8d[cm|m[amul]

K[eV] =9.65-107" - (2.2)
omou At 1 ypovixt| dLopopd PETUED TV forward/backward cuviotwody, z 1 TOAMATAGTY-
0 Tou @optiou Tou Ypadouatog, AV 1 Sapopd Suvauxol uetall repeller/extractor, d 1
OmOG TUCT) UETOEY repeller /extractor xou m 1 pélo Tou VpadouaTog.

Yy mepintwon mou to LdmMAd Sleyepuévo TaTEO WOV oTdel o 600 wévo VpadouoTa,
dnh. [P] P — Ant L BPY efvor Suvatd var umohoyiotel xau 1) ol omereudepwuév evép-
vew (Kinetic Energy Release, KER) xdvovtoc Yenon tng oy g BLaTAENONG TNG EVEPYELIS.
Telnd mpoxdnTeL:

K gn+[eV] - mpp+ [amu] _ Kppr[eV] - mgn+ [amu]

; KERBp+ —

KER s =

(2.3)

(man+ + mpp+)[amu] (man+ + mpp+)[amul]

xou mpoaveg VYo mpénet va toylel K ER gnt = KFERpp+. Bdoel tng teieutalag eiowong
elvat, ETOUEVKG BuVaTo var TowToTomnouy Vpadouate TOU TEOERYOVTUL ad TO (BL0 XaVahL
oLdoTooNG.

LNy mepinTeon Tou To LOVTH TEOXUTTOUY UE WXEY| 1| UNOEVIXY| XtvNnTiXY) EVERPYELX, TOTE
@pTdvouv dAa o YpaouoTa TNV Blar YeoVIXT OTLYUR, xot GUYXE0TOOY £TOL Uio LOVO x0puPT
axpBoe oty Twh m/z Tou aviotolyel oto Ypadoue. o topdderyua oto oyfua 2.11f(c)
TO OTAS POPTIOUEVO TUTEIXO LGV TOU optaxol 0&uyovou Oy ou BeV EEL apytxy| XvNnTIxT)
EVEPYELL, OUYXPOTEL ubvo pla xopuen otny twwh m/z = 16.

Yy nepintwon e xddetne modwong e déoung laser we mpog tov d€ova Tou ToF Ta
LOVTOL UE UNOEVIXT) XWVNTXT| EVERYELYL, Vo GUYXEOTAGOUV Uiot x0puUPY|. Axdun Oume xon oToy
o VpodopoTal TORAYOVTOL UE UN-UNBEVIXT xivnTixt| evEpyela Yo TAVOUY TaUTOYEOVY GTOV

OVLY VEUTH, OTIC abveton oTo oyfua [2.12)

Ynv Bavixn tepintwon ooy mopatneeiton diéxpion oe cuviotwoeg forward /backward o-
vapéveton autée vo efvan 1oobAc (oyfua2.12)). Stnv mparyuotixdtnTo GUmS, avdhoYa UE TNV
Sropopd Suvapixol AV petald repeller /extractor xou dpo Tov TpdmO E0TNONG TWV LOVTILY,
oL 6U0 XOPLPEG OEV TEOXUTITOUY [0eg. LTO Oy AU yio ToEddeypa, ebvan Qovepd OTL oL
forward cuvioTtdoec eivan 1oyvpdTERES OE oyéor e Tic backward. Auté onuaiver 6Tt Ta Ypo-
UoPOTA TOU 6UYXEOTOOY Tig backward cuvioTMEES BEV YTAVOUY OAXL GTOV AVLYVEUTY| LOVIWV.
Emiéyovtog yeyahitepn diagopd duvauixod AV eivon mdovd va mpoxdpouv 1oyupdTeRES ot
ouvio twoec backward.

2.3.0.4 Pdopa palag VTS TNV ENBPACT UE ACVUKETEPO TEdlo—TapdueTeog B
LTV Topdypapo ouUTY| TEQLYEUPOVTOL OL TELQUUUTIXEC TUPAUETEOL TOU EVEYOVIUL GTNV

xataypagry Tou TOF gdoyatog pdlog evog poplov mou oAAnAemdpd Ue acOUUETEO Tedio
laser.
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Y10 oyfua (oc) nopouctdletan éva utodetind gdopa paloc Ypadopatoc A ou mo-
edyetan an6d TNV didomact evog poplov AB 1o omolo axtivoPoleitan ue laser cuyuetpo0
TpogiA, 6w yio Tapdderypa Eva tedio laser plog uévo cuyvéTnTag w 1| xou evog Tediou laser
000 ypwudtoy w/2w Y ¢ = 7/2. Emnkéov unotdétoupe 6Tt ol cuvirixec eotioong elvo
tétotec €tal Hote ot dUo xopupéc forward/backward vo eivar {oec. Ilocotind owtd mepl-
YedpeTon and To YBudOY TNC ETPAVELNC XATe Amd TNV XAUTUAN xdde xopugrc, dNAadY| To
ohoXAHpwUa Tou ohUoToS, €0Tw Y, Y, (Ypoupooxtaouévn tepoy ). Autd elvon amotéheouo
TOU LOVIOUOU [E fom amddoor Twy Tpocavatohou®y AB o BA.

(a)

E o=m/2 Y:=Y, AAL
'icp A_BE forward A A backward

| Ai— | m/z

(®) E. o0
MCP :
I A-B

(v) E o=n
MCP =

Yyfuo 2.13: Eynuotixr| ovamopdoTtaon Tou Qacuato Udlac evog YoaloUatoc OIS TEOXUTTEL UE
(o) oxtivoBohnom pe ouppetexd laser xou (B) ue aoduueteo nedio laser.

Yy neplntwon axtvofdinong ue medio w/2w xat yio ¢ # /2, Aoy Tou Qorvouévou Tou
ETAEXTXOU LOVIOUOU TIoU avamTUYINXE oty EVOTNTa , ot xopugéc forward/backward
oev Va elvar mhéov foeg, xodwe To medio Yo tovI(EL AmOBOTIXOTERN UOPLY CUYHEXQIIEVOU
pocavatohouol (oyfhua 2.13{(B),(v) ). ‘Etol oty mepintwon mou o medio w/2w éyet p =0
(¢ = m), dnhadh xatevduvon we meog tov (avtidetn Tou) aviyveuth Wvtwy, tovilovto
anodotixdtepa To ubpta tpocavatohopot AB (BA). To gouvéuevo autd edxoho mopatnpeiton
o710 Qdopa pdlac xadng Yy > Y, (Y < V).

O emAexTindg LOVIOUOC TEPLYPAPETUL TOCOTXE amtd i TUPAUETEO aoLUPETELNG, TTOU GTO
e&hc Vo avagépeton mopduetpog 3. H napduetpoc B opiletar and tnv e&iowon [41):
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Y-y,
Y 4Y,

5 (2.4)
xou mpaxTixd amexoviler Ty avtiteon (contrast) petall twv xopupwy forward/backward
yia xdde Ypadoua.

Eivar govepd 6t 1 mopduetpoc B elvon cuvdptnom tng ¢dong ¢ Tou Tedlou w/2w. Eneion
e, N xatevYuvon tou medlou w/2w oxoloudel NUITOVOEDH cuvdptnon We mepiodo 27, 1
xopmOAN B(p) Vo ebvan eniong pio nuitovoednc ouvdptnom.

2.3.1 XVotnua ‘Aviinong

O gacpatoypdpoc udlac Aettovpyel oc cuviixeg uPnhol xevol. Tumixée Tée micong
unoPdidpou oto EcKLTEPIXG TOU PacuaToyedpoy elvar ~ 2 - 1077 mbar. T v eniteudn
Ut TS TS Teong, To cUoTNUA avTAeiton cuVEYKDS amtd 6V0 avTANTWXE cuoThuata. O
YGpoc oM nAenidpaone avtieltar omd pior oavtiio dtoyvoews hadtol (diffusion pump, Varian
0184) pe wavétnta dvtinong 2400 1/s, n ontota unootneiletar and pio neplotpoPixy avtAio
(Adixen,Pascal 2021 SD) nou éyel mpoeTodoeL Tov yohpo ot Tieon tne wEng twv 1073
mbar. Meta€) TV 600 auTtdy avTALOY, UTdpyel Tayldo LYEOL aldTOU Lo Vo OTOTEETEL
TNV ELGEOT ATUOY AABLOY amd TNV avTAlar Sdyuong oTov yweo aAinienidpaons. O ywpog
¢ «eAedepng amd medloy meploy g avtieiton and plo poptaxr| avthio (turbo, Varian model
9698919) pe avtanuxn iavdtnta 270 1/s, 1 onolo unootneileton amd pio teptotpopixy eniong
avtila (Speedvac, Edwards) .

2.3.2 Auwdtalr sioaywyng Tou poplaxol dSelyupatoq

Ytov gaopotoypdpo udlac undpyet xatdhhnhn didtaln dmou cuvdéeTtar 1) QLahn/yudhvo
PLaAldlo o TEPLEYEL TO HopLoxd Oelyua xat 1 omola xatahYEL TNy o1tr) Tou omTtxol repeller
(OXY’W.O( . O ywpoc 6mou tomoveteiton 1 chdc)\n/To Yudhivo @LaAidio, yweiletoaw and Tov
X ®eo alnhenidpaomng pe BakBido xevol pe axida, ondte eivon duvatd va amopovekdoly ol 5Uo
Teptoyéc xatd TV akhory?) Tou delypotog ywelc va emnpeaoTel 1 younin tieon (xevo) otov
paopatoyedpo. H eloaymyr tov poplwy otov yopo ahknhentidpaong yivetar U€cw dLdyuong
xan ) e0duwon g emupnThc leong xuTd TNV SLdEXEL TOU TELRGUUTOS YiveTal U0 TNG
BorBidag xevou.

Kdmow and to poplaxd detypota mou uerethdnxay Bploxovtol, og Yepuoxpaoia dwuatiou,
otV aépla PAoT) €V xdmol dhhot oTNY LYer xou Topouctdlovy LdnAR ttnuxdTnTa. To
Hoptoxd Selypoto ot aépta pdomn ebvar To povoleldio tou dvipoxa CO (Sigma-Aldrich, 99%),
0 poptoxd dlwto Ny (Linde, 95%) xat to witpwdec ofeidio NoO (Fluka, 99.998%) o
BNMNO (Cambridge Isotope Laboratories Inc., 98%) xou nepiéyovron oe @uihn n omolo xou
ouvdéeTon amevlelag oTNY XaTdAANAT VéoT oTov Yacuatoyedpo udloc.

To poptoxd delypata oe uyeh pdon ebvo 1 uedavorn CH3OH (Fischer Scientific, 99.99%),
CH30D (Sigma-Aldrich, 99.998%) xou to tohouoho C¢H;CHj (Sigma-Aldrich, 99.998%),
CeD5CHj (Sigma-Aldrich, 99.998%), CsD5CD3 (Sigma-Aldrich, 99.998%). Tonodetolvto
o€ yudhivo xodapd @LAidlo, To omtolo énelta oLUVBEETAL GTOV QuoUaTOYEApo udlac. Tlpoxel-
UEVou va amopoxpLVIEl 0 aTHOCPUEOE AEPAC TOL TaYLOEVETOL OE aTd axohovdeiton 1) e€hg
oadixaota.  Apyd To (rakidio POyeton e€wtepind Ye LYEG ALWTO, OTOTE X0k TO UOPLIXO
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octyua mayovel. Avolyovtag tnyv PoABido mou yweilel Tic 6Vo eployég elvon SuVTO VoL o-
viinlel o atuoopouipdg puovo afpag. XTNV GUVEYELX, XoL UE XAEWGTH TALov TNy BoABida,
1 oucio agrveton va emavéldel o Yeppoxpacio dwuatiou xon doa oTny VYRR QAOT, OOTE
VoL amEYHAWPBLOTEL TUY OV aTocpuExog adpac. H dladixaota auty| emavahauBdveton apxeTég
PORES, UEYPLC OTOU VoL amopoxELVIE! TAREMC O ATUOGPUEIXOS UEQOC OO TO LOPLOXO DElY L.
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AnoteAécpata-2LiNTNOT

Yo mhadota TN Topoloog epyaotac MEAETHUNMOY UE TNV TEY VXY TOU AGUUMETEOU TEBiOU
w/2w 8o ouddeg poptwv. H mpntn opddo nepthau3dver avopyavor SLaTouixd xoL TELITOULXS
uopta. Adyw tng amholoTERNg BOUHS TOUG O UNYOVIOUOS aAMNAET{BpaoNg yiveTon o elxoha
xatavontoéc. Ta poproxd delypota mou pyekethAvnxay etvar To povoleidio tou dvipoxa CO,to
woptox6 dlwto Na, xou 1o vitpeddeg oeldio NoO. Emhéydnxay xatdpydc Swutouxd poeta,
éva eteporupnvixd (CO) xou éva opomupnvixd (Na) tor omola pog €dwoay Ty BuVATOTY-
ot vor eEAEYEOUPE TUYWOV BLaopéc GToV Unyaviowd alknheniSpaong pe to medio w/2w Bdoet
Tou HOMO xdie poplou. Emimhéov enedr to poptaxd autd ocucthuata €youy uehetniel e
acUUUETEO TIEDiO Mo BLAPOPES EQELVITIXEC OUADBES, HTay BLUVATO Vo GLYXELIOVY Tol TELUA-
NG AmOTEAEOUOTE Yog ME Tar RON Onuocteupéva oTtny Oledvy| BiBAoypagia. Mtny cuvéyeia
1 UeRéTN emextdinxe o€ éva ypouuixo teatopxd uoplo (N2O). ‘Eyovtac xatavorioer toug
Baotxolg unyaviopols aAANAETdpUoNG HETE amd TNV UEAETY) TWV ATAOUC TEQMY AUTWY HOPLO-
AWV CUCTNUATOY, EOAOYA, 1) HEAETY) ETEXTAUTXE OE ToAVTOUX ubpLa. H deltepn xoatnyoplio
EMOUEVLG, TEpLhouBdveL TohvaTtouxd opyovixd popla. H yehétn emxevipwinxe oto udplo
¢ pedoavorne CH3OH xan tou tohovoriou CeHsCHs.

Ot 8Y0 ouddee poplwy, avopyavemy xal opyovixwy, Yo avarntuytoly oto endueva 000
xEQAhona EEYWELOTA. LUYXEXQWEVA, TO XEQPAALO 3 VoL APLECWUEVO GTOL AVORYAVOL UOEL,
EVK TO XEPIANLO 4 GTA OPYAVIXI.
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Kegpdiawo 3

ANNAETUOpACT) AVORYAVWY LOElwY
UE LoYLed acVuuETpa Tteola laser
w /2w

3.1 Movoieidio touv Avipgaxa, CO

To yovoediov Tou dvipoxa elvon €va TOAUERAETNUEVO HOELO TOGO VewpenTixd, 600 %ot
TELpooTIXG Xxarddg ebvon évar omd Tor amhoVoTepa wopta. Tlpdxetton yio évar Blatouxd etepo-
TUENVIXG PPt PE YEWUETo Tou poptoxol tpoytoxol HOMO tinou o [I]. To yeyovéc 6t
elvon OLITOULXO XAVEL TNV UEAETT) TOU LOVIOUOU TOU PXETA EUXOAOTERT xo®S AUTOG UTOEEL
Vo EpLypagel amd Ta OLdPopa LOVTERX LOVIGUOD Uixp®V opiev. (2¢ amoTéAeoud oL BLdpOopES
otadepée, OTWS Ty, 1) OLTOAXY| POTY} TOU, 1] TOAWCYOTNTO X UTEPTOAWCYLOTNTA, €YOUV
umohoyto el Yewpentind xou petenvel Telpapotixd.

Yy nepintwon oA NAETIBpooNg P Ao OUUETEA TEDLN, TO HOVOLEIBLO TOL dvipaxa amOTEAE!
NV ageTneio Yo GAoug Toug Tapamdve Aoyoug. To yeyovog de 6T ebvan eTepomuenVIXG, AdveL
TOAD €0XOAN TNV TEWOUATIXY SLdXELOT TNS EEAETNONE TWV BLapOEKY YeaUoUdTWY and TNV
@don ¢ tou Tedlov w/2w, ot éva pdoua udlac (BA. evétnto 2.3.0.4). Meéypl ofuepa, €yet
uehetniel amod Sidpopeg epeuvNTIXES ouddag oL acyololvTal Ue acVUUeTea Tedio laser, ue
amotéheoua vo anoteAel Eva mpdTuTo Boduovéunone tTne @dong ¢ Tou Tedlou w/2w xan o
T0 ANOYO auTO UEAETHUNXE TIEWTO.

Pdopa wdloc CO petd and axtivoBoAnocy we nedio w/2w évtaong I~ 1.5-10%
W/cm?-Badpovéunor gdong ¢

210 oy gofveTton To pdopo UAlac YeOVOU TTACNC OTWE XUTOUYPUPNXE UE TOV (o
ouatoypdpo udlag tou Iavemotnuiou Iwoavvivev.

To nextpwd nedio oto ToF puduiotnxe oe younhh i (Viep, = 3600 V, V,, = 3400
V, AV =200 V, E ~ 72.2 V/cm) étot dote va audndel 1 Soxprtind| ixavdtnro petall
0V xopueov forward /backward. Ilapdia autd, Adyw tou yaunhol opoyevoic tediov atov
Vdhopo ahinhenidpaong, elvor BuVATOV Loptaxd YoodoUUTA VoL UNY QTAVOUY GTOV ALY VEUTY|
xaw vo. yévovtor. Emmhiéov, n évtoon tou mediov w/2w puduictmxe ~ 1.5 - 10 W/cm?.
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Eyfua 3.1: To gdoua pdlag ypodvou tthone Tou hovoiewdiou tou dvipoxa CO xotayeypopuévo yia
évtaon I ~ 1.5 - 10 W/cm?,

Kdrtew and tnv enidpaon woyupol mediou éviaong ta poptor Tou Jovoleidiou tovilovtal xou

0N YoUVToL GE OLIOTUON:
comPt ot 4 ort (3.1)

Eivar oOvnieg otnv Biaoypapior xovdha t€tolou TOTOU Vo TepLypd@ovTal oand TNV ou-
vropoypogpio (n, p). Enl nopadelyuatt oto xavdh Sidonaone CO(1,0) npoxdntel To amho 16v
Tou Gvipaxa CT xou apdptioto atouxd o&uydvo O.

1o xotayeypoupévo gdopo paloc tou CO 1o matpixd 6v COT (m/z = 28) eivon 10
ETUXPUTESTEPO O, EVE Tor poptaxd Ypadopata Ct (m/z = 12),0% (m/z = 16) eivon nold
uxpdTepa. Autd elvon avapevouevo Yoo TNy ahknAenidpact pe unepPpaycic maAuolg laser,
#x0¢ 0TS OYONAGTNXE 0TO XEPdAaLo TNS Vewplag, o toviopds Tou Poplou eltvar 1 xuplapym
otadactor xou o€ TOAL UixpdTepo Bardud 1 didonaor. Xto @doua pdloc eggaviCovion Tapaot-
wwd ofpata vepol HaO (m/z = 18) xan poplaxot aldtou Ny (m/z = 28) Moyw tng nieong
unoBdidpou oto Vdhopo, xadde xou ta Ypadouata autdyv N (m/z = 14), H (m/z = 1).

v mpoywEY|COUUE GTO YUVOUEVO TOU ETLAEXTIXOU LOVIGUOU Yol TO UOpLlo autd, Yo TeETEL
TewTo vo Bardpovouricoupe TNy @don ¢ tou nediov w/2w. H dwdixaocta tne oduovéunone
Oev ebvan oA xou TNV Wavixt tepintwon Yo émpene vo tparyuatonotniel tehelwe aveldotnta
OO TO TELRAUAUTO LOVIOHOU TV UTO UEAETN popinwv. O Adyog elvar 6Tt tar didpopoar poptaxd
Ypadopata Tapouctdlouv eEdpTnon amd TNV Gdon ¢ 1) omolo 6eV eivon LOVOCTUAVTY), dhAd
umopel va tporonomndel avdroya pe TV €viacr oty omolo mpayuatonoleiton To melpouo
[65]. Me dhhor Aoyior €yer onuacio 0 unyaviolds mou odnyel atny BLEoTACT TOU UOoELoXOU
ToTELXoU 1oVTog. XopaxTneloTixd elvon To mopdderyua Tou poptaxol deuteplov Dy, Ou Ray
et al. pehétnooy To CUYXEXPYEVO WoELo uE acUPUeTeo Tedio laser w/2w mapduolag évtaong
X0l YEOVIXNG OLPXELS UE OUTE TTOU YEYNOLIOTOLOUVTAL GTNY THpoLoa EQYAcia [72). Xy
e£dpTNOoT TV THEAYOUEVKY VpaUCUETWY amtd TNV QacT ¢ QuiveETon OTL auTd OEV axoroudoly
TévTa TO PEYIOTO TNG aoLUPETPloG Tou TEd{ou w/2w, Snh. Bev elvon péyltota Yo TIC axpoleS
Téc p = 0, ¢ = 7, ahhd ennpedlovtan omd Tov pnyoviopd didonaong (bond softening, above
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threshold ionization, rescattering). Kpeivetar hoinév anapoitnto vo Beedel évac aveldptntog
TeoTOC Pordpovounong €1ol WoTe 1) @dor ¢ va ebvan uio otadepd xon Oyt pio TapdueTEog Tou
TpoPBAAUATOC.

[ot v avTyetdmon Tou tpofifuatog autol ot Li et al. xatéypaday tny e&dptnon twv
EXTEEUTOUEVLY NAEXTEOVIWY omd To euyeVES aépto Tou Zévou (Xe) dtoav autd oxtivoBoleito
ond medlo w/2w ypovixhc didpxetag 45 fs [1]. KoatéinZoav oto cuunépacuo 4Tt tor NAEXTROVLOL
ToEoLGAloLY BLUPORETIXT ECJOTNOT OO TNV PACT) AVAAOYO UE TNV XIVNTIXH EVEQYELXL TOUC.
Me dhha Aoy, o unyavionog mopaywyhc xdle gopd e€uptdton SLapopeTind amd TNV QAo
. Tehxd, cuyxpivovTag TELCUUUTIXNG ATOTEAEGUOTA UE TOL VEWONTIXMS AVOUEVOUEVOL XATENT-
Eav oty Poduovouon. XNTny GUVEYELL TEOYMENOAY GTNY UEAETY TOU LOVIOUOU Tou popiou
TOU UoVOEESiou Tou dvipaxo xou xATEANZAY OTO GUUTEQAOHO OTL To THUEOYOUEVY HECK TNG
pwtodidonaone CO(n + p) wvtnd Ypavopoto C*F (OPT) nafpvouy v péylotn s toug
v ¢ =7 (¢ =0). To cuunépacuo aUTo Elval GE GUUPWYIOL UE TOL AVUUEVOUEVOL A6 TO UO-
VTENO TN TROCEYYIOTG Loy ueol nediou mediou yia to wdptor (MO-SFA) xardcde xan to popLoxd
uovtého ADK (MO-ADK).

Boowlbéuyevol oe auth TNy PEAETY, OTO UTOAOLTO QUTHG TNG OWaxTopxNg SlaTeB3ng, 1
Baduovounon tne gdong yivetar pe Bdorn to ubdplo Tou povolelsiou Tou dvidpoxa. H qdon
¢ = 0 optletan vo avTioTolyel 0TNY TMERITTWON ToU T0 AcUUUETEO Tedio mapouatdlel uéyioTo
xa €yel xoteLIUVOT) WG TPOC TOV AVLYVEUTH LOVIWY, EVG 1) QAoT @ = T oTNV TEPimTwon
mou 1o Tedio w/2w mopouctdlel péyiotn acuuueTpla oe xateduvon avtidetn autic Tou
VLY VEUTT).

To pouvouevo tou eTAEXTIO) LOVIGUOU TPOCAVATOAGUEVKY Hoplnv ulvetal xodopd e
0V0 @douato udlag Tou xUTEYEAPNoUY Yia TIC oxpale TéS ¢ = 0, = T Tou ACUUUETEOU
nedlov w/2w xau mapovctdleton oto oy [3.2().

0.014

(@) — =0

-

c

B
=
=
]
T

signal [arb. units]
asymmetry

0.010

m/z phase ¢[arb. units]

Eyfua 3.2: (o) To gpdopa pélag ypdvou ntrong tou povoiediov tou dvipaxa CO yia Tic axpales
Téc o = 0, = 7 tou TEdlov w/2w (I~ 1.5 - 10 W/em?).(B) H nopduetpoc 8 twv Ypauoudtny
CT,0". Tu repopoatind dedopéva avaraptotévion pe onuela, eved ol cuurayelc Ypoupéc etvan fitting
NULTOVOELBOUS CUVAETNOTC.

[poximter howndy (oyhAua [3.2) 6t v tnv tepintwon ¢ = 0 ovilovton anodotixdtepa
ToL ORI IOV EVOIL TTROCAUVATOMOUEV UE TO 0EUYOVO TROC TNV HEPLE TOU OVLYVEUTH LOVIWY.
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Omndre xan 1 forward cuviotdoo tou Ypadouatoc OF éyer tny uéyrotn tph. Tavtdypova 7
backward cuviotdoa tou Ypadopatoc CT noapouotdlel PéyIoTo, OTWS AVOUEVETAL YL TEO-
cavatoMopéva popla. H xatdotaon avtioteégeton Yo Ty tepinTtwon ¢ = m xadig oo,
xan ool To medlo €yel xatevuvon aviiietn we mpog TNV Yo Tou aviyveuty|, tovi{ovTal
amOBOTIXOTERA T LOPLA TOU EfVal TROGUVUTONOUEVA UE TOV Gvlpaxa oTnV xatebuvoT Teog
TOV VLY VEUTT).

H mopduetpog B meprypdger tocotixd tny €£dpTtnon amd To Ty @dcT ¢. ALmoTOVETL
OTL oL TaEduETEOL 3 Twv Vpauoudtnmy C*, O" elvon extdc pdone xotd m Yetald Toug, YEYOVOS
TOU TEPLYEAPEL TO PUUVOUEVO TOU ETUAEXTIXOU LOVIGUO) TROGAUVATOMOUEVLDY UORIMY.

Pdopa pdlag CO petd and axtivoBoArnor pe nedio w/2w évtaong I~ 5- 101
W /cm?

AvZdvovtag TNV €vTaoT Tou AGUUPETEOV TEdOU w/2w extéC amd TOV BLUOTAOTIXG ATAd
LOVIOUO TOU TaTEIXoL 1OvTog, apyiCouv va eugaviCovtor xavdAia SIECTAONE TOU TEOERYOVTAL
OO TATEIXG LOVTOL UEYORDTEENG TOMNATAGTNTOC opTiou. 'Etol oo gdoua udlag eugavilovto
xopuéc mou avtiotoyoly ota C*H O* C3 0% B0 oyfua divetun 1o @dopa pdloc yio
x&de Vpadoua yio 000 TWES TN pdomng ¢ = 0, 7.

C+ — wou |-
0 | — 40
G0 -
1%
s
“r 13
. ' . ' .
1.4 1.6 1a 120 12z 124 128 154
miz
BOD
7 | g2+ —
-E s
El anon -
o
=
oh
= 200
=
2
W
L 5 o
57 5.8 £ B0 &A "2 (%3 T T8 7h an EA a2 E%3
miz miz
—_— . —_—
3+ — i —
o - L3l
«f C 03
4
wE
o nk
.86 150 .85 400 4.05 440 445 1 G.20 6.26 .30 535 A AL G.GD
miz miz

Yyfue 3.3: To @dopa udloc ypévou mthone twv dpauoudtwy C*H 02T 031 03T 1ou povoleidiou
Tou dvipaxa CO yia évtaon I~ 5- 101 W/em? xa yio 8o pdoeg p = 0, .

Awmotovetar (oyfua 6t Ta Sudpopa Ypadoparta CF OPF e
n,p = (1 — 3) mpoxirtouv amd Bdpopa xovdhia Sldomaong, POooV TaPOUGLELoUV BLaPopE-
Txég xvnuixée evépyetoc. Ot ohxd amehevdepoluevee xivnuinée evépyeee (KER) yua xée
Yoatoua 6Twe TpoxiTToLY PYéow TNe edlowong dlvovtat oTov Tcivomoz a6 T BEQOUEVL
TOU OTOlOL DTG TWVETUL OTL 1) TUUTOTONCT TV XAVIAWY dLdoTaoNg Yo To wopto Tou CO
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ovtd Ypadopo  Kl[eV] KER[eV] vt dpatopa KleV] KER[eV]

Cct 0.41 0.72 o+ 0.47 1.10
3.22 5.3 2.66 6.20
6.07 10.6 4.19 9.77

c2 0.04 0.07 0%+ 0.97 2.26
1.23 2.20 4.94 11.5
6.15 10.7 7.86 18.3
10.7 18.7

C3t 2.00 3.43 O3t 7.03 16.4
8.60 15.0 11.1 25.9
14.5 25.4

ivoxag 3.1: O xavnriée evépyetée v pauopdtev C" 01 (n, p) = (1,3) tou poptoxol aldhTou
UET omb o TvoB6ANo pe aolpueTpo medio w/2w évtaonc Ly ~ 5 - 101 W /em?.

dev etvar e0xoT, xodde ou xvntixée evépyetec KER twv pavopdtwy C*F,0P* (n,p) = (1, 3)
0eV alveTal Vo IxavoTololy povosuavia To xputhiplo KERgnt =KERgp+. Eni nopadetyuort,
10 16v OF e KER~ 9.77 eV Yo unopoloe vo avtiotorytotei pe to tév Ct ue KER~ 10.6 eV,
OONYWOVTOC MO 0TO GUUTEPACHO OTL Tedxeltan yior To xovdht CO(1,1). Me tnv (Bl emuyet-
onuatoroyla duwe, Yo uropoloe va avtistoyndel e to tév C*F pe KER~ 10.7 eV (xovéh
dudonaone CO(2,1)). Kavéva and to 800 xavdho Bev unopel vor anoxAelo tel Ye Tic TAT-
pogoplec mou Bivel to pdoua walog xou amartolvtar €86 TEYVIXES oluntworng (coincidence)
[65],[61]. T to Aéyo autd Sev VYa npoyweNCoUPE GTNY avTIoTO IO TWV LOVTIXGY Ypow-
OUGTLY Xt GUVOXOAOLYA GTNV TUUTOTOMOT] TV XOVIAWY OLICTIUOTC.

O xoumidhec aouppetpiog S yua tor ddpopo xavdha twv Ypowopdtwnv C* 0PT (n, p) =
(1,3) mapouctdlovior oTa oy RUToL xou [3.6]

Armotédvetar 6Tt Topouctdlouy évtovn e€dptnon and TV @don ¢ tou tediov w/2w. Mu
TEOTN ToEaTENoT vor OTL X KOS 1) TOAATAOTNTA TV VEAUOUATOY AUEAVEL, XAUTOYEAPOVTAL
UEYLoTO GHTA Oyt Yior TIC oxpadeg TWéC ¢ = 0, = 7 Yo Ti¢ omoleg To medlo molpvel TNV
MEYLOTN aoLUUETElO TOL. MToV Tivaxa OlVOVTOL Ol XATOYPUPOUEVES THIES OLaPORAS (PAONG
Ap UTOANOYIOUEVES WE TPOC TO XoVAAL xavnTixc evépyelac KER=5.6 eV (KER=6.2 eV) Ttou
C* (O7).

O xotarypapouevee Blapopéc PAoelc oYeTICOVTOL UE TOV UNYOVIoUO TOMAATAOU LOVIGUOU
ToU TTEXOL 1OVTOC. ‘000 peyah®dvel 1) TOAATAOTTA QopTiOU TOU TAUTEIXOU LOVTOC Amd
70 onolo mpoépyeTtan xde Vpadoua UEYURGVEL xou 1) Slaopd pdong Ap. Autd amodideton
oe dadixaoleg mou oyetilovion Ue ToV LoVIoUS Tou TaTExol poplov. ‘Omwe avamtiydnxe
xou oty evoTnTa Tng Vewplog, évag acluPETE0C TUAULOS LoVICEL ETMAEXTXG To HOPLAL UE TO
NAEXTEOVIXG TOUG VEQOG %ot TNV dleuvoT Tou medlou, xat utd Ty undieon ot to HOMO
OV BlaTopdooeTon ONUAVTXE. T 6 TNV eldpacT Loy uEnY Tediwy laser duwe, o amAdS LVIoHOS
vt Tov omolo 1 unddeon Tou adtatdpaxtov HOMO ebvon peahiotind|, hauSdver yweo cupPBaivel
OTOUC TEWTOUE OTTXOUS XUxhoug (rise-up tou mohpol). T tic Sadixasies mou 0dnyolv oe
TOTEIXS 1OVTA UEYOADTERONC TOANATAGTNTAC, OEV elvan eUxoho vo Tpofheqiel molo Yo elvan
n e€dptnon amd TNV @don . Io moeddelypo av xdmolo TaTEd OV TEOXUTTEL UEGK TNG
otadaolog evamaoxédaone Oev elvar a priori dedoyevo 6Tl 1 dlodwaoto Yo Eyel uEyio
amodoon v p = 0 ) ¢ = 7. Emnhéoyv, n eumhoxt| nAextpoviwy and younAotepo Hoptaxd
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Syfuo 3.4: Ov xopniiec acuppetplag B v dlopdpwy xavahdy Twv Ypauopdtwy (o) CT,(B)OT.
To melpaporTind GE00UEVA AVATUPIGTOVTOL UE OTUELN, EVE Ol CUUTIAYELS YRUUUES EVOL TEOGUQUOYT| UE
nuttovoedn ouvdptnon (f(x) = Asin(x — x.) + bg)).

vt Ypadopa  KER[eV]  Ag[°] wvuxd dpadopa  KER[eV]  Ap[°]

Cct 0.7 0 ot 1.1 -29.5
5.6 0 6.2 0
10.6 -14.5 9.8 54.7

c 0.07 25.2 02+ 2.3 0
2.2 56.1 11.5 13.6
10.8 17.3 18.3 84.1
18.7 41.1

C3t 3.4 112.5 O3t 16.4 29.5
15.0 64.9 25.9 61.1
25.4 1.4

ivoag 3.2: O Srapopéc pdomne A twv Ypavoudtev C 0P 1ou poplou CO. Ou drapopéc péoeic
ueteninxay we mpog to xovih ye KER=5.6 eV yuo ta Ypadopota tou C xon ¢ Tpog T0 xovahl ue
KER=6.2 eV yia ta Ypadoyata tou O.

tpoytaxd (m.y. ané 1o HOMO-1) eivon movéd vo cuvendyetor 6t 10 péytoto onpo do
nopatnendel oe Swpopetinée Twée Tic pdong ¢ [11,[64], [82].

Arnd tic Téc Tou mivoxa elvon @avepd OTL BeV UTdPYEL XdmOoLL ATAT) CUGYETION TN
xwvnTixic evépyelag Pe Tig dlapopéc pdone. To Ypadoua 3t YOUUNATC XWVNTIXAC EVEQYELNG
ToEOoUGLACEL UEYAAT Blapopd pdomng, eve Yo To Bto Ypadoua To xavdht VYNAAS XVNTXAG
evepyelg Exel apeANTEN Olapopd gdong. To yeyovdg autd odnyel oTo cuunEpacua OTL OL
AATUOTACELS TOU TATEIXOU LOVTOG amtd Tig Toleg mponhday efvan dlopopeTixéc.
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YyAua 3.5: Ot xapniiec acuppetpioc B Twv dlugdpeny xavahdv tov dpauopdtov (o) C2+ (3)0%F.
To melpopatind SedoUEvo AVATIEIG TOVTOL PE OTUELN, EVE oL cuuTayels Yeouués etvar fitting nuito-
VOELBOUS GUVARTNOTC.

Iopd Ty Ortap€n v Srapopndv @done Ap dha to Vpadopata C™F nadpvouv Ty uéytot
T ToUg Yt @ = m, eved Gha ta Vpadopata OPF yia ¢ > 0 yeyovoe mou ebvar ouufBoatd e
T poBrédeic tou poviéhou MO-ADK xou MO-SFA [11], olugpwva ye ta onolo tor popto
Tou toviCovtal amodoTIXOTERA EfVAL AUTE UE TO NAEXTEOVIAXO TOUS VEPOS TROCUVITONOUEVO
avtideta tne xateduvone Tou niexteixol mediou. Tlpdxettar emouévme yior TNV TEWUUATIXT
amOBEIET) TOU EMAEXTXOU LOVIOHO) TEOGAVATOMOUEVKY Lopiny Bdoet Tou HOMO.

e xdle mepintwon ouwe, 1o Bacixd cuunépacya amd TIC TWWES Tou Tivoxa elvan 6Tt
o xavahia xavnTixey evepyelny KER=0.7 eV xaw KER=5.6 eV tou anid gopticuévou Ypa-
UOUUTOG Ct dev Tapovotdlouy dlapopd @done Ap. Mropoly enopévewe va yenowonotnioly
yioe Ty Borduovounon tne @dong ¢ Tou acUUUETEOL TEdiou w/2w.

3.2 Mopraxd Alwto Ny

To poplaxd dlwto eivon Evar BLITOUIXG OUOTUETVIXG HoELo. AUTO oraivel 6Tt Tapouatdlel
ouppetex yewuetela HOMO (BA. évieto oto oyrfua X0l CUVETIMS OEV €YEL BLO Olo-
xpLtolg miavolg TpocavatoMopols 6Tto Yweo. Tlapdia autd, und Ty axtvoBdAncy| Tou ue
0oVUUETPO TS w/2w Tor maporybueve podouata Topouctdlouy AoUUUETPIES GTaL XavVEALa
ota omola evéyeton aclupeten xatavour goptiou (charge asymmetric channels), onhadh
XoVEALYL TOU TUTOU:

N§n+p)+ — N"* + NP¥ £ p. (3.2)
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Syhua 3.6: O xapmiiec aouupetploc B v dlagdpwy xavohdv 1oV dpauopdtov (a) C3+,(3)03F.
To TelpopaTind SEGOUEVH OVUTUPLO TOVTOL UE GMUELN, EVE) OL XOUXIVES CUUTIUYELS YPOUMES Elvol TpO-
cappoy! e nutovoedy) ouvdptnon (f(x) = Asin(z — x.) + bg)).

Axohovdovtog Tov cupfoliopd mou ey dn oty EvoTNnTA T xavdhior outd Vor cuBo-
Alovtar w¢ (n, p).

Y10 oyfua diveton To pdopa udlac ypdvou nthone o T Ypadopota N, N2 N3+
TOU oLV alMTOU TOLU TEOXVUTTOUY UETA amd axTvoBOANCT Ue TO TEdio w /2w. Tautdypo-
Vo e TO Uoptoxd detyyo Ny 0T0 olotnuo elodyetar xat Uovoleldlo Tou dvipoxa Yo Ty
Bordpovounon tng @dong .

Ou tdoec twv repeller/extractor oto ToF evlulotnray otig Twég: V. = 3400 V, V, =
3000 V evé 1 évtaon tou medlou w/2w pudulotnxe pe (oo oty T L, ~ 4 - 10" W/cm?
xon Ip, &~ 210" W/em? (L ~ 6 - 10" W/em?). H nopdpetpoc v mou avtiotolyel o€ auth
v avohoyia Tediwy etvan & 0.67 (nopdptnuo 7).

To xatmdeht oviopol yia To woptaxd dlnto eivor I P = 15.58 eV. ‘Onwg eivon goavepd oto
O)gﬁpcx 1 évtaon tou nediov w/2w apxel Yo ToV LoVIoPO ToU TaTEiXo) LOVTOC UEY L Kol
N5

TavTtonoinom Ty XAVAALGOY BLACTIACYS TOL Nt

H toutomoinon tov xavahidv mou eugaviCovton yia xde poplaxd Yoadouo EYve yon-
OLUOTIOLOVTAS TNV oY1 BlaThENOT Opunfc Xou EVERYELNS, UTOAOYILOVTAC TNV OMXE AmEAEU-
VYepoluevn xvntxt| evépyelr KER (e&iowon . XTov Tivoxa otvovTal ot xvnTinég
evépyeteg Yo Tar Ypaopota oawtd. To xavdhe NT(1,0), N2 (2,0) mopovoidlouy pixpt xi-
vt evépyelor xodmg To €val EX TV 000 YpououdTwy Bev QEpEL popTio, OTOTE Xou OEV
UTBEYEL NAEXTEIXY dmewon YeTad) Ty dVo atéuwy N tou cuyxpeotoly to ubpto. To xavdhio
N*(1,1) xou N2¥(2,2) etvor ouppetond. Autéd onuaiver 6Tt to avtioTorya Toporybueva Ypo-
Voparta N xan N2+ Yo xoTorypaoly oTtny (Bl Véom oTo @doua udlag CUYXEOTOVTAS TIG
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Syhua 3.7 To gdopa udloc ypdvou nthone twv Ypauvoudtwy Nt N2+ N3+ 1ou popiaxot aldrou
OTWS TPOXVTTOUY PETE amd oxTvoBoAnon pe to medio w/2w. Xto oyrfua divovtow eniong xat To
XAVAALL OLACTIAOTG.

xavéht (n,p)  KleV] KER[eV]

N*(1,0) 0.3 0.6
N*(1,1) 3.1 6.1
N*(1,2) 5.8 11.6
N2+(2,0) 1.4 2.8
N2+(2,1) 5.7 11.5
N2+(2,2) 9.5 19.0
N3+(3,2) 7.9 15.7
N3+(3,3) 9.2 18.3

ivacoc 3.3: Ouxvninée evépyeiée twv Ypauopdtov NT N2 N3T 1oy puoplaxot aldtou petd ond
axTVOPBOANOT Ue aoUpPETEo Tiedlo w/2w évtaomng L &~ 6 - 101 W /em?.

xopugéc forward/backward (m/z = 14), m/z = 7 avtiotoyya). To xavdha NT(1,2) xou
N2%(2,1) mpoépyoviar amd xowh xatdotoon totexol Wvtog (precursor state) xou ouyxe-
xpyéva Tou TEITAG PopTiouévou TaTetxol Wovtoc PP xou tpoxintouy péon Tmv dladixaotdv
POTOOLAOTAOTG:

N3+ — Nt 4+ N?* (1,2)
N3+ — N** £ N* (2,1)
[Tpdxettar ouolac Td yior TOUG BUO TAVOUE TEOCAVUTOAGUOVS TOU {BLOU XUVUALOU %ot Yial

Tov Aoyo auto Ta mpoxumtovTa Ypadouata €youv dla KER. Télog to N3+ Tapouotdlet 600
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xavéha, o ontolar éyouv tautontomdel oto N1 (3,2) o N?*(3,3). To xavdh N3 (3,3)
TOUTOTOLAUNXE XEVOVTOC YENOT ETUYEIRNUATWDY TNG XOToypopOUeVNS acuppetplac B (BA. ma-
poxdiw). EVhoyo enopévec to deltepo xavdht tou N3 yopoxtnpeileton o to N**(3,2). Na
onuetwdel e8¢ 6Tt 670 @dopa udloc dev epgpaviletar To avtioToryo xavdh N3+(2,3) mou va
oucatoloyel auth TNV TawTonolnon. Buvaxdrouda Yo purnopoloe vo unotedel 6Tl TEOXELTAL
yioo To xavéh N31(3,0) 4 to N3%(3,1). H mepintwon N3¥(3,0) clhxoho amoppinteton xo-
VG Ao OUUETE XAUVIAAL POETION UE TOGO UEYEAT| BLopopd PopTIoL UETAEY TV TPy OUEVHY
VpauoudTev 0ev TaputneoLvToL eV Yevel. Emnicov n xvntixd evepyeta elvor apxetd ey dAn
(v~ 8 eV)yio va mpoépyetan omd xavdt Tov odnyel oe poptiouévo-apbdetioto Levyos. Me
v (Bl emyetprpoatohoyia, 1 tepintwon N**(3,1) anoppintetar enione.

210 oyfua OTNUEIOYOVTAL ToL XAVEMAL OIHOTAONG OTWE TEOEXLVYAY UE TNV TRV
aVEAUOT).

Koapnbieg aocvppetplieg 5

To pdoparta pdlog yior To tovTixnd Yeadopata Tou Hoplaxol al®Tou Taeouctdlouy Loy UEEg
ACUUPETPIES YLt TIC OLAPOPES THIES QAoNG ¢ Tou TEdiOU w/2w. Yto oyhua dtvovtat
ot mapduetpol acuuuetploc B vl T xavdie v Ypowopdtwy Nt N#T N3+ Se xdie
Yednuo Eyet oupmeptingVel xar 1 xounOAn acvupetpiac B tou CT ou tpoxinteEL and TV
owdomact tou CO To onolo evumdpyel oTo Yweo ahknienidpuong xat yenowonotfinxe yio
Vv Badpovounon e gdong . Alvetan eniong To 0hOXAHEWUA TS XOPUPNS TOU TATEIXOU
Wbvtoc NJ cav CLVEETNOT TNG QPAOTE Y. LNUELOVETAL OTL VLo TNV XATUYRUPT] TOU GHUATOG
TOU TUTELXOU LOVTOC 1) €VTAoT) Tou TEdiou w/2w ToEEUEVE 1) (Btat, M) TlEom Ouwe oTov VdAouo
oMnhenidpaone tou ToF peiddnxe onuovtind, €tol OOTE Vo Unv UTHEYEL XOPECUOS TOU
OHUATOG.

Mo TpcyTn Topa TN XOLTWMVTAS TOL YEAUPYULOTO TOU Oy AUATOC elvo OTL ToL GUUHETEWXS.
xavéhor N (1, 1), N#(2,2) xou N3¥(3,3) dev napovctdlouvy acuuuetpiec »¢ Tpoc Thy gdomn
¢. To yeyovodc autd dixawohoyet xou Ty Tautonoinot tou xavehol N3 (3, 3) we cuupetend
HOVEAL.

Emnéov, etvar pavepd 6Tt 10 mtatpind 16v N nopouctdler TohavioTind) SULTERLPOpd e
ouyvoTnTa Bimhdota (€0t 2w) authc Ty Ypavopdtey (Eotw w). Lto xepdhao e Vewmplog
€YIVE XAUTOVONTO 6TL T Bldipopa poplaxd Ypadouato axoroudoly Ty xotebuvor Tou Tediou
w/2w. Evloya hondv umopolue var avTio TOLY{GOUUE TNV GUYVOTNTO T UE TNV OUYVOTNTO
odhayhc Tne xatebuvong Tou medlov w/2w. BNuverdyeton emouéveg, OTL 1) cLUYVOTNTY 20
oyetileTal HE TNV CLYVOTNTA EUPAVIONS UEYLOTOU TAATOUS Tou NAexTexol mediou. ‘Eyovtog
QUTO UTOYPLY UTOPOUPE VO XOTAVOHOOUUE TNV EUPAVION) CUYVOTNTISC 200 GTO OAOXATIPWHUEVO
ofua ou N3 To matpxd 16y clugpwve e to povtéra toviopol MO-SFA xou MO-ADK ro-
pouctdlel puiuo Loviouol avdhoyo Tou exleTixol Tng TeTPaywVIXAS pllagc TN Teltng divoung
NG EVTUOTG (~ 613/2, e&lowon . Acdoyévou 6Tt 1) évtoon I ebvan avdhoyn tou teTpa-
yovou tou mediov E (I EQ), ouumepatvoupe 6Tl 0 toviopos Yo efvan amodoTixdTEpog 6Tay
10 1edio w/2w €yel uéyloto TAdTOC, emoUévee yia Tig axpales Tée ¢ = 0, = m. Auto
UMOTUTIVETAL 0T TELRAUATIXG. BESOPEVA ¢ TahdvTwon We ouyvotnto 2w [3].

Ané g xaumiieg acupueTeiag B Twv oVTIXGY Yoououdtony, SIUmoTOVETHL OTL To Oldpopa
xovaA Topouctdlouv Blapopés gdong Ay wg TEog Tov Ct Bdoel Tou omolou €yel yivel
Baduovounon @dong. O duapopéc pdong Ay Twv Slapdpwy xavoiiky cuvodilovtol oTov
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Syfhuo 3.8: O xapmiiec acuppetploc B TV dlupdpwy xavoluody Tev dpououdtov (o) N1, (3) N2+
xon (v) N3F. (8) Ou xopumdhec aouppetpioe B twv xavodv NT(1,2), N2 (2,1) etvor extoc wdong
xatd . To melpouaTind BEGOUEVI AVATUPLOTOVTOL UE CNUELX, EVE Ol XOXAIVEC CUUTAYELS YEAUUUES
elvan TpocapuoYY pe nuitovoetds cuvdptnon (f(z) = Asin(z — z.) + bg)).

ivaxa B4l
YTov Tcivcxxoc etvon pavepd 6TL TN UpoTEEN Slapopd: pdome Ty €xel To xovdh N* (1, 0)
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xavdh (n,p)  Apl’]  [P"T]

C(1,0) 0 1+
N*(1,0) 135 1+
N*(1,2) 58 34
N*(2,0) 100 2+

N2+ (2,1) 125 3+
N3+(3,2) 156 5+

Mivaxac 3.4: O dapopéc pdone Ap TV UCUUPETPOY XAVOAGOY Twv Ypauopdtov NT N2H N3+
Tou poploaxol) alntou we tpog tov CT, uetd and oxtvoPfdhnon pe aoluuetpo Tedlo w/2w évtaone
Lot = 6 - 10 W/cm?.

T0 oTmolo TPOEPYETUL UTO TO ATAG POPTIOUEVO TUTEXO tOV. Ol XoTaYRUPOUEVES DLapOPES
PACERY, OGS OYOMACTNAE XL OTNV EVOTNTY miavotota oyeTilovion P TOV Unyovioud
loviopol tou mateixol tovioc. Koadde ol duadioxacicc molhamiod toviopol oev elvon amo-
ANotwe oagele, To poévo cuumépaoua To onolo Umopel Vo UTOCTNELYTEL Ad TNV TEWUUATIXT)
Topatienon Twv Agp, elvar 6Tt evEyovTon unyoavicpol ol omolol €youv BEATIG TN amddooT Yo
OLPOPETIXY) T TNS PAOTS .

AZ{ler €86 va oyohaotel ot T xavdhe N (1, 2), N*F(2, 1) nou dnewe avagpépdnue otny
EVOTNTAL TNG TALTOTOINONG avapépovTal oToug 600 Tavolg TEOGAUVATOAIGUOUE Tou (Blou
AAVOALOU BLoTCNG, Xou €Y0UV XouTUAES acuuuetploc B mou elvar extog @dong xatd T
ueTaC ) TOUg E]

Téhog, damotidveton 6Tt dtay ¢ = 0, avdpeca ota dvo xavdhe NT(1,2), N*H(2,1), mo
anodotixd etvor o xavdht N1 (2, 1), epdoov autd hapBdver Ty uéytot T otny xoprniin 3.
Auto onuabvel 6Tt xaTd TOV LOVIOUS PEGK TOU QPUUVOUEVOU CHRUYYOS, To NAEXTEOVIX ECEQYO-
VTOL OTO GUVEYES XUPLC UECK TOU ECWTERIXOV PEAYUITOS BUVOULXOU TOU BLUTOU0U Uoplou
(oxﬁpu agprivovTag To dtopo mou Beioxeton otny xatebuvon Tou TEdloU UE HEYUAITEROD
Vetxd goptio. Metd v didomacT Tou Tateixol poptlou, To Vpadouato PeYdAdTERNEC TOAAS-
mAdTTog Yo hpouy TNV PEYLS TN Tr Toug otV xonOAn [ dtay to ¢ = 0 (xou avtiotpogo
v 0 ¢ = 7). H B ouunepipopd mapatnpeiton xon oe Gha Tt Ao UPUETEN XOVENLAL TKV
Vpawopdtwy N*T xa N3+ ota onola to atouxd dleto peyohltepne tolamhdtntog x&de
xavorhloV Aopfdiver Ty péytotn Ty Tou yio @ =~ 0. Auti| 1) TelpapoTix Tapathenon etval oe
oupgovia ye tig tpoBiédeic tou povtéhou MO-ADK xoaw MO-SFA [11],[13]. Na onuetwdet
€0 61t ot Betsch et al. [3] oe uehétn tou Ny pe actupetpo nedio w/2w ypovinic didpxetag
45 fs xou oMxGV evtdoewy Tou xupaivovtay 1o gbpoc 101 — 10" W/cm? xatéhngav oto
ouunépacya 6Tt avdueca oo xavéhe N2T(2, 1) xou N*T(1, 2) mo amodotind etvor 6o delte-
co. Auth 1 acupgovia ogetheton THavdg oTY ECQUAUEVT, amd PEPLd Toug, Baduovounon
e @dong ¢ tou nediou w/ 2w [AT].

%10 (B10 ouunépaoua XUTIAAYOUPE Xal amd TIC TwéS Tou Ttivocxoc xod ¢ N peta&d Toug Sopopd pdone, €6Tw
A, ot andlutn Ty ebvon |AY| ~ 180°
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Eyhuor 3.9: Tpopinr) ovamoipdioTaon ToU LOVIOHOU UEGE PAUVOUEVOU GHOAY YOS YLd TO Loptoxd dlwTo
v Ty mepintwon ¢ = 0. Ta nhextpdvia e€€pyovtal 6TO CUVEYEC XUPlWE PECL TOU ECKTEPLXOV
pedypatog Buvauixol aghvoviag €tol To dlwto mou Peloxetar oty xatedduvon Tou Tedlou Ue
ueyohOTePo Vet optio. Metd Tny didonaon avouéveton Enopévng, To Ypadoua e TNy HEYAALTERN
TOMNATAOTNTA POETIOL VoL Exel PEYLOTN TWT TNV XouTOAN acuuueTelog 5.

3.3 Nutpwdeg o&eidoro N,O

To witpwdec o&eibo (1 ahhudg Lno&eidio Tou almTou) elvon €vol TELUTOUIXO, YEOUUXO
xou aoOupeTeo popto [83],[84] mou xotd tov cuuBolioud Lewis neprypdgeton wg: N=N—O.
Aebdouévou 6Tt elvar €val ETEPOTUENVIXG U6pELo e un-oupueTeixd HOMO, o unyoaviopde oh-
Anhenidpaone pe medlo w/2w avapéveton va ebvor ovtioToryog ue autod Tou Povoleldiou tou
Gvdpoxa.

210 oyfua dtvetan To @dopa pdlag Tou NoO, 6mwe xatorypdpetar UTO axTVOBOANOT
ue nedio w/2w évtaong I~ 1.4 - 101 W/em?, v ~ 0.65 xoddc xou peyedupévo Tufuoatd Tou,
OTIOU QUUVOVTOL OVIAUTIXOTEROL OL XORUPES TWV YOoUCUSTLY.

Y10 @doua palag aviyvebovial ETIONS XOPUPES TIOU AVTIOTOLYOUY OE LOVTO TROEPYOUEVIL
a6 No,Og xou HyO %o ogeihovtoan oty nieon unofdipou otov Ydhauo xevol tou ToF. Yty
uehétn tou poplou NoO ol xopugéc autég xan Wwiwg ot Na, O, anoteholy éva onuavtind
npoPhnua. Ta Ypavopata Touv und perétn detypatoc dovaror vo etvon N o O, N xau
eTOUEVLC 1) Ul aTocpouelxol aépa Tou odnyel ot (Bla tovTa umopel var BuoxoAEeL TNV
Topatienor v Ypauoudtny tou tpoépyovial xadopd ard o NyO.

Hapdha awtd, Omwe @olvetar xou 6To oYU Ol XOPUYEC N3 ,05 oe oyéon Ye To
Totex6 v N 5O efvor TOND UXEOTERES, OTOTE XAT avTIoTOLY o To LOVTOL TOU OQelAoVTOL GTNY
mleon unofdipou avouéveton vo eivon oyedov apeintéa. Evog dhhog tpdmoc TawTtomolnong
TV Ypowoudtwy Tou TaTeixol LovTog elval 1 apy T Slotienone Tne evépyelac. Trohoyilovtag
v KER ebvar duvatdy Ja dtoxprdolv ol xopugéc mou mpocpyoviar and to NyO.

Mo mpwtn nogatrienon eivar 6T 610 BITAd QOPTIGUEVO TAUTEXO WOV TIOU OLUCTdTAL OF:

N,O*f — NO* 4+ N+ (3.3)
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SyfAue 3.10: To gdopa pélac tou NoO uetd and axtvoBéinon ue medio w/2w évtaone I~ 1.4-101°
W/cm?.

T
N,O*" — NI + O (3.4)

OLOMIOTWVETOL OTL XUpLapyEl To TEwTo Xavdht (e&iowon . Auté elvon ex mpwtng OdEwe
ToEd00E0, Bedouévou 6TL GUUPLVI UE Tov xatd Lewis T0mo tou popiou Ya fitay avouevouevo
VoL OTIdEL TO omoB0TIXG O BECUOC UETAED TOU XEVTEIX0U al®Tou xat Tou o&uyovou. Ilapdia
oautd To ubéplo NoO mapouotdlel Ty WBLOTNTA TOL PECOUEPLOHOV, BNAUDY, oTny VeUueAnon
AATAOTUOY| TOU €Vl NAEXTEOVIO xiveltan avdueoa oto Tpio dtopa Tou doplou xou yY'ouTtd 1|
owotétepn xatd Lewis ypagt| tou eivor: N=NT-O~—"N="N-0, yeyovic nou Swgpopornotel
™V 1€ v deopdv [85],[86]. Emmiéov, Yewpntixol utoloyiopol Setyvouv ott, To xovdhL
didomaone Tne e€lowone ToEOUGLACEL GTY) BUVOULXT] ETLPAVELX CoyUadXd oTueio, To onoio
ouvendyeton Petovuevn miavotnto mpayuatonoinorc tou [84],[87], [88].

Tavtonoinomn xavakiwy didonaong

Y Tov Thvoa olvovTal ot XVNTIXES EVERYEIEC TV VeaUoUAT®Y XodtS oL oL avTicTOoL-
yec KER yio o xovdio didonaong mou euniéxouy Hoadorn tou deopol axptoavol aldTou-
xevtpwol aldhtou, dnh. NoOr P+ 5 NO™ NP+ (n, p). H avtiototyn tautornoinon yio o
xovaA ToL eumhéxouv TNy Ypadon Seouo) xevTpnol alnTou-0uyévou (NQO("“’)Jr —>N§+—l—
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OP*) Bev unopet va yiver ebxoha. O héyog eivon 6tt, e avopépinxe xou topandve, to -
vopoTo Ng+ 0V dloxpivovtal edxoAa AOYw TNS TAUPOVCTAS ATUOCPAUEIXO) LopLoxol al®Tovu.
Avtiotoya, ta Ypavopata OPF éyouv cuvelo@opéc 600 amd TNy SLECTION TOU ATUOCPaL-
el 0&uyovou xou Tavee xaL and auTh Tou vepol. Enopévwe, 1 mepaitépw avdAuoT twy
X0PLYPWY GTO Yoo udlag TeploobTepo Vo umepdédel mopd Yo LEBAADVEL TNV XUTAG TUOT).
Bdoel twv tudv g ohixd ameheudepotuevne xvnuxic evépyetoc (KER, eZiowon 2.3))
xel Yiver i Toutomoinom Ty xavolidy didonaong «80o cwudtwyy (two body fragmantation

(o3 B1I).

ovtid Ypavopa  xavé (n,p) KleV] KER[eV] [P](P)+

NO™* (1,0) 0.22 0.69 1+
NO+ (1,1) 2.10 6.50 2+
NO+ (1,2) 3.66 11.5 3+
N+ (0,1) 0.50 0.74 1+
N+ (1,1) 4.26 6.25 2+
N+ (2,1) 7.62 11.8 3+
NO%**+ (2,0) 0.77 2.43 2+
NO?*+ (2,1) 3.91 12.3 3+
NO%**+ (2,2) 7.25 22.8 4+
N2+ (0,2) 1.73 2.53 2+
N2+ (1,2) 7.48 11.0 3+
N2+ (2,2) 12.7 18.6 4+

ITivaxag 3.5: Ouxvnuinég evépyeleg Twv Ypououdtwy NO™ NPT 1oy uoptov NoO petd and axti-
voPOAON e aoUupeTeo Tedio w/2w évtaone Ly & 6 - 101 W/em?. O mpoxintoucec xvnmixée
evépyeleg elvan o€ ougwvio pe avtiototyes Tic BBAoypapiog [89],[90].

Y Tov nivomchivome X0 OL TOAAAUTAOTNTES POETIOU TOU TUTELXOU LOVTOC YLOL TAL XOVAALAL
(n,p). Awmotwvoupe 6t o xavdhte outd (two-body fragmentation), avtiotoryolv oe
roMamAGTITe QopTiou yla To ToTewd 1oy péyet xan [P]*T. Trdpyouv, evroltol, evdeilec
070 o UECaC TOU ATOBEYUOUY OTL ONULOURYOUVTOL Xt HEYUADTEREC TOMAATAOTNTES OTLS
.- [P]PF xou [P]%F. Autd omodemcvieTon omd Tor Yoo TNEIOTING TV PUCUATIXDV XOPUPY
TOU AVTIGTOLYOUV GTO LOV N2+ (oxﬁpoc ﬂ H xevtpun cuviot®oo Tpodhwe avTioToLyEl
oe KER=0 (onuewdveton ye umhe Béroc). H perétn tou unoxateatnuévou vitpmdoug o&etdiou
(**NMNO) nou napouctdletar o€ ETOUEVT EVOTNTA, 0ONYEL 6TO CUUTEPUOUA OTL TaL LGVTOL TTOU
OLYXEOTOVV AUTH TNV XOPUYPY| TEOEPYOVTAL A6 TO XEVTEXO dlwTo Tou poplou. MdhioTa etvor
TEOL6OVTO Xavahtol BidoTaone Ty cwudtwy (three body dissociation channel) epbcov yio
NV dnuovpeyla Toug amarteltar Ypadon xou Tewv BV decuwy Tou Yoptou. H molamhétnta tou
poptiou Tou TaTEXOY LOVTOC Tou oTdel ot Tpla Ypadopoto Vo npénet va elvon (n +p) > 4+

KaunOieg acuvppetpiog [

Kotd ty alknhenidpoon tou NoO ue 1o aciupetpo nedio w/2w xatoypdgn oy oouy-
uetplec oe dha o xovdta didomacne. o v Baduovéunon tne gdone mporypotonot|dnxe

21 nepintwon va TpoépyeTal To 16V auTé amd To poplaxd dlwto e mieone unoPddpou anoppinteTar, dLdTL oTO
xotayeypappévo gdouo wdlog e nieong unoBddpou dev napouctdleTtan
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Syhua 3.11: Ta xavéha didonaone (n,p) (NoOP P+ SNO™ £ NPF) tou NoO énee mpoxintouy
uéow tne opyfc dathenone e evépyetoc (KER). $to gdopa udlac tou tévtog N2F onpeidveton pe
umhe dtoxexoppévo Béloc n paouatind xopuer Tou avtioTolyel ot 1oy N2T npogpyduevo omd xovdh
OLAOTIOOTNG TELWDY COUATOV.

TUUTOYEOVY) HETENOT PE TO HOVOLE(DLO Tou dviipoxa. Luyxpivovtog Tic xaumdheg [ Tov Ypou-
opdtov CT xow NOT (oyhua [3.12) tou tpoépyovtar and to amhd QopTIoUéVa TATEXE LGVTaL
CO™ xau NoOT avtiotowya, eivon pavepd 6t 1o NO™ modpver tny péytotn Ty tou yio @ = 0.

06 |- Y
" > C'(1,0)
§ 04 |
g 0.3 .
E 0.2 " 1 " L " [ ] M [ ] M [ ] M [ ] M [ ] M " M 2 L 2
a -2 -1 0 1 2 3 4 5 6 7 8 9 10
8 04 - [ [ )
[ s
< 03|
02 e NO*(1,1)
L L] ) ’
01 M 1 M [l M [ ] M [ ] M [ ] M [ ] M [ ] M [ ] 3 .I M [ ] i [ i

2 A 0 1 2 3 4 5 6 7 8 9 10
phase ¢ [n]

Yy 3.12: O xopniheg aouppetploc twv Ypavopdtwy Ct xa NOT nou yenowworotfinxay yia

Vv Boduovounon tne gdong . To melpauatind SE00UEVA AVUTURIGTOVTOL UE ONUELN, EVE OL XOXXIVES
ouunayelc ypoppés eivar Tpocapuoy pe nuitovoetds ouvdptnon (f(z) = Asin(z — z.) + bg)).
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To amotéleopo autd ebvar cuuPatéd pe 1o woviéro toviopol MO-ADK xoa MO-SFA, e-
(pOGOV 0 LOVIoHOS ToU Hoplou elvol PEYIETOS OTAY TO UEYLOTO TNG XATAVOUTHG TOU NAEXTEOVLIXY
végoug elvor otny avtidetn xotedduvon autrg tou mediou [91].

Kdmoteg evdettixéc xaumilec aouppetpiog S yo ta Ypadopara NOT(1,1), N*(1,1) xou
NO?*(2,1) gaivovtor oo oyfua Efvar tpogavéc 6t 1o Dpadopata NO*(1,1), N*(1,1)
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4 5 6 7 8 9
phase ¢ [n]

-
(=]
-
[ %]
(¥4

Syfhuo 3.13: O xopndiec aouppetploc tov Ypavoudtey NOT(1,1), N (1,1) xeu NO*T(2,1). To ret-
QOUOLTIXG. DEDOUEVAL OVAUTOPLO TOVTOL UE ONUELR, EVE OL XOXXIVEC CUUTOYELS YROUUES EVOL TROCAUPUOYY
ue nutovoetdr ouvdptnon (f(z) = Asin(z — x.) + bg)).

elva extog Qdong petadd Toug, OTKG HTOV AVUUEVOUEVO, OE00UEVOL OTL Eivon TPOIGVTA TOU
(Blou xavarkiol dSidomaone (e&lowon . Emmiéov to Ypavopa NO?*(2,1) elvor oe @don ue
1o NO*(1,1). Iupdu enopévec, Eyouy dlapopetinf Tpddpoun xatdotaon (precursor state),
o [P]*F xou [PP*F avtiotoya, mopovoidlouv v Bla cuuteplpopd ¢ tpoc Thy ghom ¢,
YEYOVOC TOU ATOOEYUEL OTL TO QULVOUEVO TOU ETUAEXTIXOU LOVIGUOU TROGUVITOMOUEVLY
uoplwv etvar To xuUplaEy O PUUVOUEVO GTA TEWTO GTABL TOU LOVIGUOU.

Me tov 1pém0 auTd, oL xouTOAES AGUPHETRIES B avaBeEVOOVTOL WG EVal TOAD YETOUWO TEL-
eauoTiNG epyaAelo oL UTopel Vo BOCEL TOAAES TANEOYORIES Yo TNV BLadixaciol LOVIGUOY XaL
TOV TEOTO EMAOYHC TV UoplwY OTA TEKOTH OTAOL TOU LoVoUoL. Emeldr| ouwe mpoxinTetl o¢
drodpeon petall 800 onudtwv (eZlowon ebvon enfone mdavov vo amoxplder TAnpogopia.
o Ttov Aoyo autéd anogocicouye va UeAeTHoOUPE entione Tnv €€3pTNoN and TV QAo ¢ xaL
TOU OAOXATPWUATOS TOU CHUATOS TOV PACUATIXOY x0puP®Y Y ry. Ilpdypatt 1 emhoyt| auth)
pofveTon vor dconwvetal oty TEpinTwor Tou wopiou Ny O.

210 oy pafveETOL TO OROXANPWUEVO GHUA Yl TIC xopupés forward /backward tov
Vpawopdtwy NOT(1,1), N*(1,1) xou NO*"(2,1). To dpavopara NOT(1,1), N*(1,1), npo-
i6vTa Tou (Blou xavakio, Tapouctdlouy Wialtepn €dETNOT AT TNV QPAOT] . LUYXEXQWEVA
TOEATNEOUVTOL BU0O GUVELGPORES, Wlal LoYLET UE CUYVOTNTA w0 Xal dio AcVEVESTEPT) UE OU-
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phase ¢ [n]

Eyfua 3.14: To ohoxhipwua Tou ohpatog (o) Tou amhd YOoPTIOUEVOL ToTEXOU Hoplou oTNny €vtoon
I~ 2. 10" W/em?, éto1 Gote 10 ofa 1oVIool Tou va unv eivor xopeopévo, xot (B)-(n) Twv
Ypavopdtov NOT(1,1), NT(1,1) xau NO?¥(2,1) oty éviaon I~ 1.4 - 105 W/cm?. Me padpouc
XOXNOUC OTNUELDVOVTOL TOL TIELRAUATIXG OMuUEls EVE UE XOXXIVES Ypauués ol tpocapuoyéc (fitting) e
nuttovoedn ouvdptnon (f(z) = Asin(z+x.)+bg) ot yeapAuata (o),(oT) xou (1). Xtor ypapriuoTta
(B)-(e) n mpooapuoyy| éyve xdvovtog yphon cuvdptnone mou eivon to dbpoloua NUTOVEY Pe Ay
ouyvotitwy 2 (f(z) = Asin(x + za1) + Bsin(2z 4+ xe2) + bg).

yvotnta 2co. Auty 1 Witepn e€dptnon dev mapatrnpeeiton yior xovévo dAlo podoua, oToTE
uTopoluE pe suxohio va amoppldoue To evOeyduEVO Va elvorn TewpauaTind ogdiua. H ev Aoyw

70



edptnon 2w dev mopatneeiton «(omoxplntetony) oty xounOAn acuppeteioc B. H xupiopym
GUVELGPORE. UE GUYVOTNTA T VO QUTH TTOU XUTOY OAPETOL VLot OAXL T LOELOXS DpodoorTor Xa
oxohovdel v xotediuvon tou medlov w/2w. H dimhdowa cuyvotnta 2w nou epgavileto
ot ORUATH AUTE OEV Ebvan TOG0 amh) TNy xatavonoy| ne. Onwe oyoMdotnxe oTny evoTnTa
YLt TO Loptoxd GlwTo, 1) EUPAEVIOT) OITAACLAS GLUYVOTNTIC ATOOIBETAUL GE UNYUVIOUS ToU
eZapTdTon omd TV ERPAVIon PéyloTou ThdToug 6To Tedio w/2w (evétra [L.5.3). Onwe xau
oTNV TEPITTWOT TOoU TUTEXOV LOVTOS ToU Hoptaxol aliTou N;, €T0L YLl TO TOTEIXO LGV TOU
witpwdeg oZewdiou NoO™ 10 ohoxnpwuévo ofjua tapouotdlel e&dptnon 2w we Tpog TNy Gdo
. H epunvela amodideton xar oc auth TNV tepintwon otny e&dptnomn tou puduol viopo
om6 Ny evtaor. H (B epunvela dev umopel vor Sovel xan yior Ty EUQAvIon cuyvoOTNTaS 2w
oto ofua twv NOT(1,1), N*(1,1), epboov autd eivar poproxd Ypadopata e un-undevixh
KER.

To pévo cuunépaouo 6To 0Tolo UTOPOVUUE Vol XATUANEOUUE TEOXEWEVOL VoL EQUNVEVCOUUE
™V TawTtéypovn e€dptnon w xa 2w tou ofpatog Twv NOT(1,1), N*(1,1) eivon 61 undpyouv
0V dlapopeTxol Unyaviouol Tou odnyoly ot Yoadouata (BLag xvnTixhc EVERYELIS Xal AOYOoU
m/z. Tlpdypatt, oe autéd 10 cuumépaoua xotéhnZoy xou ot Alagia et. al [92] yehetdvtog Tov
OLTAG Loviouod xou Ty didomaot Tou NoO ue axtivoBolior cuypedTeou GtV EVERYELIXT TEQLO-
x7) 28 — 40 eV. Xuyxexpyevo cuumépavay GTL UTEEYOUY 000 UNyoVIoUOoL Yiol TNV Onutovpyla
NO™, N* oné 10 8thd popTiopévo morteixd 1oy, Lynuotxd ot 0o autol unyavioupol amodido-
VIOl OTO Oy OTOU amEOVI(ETAL TO EVEQYELOXO OLEYPUUUA YL TO OLTAS POPTICUEVO
ToTEXO 1OV PE TIC avTioTotyeg SwomaoTixée xataotdoeic. O mpidtog pnyoviouog (1) ebvan
1 anevdeiog Biyepon amd v Veuehddn xatdotaon (X) tou oudetépou poplou oTnv dua-
onac x| Yegehddn xatdotaon Tou JIMAG popTiouévou Tatpixol tovtoc (*X7). O deltepoc
UNYoviopog (2) eumiéxel Ty YeToo Tt XoTdo oo ToU BITAY QopTIoUEVOL TTATEXOU LOVTOG
(*IT) pe ypbvo Lwhc ~ 400 ns [93],[94],[95],[96],[97]. To poplo ombd v xatdotacy ot
AmOBLEYEIPETOL UN-0XTVOBOATIXG TIEOG TNV VEUEALDOT XATAC TAUGT] TOU OLTAS (PORTIGUEVOL T
TELXOU LOVTOG (32_) omou ot TeAxd Saondton. Ou dUo pmyoviouol eTouévme odnyoly ot
(oo Vpaboparta xou pdhoto pe B KER. Tlapdho owtd, o unyaviopds (2) eivor mohd mo
apy6c o€ oyéon pe tov (1).

To Ypatopata NOT xou NT nou npoxintouy péow tou unyaviopol (1) ebloyo unopolue
var oupmepdvoupe otL Yo tapouctdlouy e€dptnon and TV @don ¢ cuyvotntag w. Egdcov
TPOXELTAL 1AL EVOL YRV YORO XAVAAL BLEACTAONE, TO TATEXO LOV amd TO OTolo TPOERYOVTAL, BEV
€yeL mpohdPet vo neptotpagel (1 nepiodog neplotpogrc Tou NoO ebvan mepimou ~ 40 ps [; |)
T To wopto Swonaotel. Onote tar tovtind Ypadouata Yo meoxdhouy ue xateuduvtixdTnTa
1 onolo ogeiheTon 0TOV EMAEXTIXG UEYIXO LOVIOHO TROGUVUTOMOUEVLY UORIKV.

O pnyaviopde (2) ebvor mohd o apydc. Ooo pdpta deyepdolv oty xotdotaon *I1,
TOEOTL €Y0UV, AUECKS UETE TNV DLEYEPGTT| TOUG, CUYXEXPWEVT XATEVTUVOT (G OmOEEOL TOU
EMAEXTIXOU LOVIOHOU, AOYw TOu PEYFAOU Ypedvou (whAS TOUS, TEPLOTREQPOVTOL EAEVVERH GTO
Y®po TEty 00Ny o0y G BLACTUCT]. LUVETAYETOL ETOMEVES, OTL To TEOLGVTA AUTOU TOU XAUVa-
AoU dev Yo €youv xoud xateuduvtixotnto. Tlopdia autd, avauévetar to popLond Yeadouato
vo. Tapouctdlouy e€dptnom and TV @dor ¢ e cuyvotnta 2. H ouyvotnta auth dev €xel
oy€on UE TNV XATEVTLYTIXOTNTA TwV Vpououdtwy, oAAd Ue TNV e€dpTNnoT Tou BITAA QOopETL-
ouévou Tatexol 1ovTog and TNy évtaon Tou medlou. Me dhha Aoyia, emEd) To Yetao Tardéc
NoO?* moapdryeton amodotixdtepa Yo @ = 0, = 7, T poptoxd Ypadopota NOT xou NT
auTOU TOL Xavahlol TapdyovTon eniong ot agiovia yia Tig axpoleg AUTEG TYWES PAoTg.
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Yyfua 3.15: O evepyelaxée otddues yio To SimAd goptiouévo motexd tov. O unyaviopol (1) xau
(2) odnyolv oe Ypavopata NOT o NT pe (B KER.

Edv n avwtépn mpocéyyion eivar 6woth, ot Yovioxés xatavoués tov Ypououdtov NOT
xour NT Yo tapouotdlouy opolwe ouvelo@opéc TG00 and To YPYopo 660 xa and To opY6
xovdht. O unyoviouoe (1), epdboov elvon yeriyopog, avoéveTon Vo Tapouctdlel aviodTeon
AATOVOUT, EVE O UNYOVIGUOS (2) wwotpomixy. H yewyetplo Tou cuotApatog aviyveuong
ToF dlvel Ty duvatdTNTA BLAXELONG TWV BUO UNYUVIOU®OY. LTV TEPITTWoN Tou 1) TOAWOT
Tou TEdiov w/2w elvar ToEdAANAN otov dEova tou ToF,ta Ypadopato Tou pnyaviouol (1)
X0 PEPOC aUTOVY Péow Tou unyaviopol (2) Vo @tdvouv otov aviyveuth. ‘Otav duwe 1
o w1 Tou Tedlou eivor xddetn otov dova tou ToF, to Vpadouata tou unyoviouod (1)
exnéunovton o€ Slebuvon xddetn otov dZova Tou ToF xou dev aviyvebovtar. Avtiveta pépog
TV Ypauopdteny Tou TEoXUTTOUY PEsw Tou unyoviopol (2), axpBog yiatl tapouctdlouv
LOOTEOTILXY| XATAVOUT|, Vol PTACOLY GTOV UVLY VEUTH.

Y10 oyfua (0() ToEoUCLACETOL TO Pdou HALog TOU NO™ vy tpewc yovieg oTROPTS
ToU EMTEDOU TOAWONS TOL TEdioU w/ 2w we Tpog Tov d€ova Tou ToF. Kadoe n nérwon tou
nediou w/2w otpépeton amd 0° ae 46° elvon Qovepd GTL TO XUTOYRPUPOUEVO GHUNL TOU XAVOAOU
NO™(1,1) pewdrveton onuoavtxd [89],[98]. ‘Onwe gaiveton xar amd v xhioxa 100 otic 46° 10
orjdor Tou xovaAo) etvor To ~ 0.05 Tou apytxol. Auto elvon evBEXTIXG TNC XATEVHUVTIXOTNTAC
Tou pnyoviopoy (1) xou emPBefouchver GTL TEOXELTOL YioL EVoL YEYOPO Xovah Sldomoong. LTny
TeplnTwon xeTNS TOAWONC (90°) o oruo etvor pun-undevixs. To xatorypapouevo autd Ghua
elvon €var P0G TNG LOOTROTUXNAG CUVICTMONS TOU XAVUALOU BLdoTaoNS NO™(1,1), mou épyetan
ané to petaotadéc (unyaviouss (2) ).

Kpatdyvtog otodepd 1o eninedo méAwone Tou mediou w/2w oe yoviec 0°,42°,90° xote-

Yedpnoay o @dopata palag Yo Bidpopes TYWES TIC YViog ¢. MTo oy (B) pofveTou
T0 ohoxhfpwua TNg xopugric g forward cuvicthoag Tou NO*(1,1). To Sudypayya oo,
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NO*(1,1)
forward component
(a)

—
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1 1 1 L 1 1
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100

90 deg 500

jon signal NO" [arb. units]
Integrated singal NO" forward [a.u]

/‘\ 400

i 1 i L
20.4 296 298 300 302 304 306 0 1 2 3 4 5
miz

phase ¢ [x]

Syfua 3.16: (o) To gdopa pdlag tou popraxol Ypadopatoc NO yia tpeic ywviee oTtpogrc Tou
emEdOL TOAWONS WS Tpoc Tov dEova tou ToF.(B) To ohoxhfpwue Tou ofjpatoc tne forward cuvi-
otwooc tou NOT, 10 onolo onuewdveton xou oto @dopa pdla ye T0 0pdoymvIo TaUpIAANAOYEoULO,
0C oLVEETNOT TNS YwViag ¢ Tou TEdiov w/2w, Yo Teelc oTadepés Ywvies otpoghc 0°,42°,90° tou
eTTESOL TOAWONE WS o Tov dZova Tou ToF. Ta nelpouatind SeBoUEva aVITUEIo TWVTOL UE onueio
EVE Ol XOXXIVEC GUUTAYEIC YRAUUUES EVOL TROCUPUOYT) CUVEETNONG oL Elvol TO GUEOLOHUA NULTOVKY
ue Aoyw ouyvotitov 2 (f(x) = Asin(x + xe1) + Bsin(2x + xe2) + bg).

épyetan we emPefoiwan tou oevapiou Twv unyovioudy (1) xa (2) oty mopaywny twv Yeow-
opdtov NOT(1,1) xou NT(1,1). 3ty nepintmon mopdAning TOAoNS »¢ Tpog Tov dZova
tou ToF (0°) TEOXUTITEL TO YORUXTNELOTIXG G TOU ToEoUGtdlEL B0 CUYVOTNTES T ol
2w. I Ty nepintwon mou 1o eninedo nOAwoNg elvor oTeauUEvo xatd 42°, elvar pavepd 6T
1) CUVELGQOES UE GLUYVOTNTA T EYEL PELWUEL. XE GUVDLAOUOS UE TO Oy U (O() auTod ebvan
AoYx6, epbo0V oE aUTH TNV Ywvio TéAwong to Ypaopato NO' nou mopdyovton uéow tou
unyoviopol (1) 8ev ouvavToly Tov avty VEUTH Xt TEALXE SV xatarypdpovtal. LTny Teplntwon
x&etne néhwone (90°) oty omola mpaxtind uévo Ypadouata NOT péow tou pnyomviopol
(2) @9dvouv otov aviyveuTh, eivar pavepd OTL To oVTXS ofua ue e€dpTnon w elvon undevixod
xaL auTO Tou xoTorypdgeTon eivon 1) e€dpTnon 2w.

LUUTEQUOUOTIXG BIUTOTOVETAL OTL YE YPY|oN AoUUUETPOU TEdiou w/2w eivon Buvath 1
oLdxpLon 600 xavohwy didonacng tou NoO mopdtt autd odnyoly oe Ypadouata Tou (Blou
Aoyou m/z xou KER [99]. Kdétt tétoo dev Aoy duvotd oe tumixd melpduata Pe yerom
evoc ouuueTeixol medlou laser. H xoateutuvtidtnro—acupuetela Tou tediov w /2w onA. M
ETUTAEOV TELQOUATIXT TOPIUETEOC ¢ TO XAVEL SuVOTO.  ATodeYUETL AOLTOY, OTL To Un-
ouuueTEWd Tedla laser elvon €va loyLEO TEROPATING EQYUAEID, taVO Var avadElEEL parvouEva
un Sloxpttd ue Ti¢ oupPatineg uedodoug PwToioviouoD.
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Y roxatectnuévo Nitpmdeg oeidio, PN¥NO

Xty svo"m‘coc TOUREUELVALY VATV TITO XAUTOLO EQOTAUATO OE OYECT UE AATOLAL XOVAALL
owdomacng Tou poplou NoO, Adyw Tng mopauevoucag TECNS TOU ATHOCPUELXOL 0Epd GTO
YWe0 AAANAETIBEAUOTC TOU QUOPATOYEAPOL HAlouc.  AxOUn OUWS Xal oV TO EUTOOI0 oUTO
uropovoe vo mapoxau@el, To yeyovog 6Tl B0 and Ta Tplo dTou TOU GUYXEOTOUY TO UOELO
N> O etvon {dta, xdver 50oxoAN TNV dLdxplor Toug. TTo autéc T cuvirixeg etvor dOoxoho va
avtandel n yéytotn duvatr TAnpogopia Yol To UG UEAETH CUGTNUAL.

[t Toug mopamdve AdYoug ETAEYTNXE Vo JEAETNUE! XAl Lol UTOXATES TNUEVY] HOPPT] TOU
N3O xou ouyxexpuéva 1o PNMNO, 670 onolo to axprovd dropo tou aldTou EYEL avTiXo-
tactodel ue to tétond tou PN. H aviixatdotaot auth divel T duvatdtnra vo Stoprdoly
Ypabouata TEoepyOUEVA amd TO UTO PEAETYN UOPLO OO GUTE TOU TEOEEYOVTAL OTO UOPLIXO
dlwTto Tou unofdipou. Emmiéov elvor o auth TNV TEp(TTWoT duvatd var Soxprdoly oyl
alwTou Tou TEoEpyoVTAUL Amd TO oxplave dlwTo OE OYEoT UE AUTE TOU €PYOVTOL Om6 TO
%evTEd dlwTto Tou popiou.

Y10 oyfua diveton o @lopa udloc tou PNMNO drwe Tpoxintel uetd and oxTvo-
pOANoh tou pe medlo w/2w évtaone I~ 4 - 10" W/em? Etny wph m/z = 29 epgovileton

9000
" + 15, 10 ¥ (a)
6000 |- H,0 N"NO
3000 |-
0
- 750 F (b)
%g 500 |-
s 250
g of :
S, 34
E =1
S 1000 (c)
2 [
% 500 |
- |
° L I
13
450 -
300 |- (d)
150 |
oL
4 5 6 7 8 9 10

Sy 3.17: () To gdopa péloc tou popiou BNINO petd and wxtvoBdhnon e nedio w/2w évtaone
I~ 410 W/cm?.(B)-(5)Meyedupévo tpuota tou gpdopatoc pdloc.

70 Ypaoua ISNHN+ TEOLOY TOU XAVUALOU BLACTUONG: BNUNO?T —15 NMNT 4+ O, nou
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oTNV cLVAUY Lop@r) ToL Uopiou eV uropoloe va dlaxpriel AdYw TN UTaEENS ATLOCPULELXOD
woptool alwtou. Xty Véaon m/z = 15 eugoviCovioar o GAMNAOETIXAAUTTOUEVY GHOTOL
Tou axplavol alwtou PN xa tou NO*T. Emnhéov otic 9éoeic m/z = 14,7,4.67 cuyxpo-
ToOVTAL OL X0pUEES TwV LOvTwy MUNT N2y N3t gyvtiotorya. Ko ta tplo autd tévta
elvat TEOLOVTAL xavoly Sidomaong Ty owudtwy ((three body channels),epdécov yio tny
onuovpyia Toug amanteiton Yoadomn xow Twv 800 decUnY Tou Joplou. T'a Ty mopatenom
AUTWY TOV XAVIAOY OLIOTHOTG amonTeltan PEYUAUTERT EVTaoT, TOU TEdiou w/2w étoL Hote
T0 ToTEWO popto va oviCeTon ot LPNiég TolhamhotnTeES. ot To Adyo auTod oTNY YEAETT TOU
UTOXATES TPEVOU VITPODOUS 0&eLS{ov, 1) €vTaoT) Tou TEdiou puUic TXE OE aEXETA UEYONDTE-
on i (I~ 4 - 10 W /em?) oe oyéon pe auth mou yenowonotfidnxe oty mepintwon tou
amhol poplou (I~ 1.4 - 10 W/em?).

Kavdiia Ardonaong AVo Twudteny

Eqapuolovtag tny e€lowor , TowTonotUNXay To xavdta Btdonaong 800 cwudtwy (two
body channels). Ot avtiotoryec KER ouyxevtpmvovto otov nivoo{oz AxohoudmvToc Tov
oudPolopd mou elofyin oTnV svémw Ta xovdALe ota ool evEyeTon 1) Ypador Tou Oe-
opol xevtpiol-axptavol alotou (PNMUNOMFP+ 5 NO™ +15NPF) supfolilovion o¢ (1,p).
To xavéhio: Tou eumiéxouy Ypadon Tou Seapol xevipixol aldiov-0Euyévoy (PNMNOM+P)I+
—BNMN"T+0PT) 160d0vapa Yo cupBorilovion we [n,p].

fragment channel(n,p) Kl[eV] KER[eV] parent("tP)+

(

NO* (1,0) 0.3 1.0 1+
NO+ (1,1) 2.3 6.8 2+
NO+ (1,2) 2.9 8.7 3+
15N+ (0,1) 0.6 0.9 1+
15N+ (1,1) 4.4 6.6 2+
15N+ (2,1) 7.5 11.3 3+
NO?* (2,0) - - 2+
NO%**+ (2,1) 4.2 12.6 3+
NO%*+ (2,2) - - 4+
15N2+ (0,2) 2.1 3.2 2+
15N2+ (1,2) 8.6 12.8 3+
15N2+ (2,2) 13.0 19.4 4+
IINTNZF [1,0] 0.4 1.0 1+
IINHN2F [1,1] 2.2 6.1 2+
ot [0,1] 0.4 0.5 1+
o+ [1,1] 4.1 6.4 2+

IMivaxoac 3.6: Ov xavnmixée evépyeteg xan ol umoloyilopevee uéow outwv KER twv dpou-
opdrtwv NO™H INPF yo NN OPF oy mpoxintouv péow @utodlaondosmy 800 GoudTev
(15N14N0(n+p)+ SNO T4 15NP+ (xavéhe (n,p)) o INIAN O (ntp)+ —>15N14N"+—|—Op+(xowc§<)\t
[n,p]) ) avtiotoya. Xtov mivoxa dideton xon 1 TOAAATAGTNTA @opTiou TOU TATEXOU Uoplou Yl
HAVE HAUVOAL.

To xovdha tonou (n,p) tapouctdlouy ehappeng peyahitepeg KER og oyéon pe autég
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TIOU XOTOYRAPTXAY OTNV TERITTLOT Tou amhoL woptou. H mapatrienon auth| dev et va xdvel
UE TNV avTIXATEOTAOT) TOU oxplarvol al®Tou, ohhd elvor omOTEAECUA TOU (QOUVOUEVOU TOU
«popTiou yweovy (space charge), Aoyw NG UEYAAITEPNE EVTUOTC TTOU YENOLIOTOLAUNXE GTNY
TEPIMTWON TNG UEAETNE TOU UTOXATEGTNUEVOU OploU.  AVOUEVETOL ETOUEVKS, OL XIVNTIXES
EVEQYELEC OV EVOL TILO XOVTH GTNV TEAYMATIXOTNTA VoL Elval aUTEC Tou UToAoyioTrxay oTny
TEPIMTWOT TOL amhol Hoplou, Yia To 0Tolo TO PAULVOUEVO TOU <POETIOU Y WEOLY BEV UeTUTOTILEL
oMUV TIXY (n TouldytoTov To (Bto ancxvnxdc) TIC XOPUYPES TKV YpauoUdTeY 6T0 Qacua ualog.
Hoapdha autd, oxdun xou ya tig unepextunueves KER yia 1o unoxateotnuévo vitpmodeg
o&eldlo, mpoxUTTEL 1) (Bl TowTonoinom xavokiwy. Amé tov mivoxa amouotdlouv ol TYég
xvnTixfc evépyetac yuo ta xovdhor NO*(2,0) xow NO*H(2,2), enetds| oL avtioToryec xopugéc
dev Staxplvovton oo phoya pdlac Aoye alnhemixdhudne tov onudtey tou NO** pe to PN
(m/z = 15).

Ytov nivoxa eniong divovtar ot tipéc KER twv xovohidyv tOmou [n,p] mou dev doxpivovtoay
otV TEp(nTwon Tou amhod ViTprdoug ofewiou. Ot utoloyiouévee KER pog emtpémouy va
TAUTOTOMCOUUE Tor xavdhor 6Tee gafveton 670 oy [3.18[90)] .

200
r 150140+ | o

B00 =

O+

ion signal [arb. units]

i ; : (8 H
L 3 [01 1]

1 L 'l L ' L L 00 L ' i 'l L L 'l

2 4 BB 208 290 0 B2 294 N6 154 156 168 160 162 164 165 168

Syhuo 3.18: Ta xavéha Sidormaone [n,p] (PNHUNOCHPI+ SISNMNPT LOPF) 1oy PNMNO édrec
TpoxUTTOLY Péow TN apyhc Swuthenone e evépyewas (KER).

KoapunOieg acvppetelog

H odnhenidpoon tou unoxates TNUEVOLU VITEMOES 0&ELdloV, BeV TapOLGLELEL Blopopés ot
oyéon PE To amAd Uoeto, YIouTO xaL OEV Yol TOPOUGIACTOOY OVIAUTIXG €B) OAAL TAL XAUVOALOL
otdonaone. O emxevipndolue ot xavdhior T onola OEV TUEUTNEOUVTAL €OXOAX OTNV TE-
elntwon Tou amhol poplou, dNAASY TO XaVIAL BIdOTAOTE BUO CWUATKV: BNMNO2T 15
NYNT + OF[1, 1] %o w00 xovéhiet Bidomaonc Tpidv copdtoy pe tpoidvia HN,

Y10 oy paiveton T0 oloxhApwua Tou opaTog Twv forward cuvicTHOOY TwWY
xavahyv Sidomaong NOT(1,1) xew PNMNT[1,1]. Eto o oyfua divovtar xan o xoumiieg
acuppeTeiog B yior Tor xorvdhior U TdL.

To yopaxtnetotind ofua 800 cuyvothtwy w xou 2w Yo to xaviht NOT(1,1) nopatn-
pelton xouw oT0 UToXaTESTUEVO ViTEMdES 0&eldio. To xavdht PNMN*[1, 1] efvor gavepd ot
0ev Tapouctdlel x4t avtioTolyo, xadde amTOTUTMVETAL UOVO 1) XxLplaEy T CUYVOTNTA T TOU

76



—
%13000 i e NO™ (1,1) forward
3 16000 -
£ 14000 [
o T
=12000 |-
E . [ L [ L L
g A 0 1 2 3 4
w 210 oo
o o .. [ ]
8 180
i - . .
o 150 |
@ e 15 14 +@
L -
:E 120 X . a ; . , ® N N [1,1] forward
A 0 1 2 3 4
= -
‘q-, 04 = I
'a',' 0.3 = not
E o0zF .
s %r o T5N14*
i - [1,1]
5 01 F
s 0o 1 N L . | J N 1 . 1
g 0 1 2 3 4
phase ¢ [x]

Syfpa 3.19: H e€dptnon tou ohoxdnpmpatos e forward cuviotdoog twv onudtewy NO1(1,1) xou
IINHMNT[1, 1] xon or avticToyec xoumilec acupuetploc fB.

XOUTAY PAPETOL GTIC XUUTUAES AGUUUETElOC 5 OAwV Twv Ypououdtony. Autd onuaivel 6Tt To xo-
vé didomaone PNMNO* T —15 NMNT 4+ O™[1, 1] undpyet udvo évac ypryopoc unyoviopoc.
HoapdTt, emouévng o 600 xavaAL

[15N14No]2+ _>14 No+ _,_15 N+(1, 1)
[15N14NO]2+ _>15 N14N+ + O+[1’ 1]

TEOEPYOVTOL AT TO BITAY POPTIOUEVO TUTEXO LOV O UNYOVIGUOS TTOU EUTAEXEL TNV HETAG T
xaTdoTooT eRgovileTal HOVo 0To €va XavdAL. 2To (Blo cuuTépacua xatokryouv xou ol Alagia
et. al[92].

Arné Tic xoumOAeg acuupeTeiog B €youpe xat GAAT pLo EVOELLN OTL oL Uy aviouol SldoTaong
oev etvon ot {drot. Eivan gavepd oti ot 500 xoumiieg napouctdlouy dlupopd pdong UeTah TouC.
OcwpenTind avauévovtay va €youv dlapopd gdong 180° epdcov ta udpla mou toviCovton mo
anodotixd, 6tav o Tedio w/2w €yel xoteduvon mpog tov aviyveuth (¢ = 0), elvar owtd
TOL €Y0OUV TO GTOUO TOU 0LUYGVOU TEOC TNV HEPLE TOU aviyVeuTr. Autd onuaivel 6Tl 6tay
OTAOEL 0 OEOUOC PETAE) TWV ATOUXGY al®TWY, ONhadH| To TEolovTa elvor NO* ot N7, 10
VYpavopo NOT €yer uéyoto oty xounvin 8 (v ¢ = 0). Avtideto, dtav ondoel o deoude
aldrou-0Euyévou, amodidoviac étot mpoiévia PNMNT yxa OF, 1o Ypavoua O Yu wdper
UEYLOTN Ty xou avTioTolyo To NN ehdytotn. H melpapatind xatorypopouevn dlopopd
pdone ouwe etvon ~ 236°,0nAadn awénuévn xatd nepitou 56° [95]. Autd, dnwe oyohdotnxe
xoL OTIC EVOTNTES TV Popiwv Ny xar CO, elvon EvBel&n cuVOTOEENC BLOUPORETINWY UNYAVIOUMY
LOVIOHOV.

‘Evag mdavog pnyoviodde oviool mou umopel vo eEny|oet TEToleg Blapopéc pdoels elvou
0 LOVIOUOG HECW TNg dradixaoiog Tng emavaoxedaons. Eivow yvwoto, 6ti autdg o unyaviouodg
XATUO TEAETOL ONUAVTXG 0TV Tep{mTwon aAnhenidpaone ye medio laser xuxAwhc mOAw-
ong. IHopoucidler evdagépov var ehéyEel xaveic, edv xou OGS, TPOTOTOLOVVTAL Ol XUUTUAES
acuppetpiog [ o mepintwon diéyepone pe medio w/ 2w xuxhixfc téhwone (éva medio w/2w
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xuxhixfic tohwone e&axohoulel va eivon actuuetpo [47]).

Y10 oy fue3.20]8ivovton oL xapmiies aouppetples B Tov xavohdy NOT(1,1) xon PNMNT[1, 1]
YL XUXALXY XL YROUULXY) TTOAWOT). TNV TERIMTOION TNG YRUUULXNG TOAWONS 1) CUVOAXT| E-
vépyela Tou Tediov w/2w evduiotnxe mepinou 6T0 WOd AUTAC TNG XUXAXYG, ETOL WOTE OL
evtdoelg Tov Tedlwy laser otov ympo ahknhenidpaong va elvon teplitou {oec.

linear polarization circular polarization
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Yyfua 3.20: O xopmidec acuppeteioc Twv xavahdv didonaone NOT(1,1) xou PNMNT[1,1] yio
YOUUUXT Xl XUXAXY TOAWOY.  XTNV TepInTwor NG YeuuWxAC TOAWONG 1 EVERYELX Tou Tedlou
w/2w pudyiotnxe mepinou 6To Wod auThC TS XUXAXAC, €ToL HOTE oL evTdoels laser otov yhpo
aMnenidpaonc va etvor Tepimou foec (I= 8 - 101 W /em?).

Eivar govepd, 6tL otny nepintworn yeoupxc TOAwoNg, ol xaumiieg B elvar Tapduoleg ue
QUTEC TOL Oy AUATOS , TOEA TO YEYOVOS OTL 1) £VTOOT| OE aUTH| TNV TERiTTwoT efvan UixpdTe-
on o€ oyéon UE AUTH TOL EQUPUOCTIXE YLl TV XOTOYPopT| TwV XAUUTUAGY Tou oyuatog [3.19)
H replntoon tne xuxhixrc mohwone napouctdlet wiaitepo evotapépov. To xavd NO*(1,1)
ToEoVGIALEL ACUPHETEI CLUYXEIoWT UE TNV TERITTWON TNG YRUUUIXNS TOAWONS, YEYOVOS TOU
ATOOEXVUEL OTL O UMY OVIOHOS TNG ETOVAOHEDUONG OEV Efval -TOUAAYIGTOV- O %UploEyOC UE
T To xavdht. Avtideta, To xavdh PNMNT(1, 1] Bev napouoidler xopud e€dptnon and TNy
980T ¢. LuuTEPaVOUPE ETOUEVKS GTL 0 xUplaEYOC PNovIouds Yio To xavéh PNNT(L, 1]
ebvan aUTOC TNE EMAVAOHEDAONC AV X0l TEOPAVMS, EPEGOV T0 GHUa Tou Vpaopatog PNMNT
oev efvan pndevixod, dev elvon xon o povadwog. To yeyovog de, 6Tl oty mEpinTwon Tng
YEUUUIXC TOAWONE, OTOU X0l O UNYUVIOUOC TN ETAVIOKEDAOTC EVOL EVERYOS, 1) XUUTUAT
acuppetpioc Tou PNMNT1 1] Sev tapouctédler v avauevduevn dogopd phone 180° wc
TEOG TO XOVAAL NO*(1,1), MG OONYEL OTO YEVIXOTERO GUUTEQUCUN OTL O UNYAVIOUOSC TNG
emavVooXEdAOTG BeV Exel BEATIOTN ambddooT Yo Tig oxpaieg Tiuég aouppetpiag ¢ = 0,0 = 7
ToU TEdlou w/2w.

Téhoc, oto (Blo oyfua divetar xor T0 oAOXARPWU ToL oYloToc Twv forward cuvioTwoohy
Tou xavahoy NOT(1,1). H YopoxtnploTixny e€dpTion @ ot 2w xatorypdgeTon Eexdiopa o
YL TNV TEQIMTMOT TIG XUXAXAG TOAWONG. LUVETKS 1 anddoon Tng eudviong e€dptnong 2w
OT1) BLadIXAC{N LOVIOUOU OTO QUUVOUEVO TNG ETAVUOXEDACTC OEV Vewpeltan Bdowun.
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Kavdiia Aldonaocrng Terodv Topdtwy

‘Eva tumixd gdoua pdlag dev Umopel var 6GoeL TOAES TANPOPORIES Yior Tol XovALL OL-
domaomng TelwyV ouudtry. O Adyog elvar 6Tt dev elvon eixoho vo mpoPhegiel To mtococtd
xavnuixc evépyetag mou Yo mdpel xadéva and tar tplo Ypodopota PETE TNV SLACTOOT), KL E-
TOUEVKS BEV UTOREL VOl YIVEL AVTIOTOLYIOT) TWV X0pUP®Y Tou Gdouatog pdlac péow tne KER.
LUVETOC, OeV efval YVWwo T 1 TOAATAGTATA TOU TATEIX0U LOVTOS TO omolo dlaondton ot Tela
Vpaopota. ‘Etot, yio tar tdvta MN2F xou MN3T undoyouv apxetol unyoviopol péow twv
omolwv umopolv va tpoxiouy, yia Tapdderypa o Wy N uropel vo tpoxiel péow tev
POTOOLAOTIUCEWY:

[15N14NO]4+ —y BNT 44 N2 4 OF
[15N14NO}5+ _y N2 L N2 4 O
[15N14NO}5+ —y IBNT 414 N2 L O2F
[PNMNOJ™ — PN MNP 4 0%

o ~J O O
o — T

3.
3.
3.
3.

A~~~ I~ —~

xS xou Ao PEYUAUTERES TOANATAOTNTES TOL TaTEOL tovTog. Koavéva amd autd to xa-
v Sev unopel v amopprpiel ex npoowdiov. (Iepopatind to mpdBhnuo uropet vo avtyde-
TOTOTEL PECW TNG TEYVIXAC TNG CUUTTWTIXAG ATELXOVIONS OPUOY (coincidence momentum
imaging, CMI)[100]).

S10 oyfpa3.21]divovtan ueyedupéveg exdve TV x0pugpGy Twv pauoudtwy MNT, HNZ
xou N3 v TORAAANAT Xt xGIeTn TOAWOT), OTWS ETIONG %o OL AVTIOTOLYES YWVIAXES TOUG
xotovopég [98]. Yy meplntwon napdAning mtohwong g meog Ttov dZova tou ToF, etvou
pavepd 6TL xou Tar Tpla LoV GUYXEOTOUV pla Xuploy N x0pUPY oTNY TWH M/ 2z ToU AVTLIoTOLYE!
oe KER=0. To tpm\d goptiouévo tov HN*T nopoucidler xou éva emmiéov xavé pe v
wopgohroyia forward/backawrd,to onolo Yo oyohaotel nopoxdte. Evbeilec avtioTolyou
AAVOALOU UTGEYOLY XU GTO QAcUo YAl TOU OLTAGL (QORTICUEVOL LOVTOC 14N2+, To otolo
Opwe dev dlaxpiveTton T600 xardoupd.

Apywd n avdiuon Yo emxevipwiel oty xaTavONCT TOV XEVTEXGOY Xx0pLY®Y. ‘Omee
OYONICTNXE GTNY EVOTNTA , 1 cuYxpedTNoT Uiog amhic xopuPrc 6To @doua Yalauc utopeEl
va gpunveutel pe 000 TpoToug. ‘Eva evdeyouevo ebvar tar LOVTA VoL TOQAYOVTOL TEAYUNTL UE
undevX xvnTiny| evepyela. To dhho evdeyOUevo efvor vor EXTEUTIOVTOL XUTA TNV OLICTIUCT] UE
oNUOVTIXA xvnTixr evépyeta o Slebiuvon xddetn otov d&ova tou ToF. Av mpdyuatt ta 1dvta
TOEEYOVTOL UE UNOEVIXT) XIVITIXT| EVEQYELX OL AAES QUTEG XOPUPES DEV Yo TPOTOTIOLOUVTOL UE
NV OTEOPY| Tou EMTEDOU TOAWONG Tou mediou laser w¢ mpog tov d€ova tou ToF. Ouwe
TORUTNEOVKE OTL ToL PAouTa YAl TOV TELOY QUTWY LOVIWY Yo TOAWOT XGVET GTOV dEova
tou ToF (oyrua TpomonololvTaL onuovTxd. Kar tor tpio dvta mapouscidlouy, otny
TEP(MTWOoN (AHETNG TOAWONGE, WL THO BLEVEUUEVY) XAUTUVOUT| Xk 1) ATAT) x0puU@T| TelVEL VoL OTLdOEL
oe 800 napoméunovtac €tot TV yvwoty forward/backward popporoylo. Autd eivan €vierln
ot Tar LovTa Oev dnuoupyoluvtal ue KER=0, xou emouéveng xatd tny Oldonooy) EXTEUTOVTOL
xdeta 070 poptaxd oxeletd. Ou ywwviaxée xatavopés Tov Joououdtony emPefoumvouy auth
™V gpunveia, xadog Tapouctdlouv péyioto otig 90°.

Ané ta pdopato udlag otny TEpinTwon TS XAVETNS TOAWOTNE, Lo TNV OTOlol OL XOPUYES
TapomEUTOLY otV popporoyia forward/backward puropel va yiver pior extiunon yio Ty xi-
VT EVEQYELX TOV LOVTWY Ue TNV Borldeia tng edicwong . E& autov mpoxintouy ebpn
TV xvnTAg evépyelag: Kuyt = 0.2 eV, Kuy2e = 0.7 eV xon Kuyst = 2.1 eV. T 1o
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Syfhua 3.21: Ta gdoporta pdloc twv dviey UNT HNZF o UN3T nooidviov xavahidy Sidonaonc
TELOV OOUATOV Yl TopdAANAY (Hoden ouunayhc yeouph) xor xddetn (xdxxvn cuumoyhc yeou-
uf) méhwon tou mediov w/2w we teog Tov dZova tou ToF. Yto B0 oyfua divovton xou yoviaxés
HATOVOUES TWV (Blwv YpououdTmy.

amh6 1OV, TO EVPOC XVNTIXAG EVERYELNG EVOL UIXEO, OTIOTE TEAYUATL TO YooUOUO AUTO VOl UEV
EXTEUTETAL XAVETA OTO POPLIXO OXERETO, OAAG UE OYEDOY UNdEVIXT| XvNnTxXT| EvEpYELa. AuTo
emPBeBUOdVETOL XL AT TNV YWVLIXT TOU xoTovou, 1 ontola evon oy edoV LooTpoTxX.

To peyohltepo E0POC XIVNTIXGOY EVERYELOY Lo To tovTal N xon “N3F Guvendyeton 6Tt

0 Uoplaxdg oxehetdC Alyo mpv TNy Sudomoon €yel xaugiel, (Snhadr To udplo Tavel vo elvou
YEOUUIXO) X0 CUVETHS oUTE EXTVAGoOVTOL Teog xddetn xatebiuvon we mpog tov dEova
tou ToF. To glpoc xtvnTixmy evepYetdv yiat 1o amhd Wby “NT elvon pixpdtepo o€ oyéon pe
oLt TOL BITAY X TELTAS : ) MN2H UN3Y Mo mdoavd { g
ELTAGL (POPTICUEVGY LOVTWY ) . Mo mdave epunveio autod

TOU AmOTEAEGUATOS Elval OTL TO LOVIGUEVO TUTEXO UOPLO XGUTTETAL TLO LoYLUEd 660 aLEAVEL 1|

ToAamh6TnTd Tou [98].

Téhog, T0 YeYovog OTL o TOAwoN xdetn otov dZova Tou ToF ol pacuatinés xopupég
amoxTo0V PeYdAo e0poC ywelc va Staxpivovtar Eexdiiapes xopugéc forward /backward, unopel
va omodolel oty miovotnto var AouBdvouv ywea dhot ot duvatol unyoaviopol (e€lodoelc
4) TV omolwy To Toteixd LovTo Yo Slordétouy Tdavoy ot DLUPOPETIXES YEWUETPLES.
AvtioTotya, T0 B0 wyler xau i To 1oy N3

Y70 {610 cuumépacua xatahryouy xou ot Graham et. al og perétrn 10U MITEOBOUE 0LELBioU
ue ok laser ypovixfc dudpxetag 50 fs xou xevtpixol urixog xdpatoc A = 790 nm. Xpnot-
HOTIOLOVTOG ETULYELOTUOATO GEY NG OLATHARNOTNG OPUNC %O EVERYELAS YL TO XOUVIAL OLEOTIAGTG TEL-
OV CWUATWY TOU ECATAS POPTIONEVOL TATELXOV LOVTOG [15Nl4NO]6+ — 16 N2+ LU N2F 4 O%F
LTOAOYLoOY OTL 1) Ywvio UETAED TV 600 BECUMY TOU Hoplou el TNV didoraon etvar ~ 140°
[98]. Emmiéov, and v avéAuct toug TEoXUTTEL OTL Yot TO Xavdhl outd oL dUo Beouol

80



emuNOVOVTAL x0T TNV OLIOTUOT) TUUTOY POV

I to 16y N3t oe TOAWOT| TapdAAnAn cTov dfova Tou ToF, 6mwe oyoldotnxe xau
TOROTAV®, EUoViCETOL Xou EVol XUVAAL UE CaPY| BLOORPLOT) forward /backward VTG
evépyetag Kuys+ = 0.52 eV. Trdpyouy evdeilelg Tng Umapéng Tou xovahio) auTto) oL TNy
Ywvioxh xatavopr Tou Ypadouatog(oyrua . Ebvar gavepd, 611 1 ywviaxr| xatovoun
ouyxpoteiton anéd Vo avicdTponeg cuvioTtwoes. H mo woyver mtapovoidler péytota xdieta
otov d&ova tou ToF xou ebhoya avticTtoryiCetan we Tor Ypadouata ToLU GUYXEOTOUV TNV LoYUET
amAr} xopuY| oTo @dopa udlac. Avtiiétng 1 BedTERT AVICOTEOT CUVIGTOON TOPOUGLALEL
ueytota otig 0° xou extelveton 6T0 €0pog YWY 0 — 257 xan lvon TO xaUVAAL UE BLoORPLOT
forward /backward.

Bdoel auteyv tov 800 nopatnefoewy etvar duvatd vo e€ay ol xAmold GUUTERIOUATO Yio
TNV TOAATAOTNTA TOU TATEIX0U LOVTOS Tou 0dnYel o xdie xavdi. H woyvpr amhr xopupt
ogeihetor TrdavoToTa oE dldomaon ot Teiu ioo poptio dnhad? Tv: [PNTINOPH — PN 414
N3t + O3, Mévo t6te umopet vo dixarohoyndel n xorevduvtixdtnta Tou Vpadouatog auvtod
x&deTor oTOV Poptaxd oxeAeTd, TS TNV TeoUnddeon OTL To unxr Twv deouwy ebvar {oa.

Avrtdétoc o xavdh Tou N3 tou exméuneton xatd Ty Sidoraon Tepdhinha otov dEova
Tou Tol" elvor mdavotata Ypadopo un GUUPETEIXOY (G TEOG Ta YoPTIa XUVAhloy, OTwWS To:

[15N14NO]8+ N 15N3+ +14 N3+ + 02+ (39)
[PNUNOJST — 19N 414 N3+ 4 O (3.10)

HopodTt Sev pmopet var amoppipiel To eVOEYOUEVO VoL TPOEEYETAL AT TUTEIXO LOV YOUNAOTE-
ENG TOANATAOTNTAG, OTWE T.Y. TO [PNMNOJ6+ — N 414 N3 4 O, umopel e oye-
T ACPIAEL VO ATOXAELGTEL TO EVOEYOUEVO aUTO, xo®SG XAUVAALYL DLACTIUONG UE UEYUAT
OLopopd PoPTIWY BeEV TaEATNEOUVTHL €V YEVEL. Mbvo €va un cuUUETEIXO xovaAL umopel vo
duanohoyhoel Ty xatevduvtixdtnta v Ypavoudtoy MN*T tou cuyxpotolv Tic xopupéc
forward /backward. AxpBce ened) ta poptia 6ev eivan (oa, ot anwo tixée duvduelc Coulomb
UETHCY TV TELOY XEVTEWY DeV efval cUUUETEIXEC. AuTd ornuaivel OTL HETE TNV BLdoTaoT To
vt MN3 Sev Yo xareuhivovion xddeta otov poploxd oxehetd. ‘Evac dhhoc hoyoc mou
umopel var eVioyUoEL TNV XATEVIUVTIXOTNTA TV YOUUOUITLY QUTMY, TANY TNG AVIOOXATAVO-
UAC TV @opTiwy, etvar 1 YeTall Toug anéoTact. Ou 800 deouol Tou poplou Bev «avoiyouvy
TAVTOYPOVAL, ARG EVag amd TOUG BLO ETUNHOVETOL THO YR YORPM TEOCOIBOVTG £TOL GTA LOVTY
N3 yateutuvtixdtnra [101].

KoaunbOieg acuvppeteiog

Y10 oyfua olvetow To @doua udlag Tou LOvIog HUN™ yig ular Tuyator Tipr @dong ¢
OTWE xou Yo TIC TWES ¢ = 0, 7. X710 (B0 oyfua Topouctdlovtal xaL T OAOXANPWHUN TOU
ofjuotog xde xopuprc forward, central, backward w¢ cuvdptnon tne yYwviag ¢ xadog xon
1 ®xoumOAN acupueTelag B mou urtohoyileTon Yl TIC XOPUPES forward /backward.

O xopugéc forward/backward napoucidlouv toyupy| e€dptnon and v @don ¢, omne
pulveTol TOCO GTO OAOXANPEWUA TOU GHUNTOS TOUG (%o Qoo %o TNV XOUTUAT) AoLUUETEING
B) 6oo oto B0 1o pdopa udlag. H xevtpowr| xopugt|, avtdétng, dev mapouctdlel cagpn
eldptnom. Auto umopel vo ogetheton 0Ty TELpaaTX BuoxoAia va Bloxpriel amd Tig xopuPEg
forward /backward. Yto @doua palog ebvon Qovepd OTL €YEL GUVELOQORES TOCO amd TNV
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Eyfuo 3.22: Ta ohoxhnp®duato ToL GHUATOS TWV TEwY xopugwy forward, central, backward Ttou
péopartoc pdloc Tou N3 xou n xoumiin acuppetpioc B. To Telpopotind dedopéva ovamapLoTHhYToL
e onueio, eve ol cupmayelc Ypoupés eivon Tpooapuoyy| pe nuttovoedn ouvdptnon (f(z) = Asin(z—
zc) + bg)). Abveton enlone 1o pdopa wdlag xou To mwe autd Tpomomoteltan yior Ti¢ TéS ¢ = 0 xou
@ = m. Ot x0puéc Tou PdcuaTog Halug €YOLY TEOCUPUOCTEL UE TRELC YXUOUCLIVEC GUVIPTACELS.

forward 6co xaw amé v backward cuvioTthow, yeyovog mou unopet va xohber Ty e€dptnon
™G amb TNV QAcT P.

And v xoumOAn acuppeTelag S TOU XAVOAOU UN-UNBEVIXAC XVNTIXAC EVEQYELNS TOU
N3 efvon pavepd 6L autd modpver péyiot) A v o ~ 0. Autd ouverdyeton 6Tl To
Vpatopata N3 éyouv xateuduvtidinta tapduowr pe auth tou NOT, dnhadi| xatd tnv
OLAOTUOT) EXTEUTOVTAL TROTWUNTEN OO TNV UEELS TOU 0EUYGVOU. MTNY TEOTYOUUEVY] EVOTNTA
oyoMdoTnxe 6Tl 1 UTodn auToL Tou XavVao) ONUalvel 6Tl oL duo Becpol Tou poplou dev
«avolyouvy xutd TNV BLEoTACT) TAVTOYEOVA, OAAY OEV ATay Buvatd va amavtniel Tolog and
Toug 600 BecUOUC OBMYELTAL TO Y1 YOPX OE OLIOTAOT. ATO TNV TUQAUTAVE XOUTUAN ACUU-
ueTElG OUOC, UTOPOUUE VO GUUTERAVOUUE OTL O BEGHOC TTIOU ETUUNXUVETAL TO Yeryopa etval
autde petald tou MN-O. Mévo oe authv v mepintwon o wévta N3 Yo éyouv xoteu-
YuvtioTnTo avtio oty auTHS Tou NO™. To amotéheoua autd €pyetal o avtileon pe To
6oa €youv Beedel TO00 TEpUUUTIXG 060 X VewpNTixd yior TNV TEpiTTwon didonaong 0o
owpdtey NoO?F(1,1) xou NoO?F[1,1] avdueoa ota onole amodotindtepo TeoxITTEL Vo Ebvan
TO TPWTO.
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Kegpdiaio 4

AANNAETUOPACT) OPYAVIXWY HOoplwV
UE LoYLed acVuuETpa Tteola laser
w /2w

4.1 MeYavorn, CH;0H xow CH;0D

To uwbpo e pedavoine anotelelton and €€ dropa (évieto oto oyfua . Kotd v
oAANAETBpoom TOL poplou auTol Ue éva Tedlo laser uPnirc évtaong undpyouv Touxiiot un-
yoviopol ddonaong. Mmopel yior Topdderyua vor BlaoTao el 0 deoUdg PETHC) dvipaxa ot
0&uYo6vou 1) oL BLdPopoL BECUOL TOL GLYXEOTOVV Tal LOPOYOVA UE TO Hoplaxd oxeheTo. Koatd
Vv Bdonaor eivor Suvatd va tpoxdiouv Blo povo Veadouata (two body fragmentation
channels) , tpio (three body gragmentation channels) 1} xou nepiocdtepo. Ltnyv yehétn tou
TELATOUIXOU VITEMOOUC OZELBIoL Blamio TWINHE OTL 1) BLAXELOT TOV XAVOLK)Y To oTtola 081y oUV
oe Ttpla Ypadopoto (1 xou TeptocbTERY Yior TNV Tepintwon TN Yedavorne), dev etvon eOxon
oe éva pdopo pdlac ToF. Io tov Aoyo autd, otny puerétn Tou popiou tne uedavohng, emixe-
VTEWUAXOUE OF XOVIALL TOU XoTahYYoLY GE B0 lovTxd Ypadouata To onola ETTAEOV €ouv
xowH TEABEOWN XUTUGTUoT) To IIMAG YopTiouévo motpxd Wby, CH3OH? . Suyxexpuéva o
HOVAALDL UTAL:

CH3;O0H** — CHZ + OH™ (4.1)
CH3OH*" — Hj + COH" (4.2)
CH3;0H** — CHJ + H,O% (4.3)
CH30H*t — CH" + H307 (4.4)

O unyoviopds pLTodLdoTaoNg elvor 0 amhoUoTEPOG BUVTOS o amantel Ty Vpadon
Tou Geopol o&uydvou dvidpoxa. Idiaitepo evbiapépov ToEoucLElouy oL unyoviouol pees
M4 Kou oe quth tv mepintwon anateiton n Ypadon tou ecuol oZuydvou-dvipoxa, ot
TEOLOVTA UK ppovilovTal LOVTA ToL 0Ttolo OEV AVOUEVOVTAY OO TNV YEWUETEIN TOU TATEIXOU
uopiou. To 16v HoOT pnopel va mpoxiier uévo av éva udpoybvo and tny peptd tou dvipoxa
uetagepvel oty TAEUEd Tou 0EUYGVOUL XL aVToTOLYO TO LOV H3;07" amoutel TNV UETAPOES
000 UBPOYOVWY GTNV UePLd Tou 0&uyovou. Ta xavdio auTd, TOU EUTAEXOLY TNV <UETAUPOEE
UDPOYOVMV> TORUTNEOLYTOL OE UEYHAD EUPOC ORYOUVIXWY UoplwY OTay auTd oxTivoSololvTal
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ue medio laser [102],[103), [104], [105], [106),[107], [108], [109],[I10], [TI1],[112],[113], [T14].
O unyoviopoe .2 dlagpépet amd Toug udoAotmoug doTL amantel TV Jpador TELMY BEcU®Y LBEO-
YOVoU omd ToV Loploxd OXEAETO. TNy cuVEYELd Ta LoV (1) dTopa) UBEOYGVOU SnuLouEYOVY
To v Hy . Ta Tplow dToua LBEOYOVOU UTOpEL VoL TPOERYOVTOL ATtd TNV UEPLd ToU dvlpaxa 1| va
elvon GLYBLAOUOS 5VO LBEOYOVWY ToU AVIPuXa XL TOU LBEOYOVOL ToU 0EUYGVOU. MUVETKS
OTO XOVGAL 0UTO UTopel var evéyetar i Oyt uetaopd udpoybévou [115],[116].

Aedouévou 6Tt o TEGGERN LBROY OV TIou euavilovTal 6To HoELo TN UedavoAng Bev elvor
duVATO va BtaxErloly, ETAEYTNXE Vo UEAeTNUEL X Uior SEUTEQLWHEVY Hop®T TNG UEVAVOANG
oty ool T0 UBEOYGVO Tou UBROELAIoL Eyel avtixataotadel and éva deutéplo (CH30D).
Eivou étol duvatd va draxpriel xdlde gopd av tor uBpoYGVaL Tou peTapépovTal efvan auTd amod
TNV YEPLd Tou dvipaxa 1§ aUTO amd TNV TAEUEE Tou 0&UYGVOU.

Y1y neplntoon Tng SeUTEPLWUEVNE UEVUVOANG ToL oV TIOTOLY o UE TO XOUVAALYL (PLTOOLIOTIO-

one elvau:

CH3;0D** — CHJ + OD"
CH3;0D** — CHJ + HOD™
CH;0D*" — CH" + H,OD™

CH;0D*" — Hj + COD*
CH;0D*" — HyD™ + COH™ (4.

OTOTE GTNY TEPITTWOT TNG UTOXATESTNUEVNS eVavOhng Umopel va Btaxpldel oy To xavdhl Tou
amodiBeL To 1OV TPV LBPOYOVLV Epyetan amd uetapopd udpoydvou (HoDT) A ouyxpoteita
L6vo amd tor udpoYHVYL Tou dvdpoxa (HY).

~—~ o~ o~
s s
[ S I

5)
-6)
)
-8)
9)

To avticTtowyo @dopota pdlag mou emPBeBoumvouy 6Tl autol o unyaviopol eivon evepyol,

divovton oo oy .

H routonolnon twv xavaluwy didomaong EYve xdvovtag yeron Tne apy s dlatrhenong op-
unic xau evépyetog, dnhadr vtohoyilovtag TV ohxd ameheutepouevn xvntixy evépyeta (e-
Zlowon[2.3). To yeyovie 6t 1o udpto elvor Tohuatowxd xdvel Ty avtioTolyion/tawtonolnon
TWV XAVONLOY B0OKOAY, xod® TO Gdoua pdloc anoTeAe(ton amd TOAES XOPUPES TOL UTOEEL
emmAéov va emxahinTovton. o Ty emPBefalwon Tng cwoThC TAUTOTOMONG TV XAVIALLY,
ot utoroylopevee KER ouyxpldnxay ye #01 dnuocteupéves amd GAReC EQEUVNTIXES OUABES
[115],[116],[102]. Xvov nivexo [4.1] divovton or twée KER o tar Dpodopata ota onofor emixe-
VTPWUNXE 1) MEAETT).

H Omopln xovahidy SldoTaong Tou EUTAEXOLY TNV PETOPORE LOROYOVOU GTUaiveEL OTL TO
UOELO ot 1) UETA TNV oAANAETiOpacT| Tou e To medlo laser ahhdlel yewueTplo, TEQVWVTAC
o€ éva dhho otepeoicopcpés. Kan mopdtt 1 Ut Tou etvan adlopgpioBTnTn, E@Ocov Tapou-
oldlovTal oL avTioToLyEg X0pUPEC GTO QAo Ualag, 1) YEWUETPIA TOU TapauéVel dyvewo . O
Aoyog ebvar 6T Eyel TOAD uxpd ypovo Lomc (tng tdEng tov Aywv dexddov fs) [I17], dniadh
oLy xplolo e TNV ypovixy ddpxela Tou dleyelpovtog TaAuoU.

‘Ohat tor Topamdvey GUUTERIOUATA, TEOXOTTOLY and To (Blo To @doua pdlag xat €youv
oy ONaoTEL TOAGXG amd OLAPOPES EQEUVNTIXEG OMABES TIOU UEAETNOOY OPYOUVIXA UOELOL |UE
TohoUg laser piog povo cuyvétnTog.

To @orvouevo NG HETAPORAS LBPOYOVOU GTO HOELO TNG UEVAVOANG uTtopel var xatavornet
o€ ueyahitepo Podud dtav 1 UeAETn yivel pe aclupetpo edio laser.
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Syfua 4.1: Ta gdopara pdloc tov téviey OHT, HoO xor HY tou matpixol poplov CH3OH, xou
o avtiototya évte ODT, HODT, Hy, HoD" tnc deutepiwpévne pedavérne CH30D. H évtaon
Tou TEedlou w/2w xu oTic dVo TepimT@oel puiulotne oty TR I~ 6 - 10 W/em? Y xdde
paouo UAlaC OMUELDVOVTUL UE XOXXIVY) DIUXEXOUMEVY) YRUUUT TO XAUVAALYL TOU TEOEEYOVTOL Omo TO

OLTAGL (POPTICUEVO TATEXO LOV.

CH30H CH30D
fragment(1,1) KleV] KER[eV] fragment(1,1) KleV] KER[eV]

HI 2.97 3.27 Hi 3.07 3.38
H,D* 3.06 3.48

OHT 1.95 4.10 OHT 1.75 3.61
OD™ 1.78 3.92

H,O" 1.59 3.50 HOD™* 1.54 3.62
H;0+ - - H,OD* 1.32 3.36

ITivaxag 4.1: Ouxvnuinég evépyeleg Twv VpauoUdTewy TOU TEOXVOTTOUY UECK XAVOALDY OLACGTICNG
800 CLUATOV, UE TEOdpOUN XUTdoTooN TO JINAG YopTiopévo Totpwd 16V tne anhfic (CH3OH) xou
deuteptwpévne (CH30D) pedavohng, petd and axtvoBoinon e aocluuetpo nedio w/2w évtaong
Liot = 6.5 - 1014 W /cm?.

KoaunOieg acvppetplag cav cuvdetnon tng €viacrng Tou ne-
dlov w/2w

‘Ol ta Ypadoporto tng Yedovorng LeTd amd axtvoPdinon tne Ue aoVUUETEO Tedio w /2w
mopouctdlouvy e&dptnon and Ty @don ¢. H edptnomn xdide Ypadopatog dev elvar 1o (Blo
loyLen) e ouvdpTtnon Tng éviaonc. Ev yével €yel mopatneniel oti, ol ueyahiTepEC aoUY-
uetpleg B, xataypdgpovtar yia évar Ypaloua GTav 1) VERYELX TOU BIEYEipOVTWS Tohuol ebvor
XOVTH 6TO XaTdPA eLpdvione tou (appearence energy) [65], Snh. poxpld and tov x0peCUO.
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Y10 oyfua divovtar ot xaunviec acuppetpioc B yio o Ypadopoto OHT(1,1),0D%(1,1)
NG AMARC %o BEVTERLWUEVNG UeVavOANG avTioTorya, Yior OLdPopes THIES EVTaoNE TOU TEdioU
w/2w.

+ ry
@ .. OH"(1,1) 04 oD (1,1)
04
» m_x ¥ 0.3
B, Sxm L.
*8 - L] . eolisg 0.2
$2[ :! v8geee®® "‘J‘:.a-' :'-'V i :
- 4444 ¢ <t ty 0.1 ¥
§ - : <4 : [ Dl #a dee
9 oot #1335 3%y 00 e
L _— L
S A AAE Yev'a B 12010 W' | g, o]
o *_ L] ¥ sl ® =010t Wiew 1=3.0 ::-.:':CE.
02} Ag Baa. % ™ 0.2 |
s ke e 010" Wiem” |
2 ™ b A 8.5'10" wiem' |
[ x < 03 1=6.5°10" Wicm®
04 F ] 1=6.0°10" Wiem® |
* o 1=1510" W' | 0.4 1=3.9*10" Wiem' |
*  1=2.9°10" Wiem' | - 1=3.4"10" Wicm' |
05 - . L 1240 Wiem'|
0.6 L 1 1 i 1 1 1 1 N 1 1 1 1 1 1
'] 5 10 15 20 25 30 0 5 10 15 20 25 30
phase § [arb. units] phase ¢ [arb. units]

Yyfuo 4.2: O xapuriiec acuppetploc B tou Ypadopatoc OHT,0DT tne (o) amhfic xou (B) deute-
ELOUEVNG pedovohng yia Sidpopes Tuée évtaong tou Tedlou w/2w.

Eivaw @avepd 6T 600 audver 1 évtaor tou mediou 1) e€4pTNoT amd TNV PACT) UELOVETAL
xan odnyeltan o xopeoud. T'ar var yivel xatovonTtodg o unyavicuog mou odnyel og XOPECUO,
oTo OXY'WOL OlVETOL Lot ATAOTIOLNUEVT] ELXOVAL TNG BLadLxaciog LoVIOUOU PE acOUUETEO Tedlo
yioe 0V0 BlapopeTnég evidoels. Eotw 6Tt To medio By avtiotoryel og tiur évtaong o tny
omola xatorypdpeTon 1) UEYLOTN aoLUPETElL oTNY xouTOAN B, eved To Tedlo By o Tiun évtaong
yioe TNV omolo To xavdhL €yel x0peCTEL.

Anb 1o opyind aépto Selypo woplwv tne uedavoing 1o acuueteo nedio w/2w yio @don
€otw ¢ = 0, vilel arodotxdTEPa AUTY TOU Efval TEOCUVATOMOUEVY UE TETOLO TROTO MOTE
70 0&LYOVO Vo ebvan oY xaTevYuveT) Tou TEdloU, EPECOY TO UEYLOTO TNE XATAVOUNC TOU NAE-
xTEoVIooU VEpoug evtoriCetar YOpw amd Tov dvipoxa. O toyvplouds autog emBeordveTtan
X0 UE TNV TAUTOYEOVY UETENOT HEVaVOANC Xt LOVOEELDIOU Tou dvipaxa, TOU TEAYHUATOTOL-
fOnxe yia v Baduovounon tne gdong ¢. E@dcov n evépyeia Tou tediou By elvon cuyxploun
UE TNV evépyela eupdviong tou dpadopatog ODT, cuvendyeton 6t yio exelvo to wed Tou
oTTXoL x0XAoU oL TO TEdiD EYEL TO YEYIOTO TAdTOC (xocrs()ﬁuvon oto YeTind tou dEova
2),T0 BUVOUIXG TOU YOPIoU XGUTTETAL oY URed, €TOL (OOTE TO UOplo Vo 0dNYEiTOL GE LOVIOUO
xou ouvoxohovdo oe didomact. AvTdETng, Yo To BeUTEPO WO6 TOU OTTIXO) HUXAOU Yid
Tov omolo To medio Exel xateduvon oo aEVNTIXE Tou dEova 2z, TO BuVOUIXG TOU poplou BeV
xaunTeTow onuovTixd. Autd onuobvel 6t 1 mdovoTnTa LoviooU Yivetar TOAD UxpdTeEn. XE
QUTY| TNV THT EVINOTG ETOUEVKC, EQOCOV O LOVIOUOC EEURTATOL OTUAVTIXG OO TO TAATOS TOU
nediou (xan dpo amd TV @dom @), ta Ypadopata tou Yo tpoxihouy Yo tapouctdlouy Wyueh
eldptnom amd TV gdon .

Y7o Blo oyfua, tapouctdleTon xou 1) tepinTtwon Tedlou udhnAdTteeng évtaong. Alénon tng
EvIaomg onualvel OTL To NAEXTEXO Ted{o Tou TEBIOU w/2w amoxtd ueyahltepo mAdtog. H
oLadixaota emhoyig Tov poplwy Bdoet Tou HOMO eaxoloudel vo etvan 1) (Blor dTwe xou otny
nepinTewon Tou medlov yauniotepng evioonc. Lo To Tp@To wod Tou OTTIX0) XUXAOU TOU TO
nedio €yel To péyloto duvatd TAdtog (xatevduvon ata Vetxd Tou dEova ) 1 puotxn exdvo
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Yyfuo 4.3 Lynuoatin avarapdotaon tne adinienidpaoelc tne pedavoine CH30D pe nedio w/2w
0VO OLPOPETIXMY EVTACEWY Yl ¢ = 0. X7to €vileto Blveton 0 UnNyoviouog EMAOYNG TV HopieY
Bdaoer tou HOMO. To aclupetpo nedlo E; @épet evépyela ouyxplown ye tnv evépyela eupdviong
Tou Ypavopatoc ODT, evy 7o medlo Eg épel apxett| evépyela KGTe To xavdht vo xopectel. Sto
oot BIVETAL X0 TO XEXUUUEVO BLUVAUIXO TOU Uoplov, XATw and TNV aAANAeTidpaon ye To medio.
Xdpv amhoUOTEVGTC TO BUVOULXO TOU UOELO AVTYETWTILETOL CAY SLOTOULXO.

OEV DLUPEREL ONUAVTIXG PE TNV TepimTwon younhotepng éviaone. H pdvn diapopd etvon ot
ULOC X0 TO BUVOULXO XUUTTETAL TO Lo URd, eVl ETITAEOV BUVITO VoL UTIEQYEL LOVIOUOS Kol Ao
yapnAoTepa Tpoyloxd. Evoiapépov mopouctdlel To 6eUTERO UGG TOU OTTIXOU XOXAOU Yol TO
orolfo 1o medio €yel xatedYuvor oTo AEVNTIXG TOU GEOVAL 2: EV TPOXEWEV® TAUPOTL TO TAGTOC
Tou TEdlou elvon PEoTEPO ot GYéon e To avtioTolyo oTo VeTixd Tou dlova 2, eivon Théov
OEXETA LOYLEO WOTE VoL XAUPEL ETUEUDS TO BUVIPIXG 0BNYWVTOS OE Woviopo. Me dhha Aoy,
1 Hop@n) Tou TEdlou Bev Eyel TACoV onuacia Yo TNV Teayuatonolno B Oyt Tou toviopol. To
xavaAL €yet 0dnyniel o xopecud xan dev mapouctdlel Théov e€dpTnon and TNy QdoT ¢.

Avrtiotoym ouunepipopd Topouctdlovy dha o Vpadopota TN UeVavoAng. XTo oyfuo
@ TOEOUCLALETOL TO TAATOC TNG TURAUUETEOU ACUMHETEING £ ¢ oUVRTNON TN EVTAOTC Yid
o Ypaopara Hy (1,1), H,O*(1,1), OH™(1,1) xox H3 (1,1), HOD*(1,1), OD™(1,1) tnc -
TATC o SeLTEPLWPEVNS UeVavOrng avTioTotya. XTo (Blo oy fua @aiveton xou 1 e€8eTNoT Tou
oAxo0 ofjuatog xdie YpodopaTog GUVURTHOEL TG EVIAOTS. RUYXEIVOVTUC TIC XUUTUAES TOU
oY ATOS TEOXUTTEL OTL BEV UTAQYEL DLaPORd AVAUESH TNV UTTAT X0 OEUTERLWUEVT peo-
VOAT), o€ 6Tt oyetileTon Ye v e€dptnon and tny éviaor. To yevixd cuunépacua etvor 6Tt 1|
acUUUETElo x80E xaVahlo) PELOVETOL 60 QUEAVEL 1) EVTAOT) X0l TOL XoVEALA 00NY0UVTAL GE XO-
ceopo. To mepouatind auTtd anoTEAEoUN ETUBELUMVEL TNV YUOLXT] EXOVOL TTOU TIOEOUCIAC TNXE

oTO Gy AU .
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Eyfua 4.4: H e€dptnom tou mAdtoug tng xoumding acuuuetplag B ooy cuvdetnon Tne EVIaong yid
o popod Ypaopato Hy (1,1), HoOT(1,1), OHT(1,1) xou H3 (1,1), HODT(1,1), OD™(1,1) tne
amhig xon BEUTEPLWUEVNC UeVavOANE avTioTolya. 210 (Blo oyfuc goalveton xou 1 e€JETNOT TOU OAXOU
ofjuatog xdie VpadouaTog GUVAPTACEL TNE EVIAOTS.

H pehétn tne pedoavohng pe aobuuetpa tedio laser w/2w teptopiotnxe 6o eVpog eVIGoEwY
[=(4—7)-10" W/cm?, étor dote n évoon va elvon opxeTs| yiar TV TopoTiienoT oEXETMY
HAVONLOY OLEICTUONG, AAAGL ETUTAEOY To XUVIALYL VT VoL YNV EfVOL XOPEGUEVAL.

To 800 oouepy| dev TapoLCIdlouy BLIPORES (G TEOG TOV UNYOVIOUS ahAnienidpaonc,
xadwg o HOMO 1wy 800 poplwv dev Tpontomoleiton Adyw Tng 0eutepltong [115]. Xty
enouevn evotnTo Yo TEPLOPIGTOVUE GTNV TUPOUGLACT| TOV TELQUUATIX®Y UTOTEAEOUATODY TNG
deuteptwpéVNS uevavorng CH3OD, xadog, 6Twe oY oMdGTIXE %ot TUEATEVE, To XAVAALYL TOU
EUTAEXOLY TNV UETAPOES LOPOYOVOU YivoVToL O EUXOAN DLUXELTS.

Meiétn tne Metagopds YT opoyovou pe acOppeTea nedia laser

Arnd v BBhoypagio cuutepulvoupE OTL 1) YVMGOT YOS YIo TO CTEQEOICOUEQES TIOU TRO-
#0OTTEL YETA amd axTvoBohnon tne uedovoine e éva loyupd medlo laser eivon meploptouévn.
Enopévewe etvar dyvwoto molo amd ta 4 dtoyo udpoybvou Tou Uoplou Tne uedavorng Ueta-
(PEPOVTAL, X0 TO GUYXEXQLEVA €4V To/Tar UBPOYOVL oL UeTopépovTtan efvar aUTd/oWTd omd
NV UepLd Tou dvdpoxa 1) auTO amd TNV UEELS Tou 0EUYOVouL.

To xavéhia Sidonacnc mou yehetrdnxay divovtal amd Tic €loong SLoTIoNC Ta
XAVAALYL OLIOTIOONG O OEV AMOUTOLY TNV UETAPORS LOROYOVOU, TaEd u6vo TNV Ypadon

ToL BECUOU Avipaxa-0EUYGVOU ot avYpuxa-LBEOYOVKY avtioTorya. To xovdiio Sidonaong
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[.6] xou [£. 7] amantoly v Yeadon tou Beouol avilpaxa-udpoyGVoU, EUTAEXOUY OULE UNYOVIUO
UETOPORAS €VOg ot BU0 LBPOYOVLY avtioTtorya. I'a Toug BYo auTolg pMyoviouols elval
Eexdapo OTL Tor UBPOYOVAL TTOL UETAPEROVTOL Efvol AUTY amd TNV Theupd Tou dvipaxa, xadde
70 avTileTo Yo AmoutoVoE TNV UETAUPOPS X0 TOU UTOUOU TOoU 0EUYOVOUL XdTL Tou efvar amtidovo.
Yy plo mepintomon €va amo o Tplo LBPOYOVA Tou UEVUALOL PETUPERETAL 0TV TAEURE TOU
0Zuybovou, eVe) 0TV TEPITTWOT) 000 LBPOYOVAL UETAUPEPOVTAL OTNY TAELEE TOU 0EUYGVOU.
Evdwgpepouca eivon 1 mepintwor goTodidonaong . ['a vor mpoxOer to Ypadoua HyD™
etvan e&loou mavd 500 cevdpio UETAPOEAE LUBEOYOVOL: €lte 5O LBPOYGVY AT TNV TAEUEA
Tou dvipaxa Yo yetagpeptody oto 0&uydvo, elte To BeuTéplo Tou o&uyovou Yo YeTapepUe
oTNV TAEURd Tou dvipaxa.

‘Eva acOuuetpo nedlo laser €yel v duvatdtnto vor eTAEEEL UOPLA CUYXEXQLUEVOU TIRO-
oavatoMopol. (1¢ anotéheoya, To YoodouaTa TOU TEOXUTTOUY £Y0UV XUTd TNV OLdcTaoT
xatevduvTixdTnTa, und TNV Teolmddeon OTL o Unyaviouds dldoTacng elvol YENYoeoTEROS
NG MEELOBOU TEPLOTEOPTS TOU Hoplou. Xe auth TNV TeplnTwoT, Tor LopLa Tou AAANAETLOPOUY
UE TO aoVUUETEO TEdiO eV TEOAUPBulvouv VoL YEcouy TNV xATeLIUVTIXOTNTA TOU PEQCOUV AT
NV dtadacio emAoYHC Xotd Tov ovioud. Eivon emouévng duvatd vo xotaypoagel TElpouaTind
1 meoTnTén xatebuvor exnounrc xdie Vpadouatog xou dpo vo oy Yoy cuunepdouaTo
YLt TO Toto /ot udpoY o6V elvo o Td Tou PeTapépoval. ['iot To ubpLo TN uedoavoine n teplo-
00¢ TEPLO TEOPYIC OTNY Baonr| xatdotaoT etvar 1.4 ps [116]. "Eva TELQOUATIXG XPLTHELO YLoL VO
amogaviel xavelg av 1 dadixacio didonaong dpxel Ayotepo and TNy eplodo TEPLoTEOPNS
TOU Uoplou ElVOIL 1) XUTAYPUPOUEVES YWVIIXES XaTaVOUES. Miar avicdTpomr ywviomnd xatavo-
U €lvan €VOEIET BIACTIOONG YRNYOROTERNC Amd TNV TERLOTEOYT Tou Uopiou . Avtideta, wia
LOOTEOTXT) XATAUVOUT| UTOPEL VoL epunveuTel ue 800 tpdTouc: (i) 1 ddixaocta didoroong elvo
oy xan (ii) Tor Ypadoportor ot TV SLICTOOY) BEV EXTEUTOVTOL XUTS UAXOS TOL LOPLAXOU
oxehetol. H mepintwon (ii) ebvor mo mdovy| yia cupueteid wopla, dnee yior topdderypo To
uoplo tou Bevloiiouv. To poéeo e pedavorng uropel va avtietwmioTel, ywele BASLBN T
YEVIXOTNTAC, OOV OLATOUIXO [103], uE Tar 600 xEvTpa Tou VoL efvon To 0ELYGVO xalL O dvIpoXaC,
EMOUEVWS L0l LOOTEOTIUXN YWVLOXT) XATUVOUY| EPUNVEVETAL ¢ oY) dladtxacio didomaong.

OpadopaTa TOL TEOXVTTOLY UETA ATO BLACTIACT TOL BECUOL AvIpaxa-0EuyYoOVou

Ou xaumOieg acvupetplag B yio Tor xovdhlar SLCTAONE TOU EUTAEXOLY TNV Ypadon Tou
Seopuol oZuybdvou-dvipaxa (eZiodoeic [BHALT) divovtan oto oyfua 4.5

Aromotaveta 6t to Ypadopo OD(1,1) éxel ioyuph e€dptnon and tny @don ¢ o Toipvel
ueytotn ) i ¢ = 0. H avtiotowymn ywvioxr| xatovour eivon avic6tpomn amodetxviovtag
OTL 1) SdLxaoia puTodidonaog elvon o Yeryoen and TNy Teplodo TepLoTEoPHE Tou Uopiou.
H ywvion| xatavour| o cuvduaoud pe tnv woyver| e€dotnon and v @don etvar cupfat)
UE TO HOVTELO ETAEXTIXOU LOVIOUOU TROGUVATOMOUEVKDY Hoplwy. To pdeta emiéyovtar and
T0 acUupeTeo medio Bdoer Tou HOMO toug, toviCovton xar otny cUVEYELL 00N YoLVTOL GE
OLAOTUOT) AEXETE YR YOPA, WOTE Vol Unv TEoAaBaivouv Vo TeptoTpapoly eheliepa. MUVETOS
BLATNEOVY TOV TREOCAVUTONOUOS UE Bdon Tov omolo emAEYInxay oTa TE®MTA BAUATO LOVIOUOY
xat ouvoxohovda Tor TeoxiTTOVTA YpohouuTta £Y0ouv xaTELIUVTIXOTN T

Avicbrponeg yovionés xatavopés napovotdlouy xa ta Ypadopatae HODT(1,1), H,OD*(1,1)
TOU EUTAEXOUV TNV UETAPORE UDPOYOVOU. DMUVETHYETOL ETOUEVKS OTL X0 QUTEG OL OLOBLXO-
oleg didomaorng elvon apxetd Ypriyopeg [117], onéte t0 matpwd popto eZoxoloulei va Eyel
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()D+ (1,1) forward component
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Yyfuo 4.5: (a)-(c) Ov xoumdlec aocuypetploc B twv Ypauoudtwv ODT(1,1), HOD'(1,1),
HyOD*(1,1) petd amd oxtvoPéinon trc pedavorne CH3OD pe aclppetpo tedlo laser w/2w évta-
onc I~ 6.6 - 10 W/cm? xau (d)-(f) or avtioToyec ywvioxée xotavouée Toug yio otodeph pdon
@ = 0. To TelpouaTING BEDOUEVOL AVATUPIC TOVTOL UE GNUELDL, EVE) Ol XOXIVEG CUUTIAYELS YROUUUES OTOL
(a)-(c) eivar mpooopuoyt pe nuitovoedy ouvdetnon (f(z) = Asin(xz — x.) + bg)). Xto B0 oyfua

OlVOVTOL X0l OYNUATIXES AVATUPAC TACELS TNG UETAPORAS LOROYGVOL.

Tov xadoplouévo, Bdoel Tou acluUETEOL Tedlou, TeocuvaTohous. Ot xaumiieg acuupeTElC
B napouctdlouy Yéyioto yio ¢ ~ 0, oyeddv dnh. oe @don pe to Ypadopo ODT(1,1). Autd
onuadver 6ttt Ypavopoto HOD(1,1), HoOD™(1,1) exméunovtar xotd tnv didonaon teo-
TNTéR amd TNV TASUPA TOU 0LUYOVOU. MUUTEPUVOUUE ETOUEVLS OTL Yol Vol TEOXUPEL TO
Vpavopo HODT(1,1) évar udpoybvo amd tny mheupd tou dvipoxa HETAUPERETAL GTNY TAELES.
tou o&uybvou. Avtiotoya yio o Ypadoua HoOD™(1,1) amouteiton 1 petopopd 800 udpo-
YOvwY oty Thevpd Tou o&uyovou. Katd tnv adinienidpaon tne uedavoing ue oyupd medio
laser emopévwg, undpyouv BUO GTERECICOUERY| TOU UTOREL Vo TEOXV(OLY.

Eivou eniong gavepd 61 ov xoumiiec acuppetpioc f twy tpudy dpouvoudtov ODT(1,1),
HOD*(1,1), H,OD™"(1,1), ev eivon o€ @dion petald toug, ohhd napouctdlouy Slupopd @dong
~ 40°. Autéc oL Slupopéc @dong, Omwe avapépdnxe o TEONYOUUEVES EVOTNTES, OeV elvou
€0%0AO Vo €puNVELTOUY XL ogelhovTar oTny e€dpTnom Tou Blou Tou puiuoL tvicuol and
™y @don ¢. Ilopdha autd, epbdcov 1 Bidonacr AaUPAVEL YR YLol LOPLL CUYHEXQIIEVOU
TEOGUVUTOMGUOU Xall Elval 0pXETA YEY|YOPT), Ol BLAPORES Ydomg eV eMNEedloLY GTNY epunvela
TNe TeoTWNTENS BlebIuUVoNE EXTOUTAC TWV VEOUOUSTLY.

O xauniiec aouvppetploc S yio o Ypavopote HODT(1,1), HoOD*(1,1), épyovtar o
emPeBaioon TG avouevouevng BLadixaciog UETUPORdS UBEOYOVOU (UBpoyo’vwv), xadde M
wovn mioavi| xateduvorn Yetagopds Yo vor tpoxdouy autd ta Ypadopata elvar and Tov
dvdpoxa oo o&uyovo. To avtideto Vo anantoloes PeTaPopd TOL ATOUOL TOoU 0EUYOVOU, XATL
rou elvon amidovo.
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Opadopata ToL TEOXVTTOLY X wels TNV Sidonacy) Tou decpol dvipaxa-oguyodvou

Ou xaumiieg acvupetplag B yia Tor xovdhla SLdcoTAoNE TOU EUTAEXOLY TNV Ypadon Tou
decU00 0EUYOVOU-UBPOYOVKY (sEtsoSostgxw dlvovtal oto oxﬁpoc 270 {010 oy
diveton xou 1) xopmOAn aoupuetploc Tou Ypadopatoc CHY (1,1) o onolo mpoxinter amd
Ypadomn Tou Seopol o&uydvou-dviipoxa xat TapouctdleTtal yio Aoyoug cUyxplong. O ywvio-

CH3+[1..1) forward component
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Syfue 4.6: (a)-(c) Ou xapnidec aocuppetploc 8 twv Ypavoudtov CHy (1,1), Hi (1,1), HoDF(1,1)
ueTd omd oxtvoBdhnom e pedovérne CH3OD pe aclupetpo medlo laser w/2w évtoone I~ 6.6-101
W /em?, 6mou To TElpouoTind SEBOUEVY AVATUPLE THVTOL UE GNUELDL, EVE Ol XOXXIVEC GUUTIOYELC Y-
wéc ebvar mpocopuoyt ue nuitovoedy| ouvdptnon (f(z) = Asin(x — xc) + bg)).(d)-(f) Ot yoviaxéc
xaavopée Twv Ypavoudtev CHF (1,1), Hi (1,1), HoDT(1,1) vy otadept| gdon ¢ = 0. Lo {dio
oY Lot BIVOVTOL XL OYNUATIXES AVATOEAUC TACELS TNS UETOPORAS UBPOYOVOU.

xéc xartovopéc Ty toviey Hy (1,1), HoDT(1,1) napouctdlouy avicoTpomixf UG TOOU UE
T0 YEYIoTH TNE oty dleduvor tou medlou laser. Tlopd to yeyovog 6Tt yewvionée Toug xota-
vopéc dev Tapovctdlouy To (Bio toyuph avicotporia ue to Ypadopota ODT(1,1), CHZ (1,1),
HOD*(1,1), H,OD™(1,1), eivon unapxtéc, xou Unopoly Vo EpUNVELTOUY 0Uoine w¢ SLadixa-
oleg OldoTaONG YENYOROTEPES OE GYEDT UE TNV TEQIC TEOPT] Tou Uopiou.

Ko o0 800 6vtor mapoucidlouy e€dptnom and v @dorn . Ou aviioTtoryee xopumndieg
acuuueTeiag B €youv eniong wxpey| Slopopd Ydong UE TO L6V CH;(l,l). Edhoya pmopel va
vnodéoel xaveic 6TL 1) epunveia Tou TapoUCLEoTIXE GTNY TEpinTwo TV tévtwy HODT(1,1),
H,OD™(1,1) evotodel xar oe auth Ty epintwon.

Ye 6T aopd o dnuovpyia Tou tévtog Hy (1,1) awt dev ebvon dueca tpogavihc. Tty
onutovpyia Tou 6To YoELo TG YedavoANng amanteltan 1) Yoadon TV TELWOY IGOBUVIUMY GECUMY
V0o a-UBPOYOVMY X0 GTNY GUVEYELX 1) ONULOURY (0l TELOY VEWY UETAE) TwV ameheLepOUUE-
V&Y UBROYOVWY (xavEAL Tou Bev eumAéxel peTapopd LdpoYdvou). AvtioToya 1 Snutoupyio
tou t6vtog HoD T (1,1) amontel Ty Ypadon toukdyiotov 800 deoudv udpoydvou-dvipaxa xou
TOu BP0 0LUYGVOU-BEUTERIOU X0 TO OYNUATIONO TEWWY VEWY UETOEY ToV VpouoUdTeY
(xovéhL petapopdc LBEOYHVOL).

"o TV xatovénon tou unyaviopoL ol Nakai et al. tpocouolwoay, Bacllouevol o€ TeMTES
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QEYES, TNV LOopLoY| BUVAULXY| TTOU 0BT YEL TNV BNUIoLEYIX TWV LOVTKY TELOY UBROYOVLY ATtd TNV
deuteptwuévn pedoavorn CDsOH [118]. Xuyxexpiéva dedpnoay évo aéplo woplaxd Selypo
oe Yeppoxpacio dwuatiou, To onolo toviletan ancvieiog oty Yeuehlddn xoTdo TaoT TOU OL-
A& POPTIOUEVOU TaTEWOD LOVTOC CD3OH?*. ZEextvavtoc amd auTée TiC apyES cUVITXES,
LENETNOOY TNV poplaxh Buvapixh Tou odnyel otov oynuatiopd Di (1,1) (ywelc petagopd
udpoydévou), DoHT(1,1) (uetopopd udpoydvou). KatéinZav oto ouunépoouo 6Tt yio TV
OMtoLEYia TOL LOVTOE TELWY LOEOYOVWY, UE 1| YWElC YETUPORE UBPOYOVOU, UTAUTETOL (G EV-
Sudeco Brua 1 dnuiovpyia evéc oudetépou poplaxol udpoydvou (Ds). To poplaxd udpoysvo
TOEOUEVEL XOVTE GTO TUTELXO UOEL0 AOYw duvdpewy Wan der Waals xaw otny cuvéyela amo-
omd €va TEWTOVIO omd THY TAEUPd Tou dvipaxa (xovdhl ywelc TNV uetapopd LdEoYHVOL) 1
o Y TAEUPd TOU 0EUYOVOU (XAVEAL UETOPORAS UBEOYOVOU) SNULOLUEYOVTAC TO LOV TRV
udpoybvwy [119].

H nopoloa meipapotin UEAETT EYIVE Tévw O Lot SAAT) LOP@PY| TNG DEUTEQLWUEVNG TNG UE-
Yavorne (CH3OD). Hopdha oautd, ENEWd 1 XoTovouy| TOU NAEXTEOVINXO) VEPOUC, UETAL) TKV
000 BELTEPLUEVLY LORPOY TNG HEVAUVOATS, €Vl TOUVOUOLOTUTY) OEV UVAUEVOVTOL CTUUVTIXES
OLopopég oty dradwacta oviopol. Ieodivaua etouévme yio Ty dnuioupyio Tou LGVTOC TEL-
OV LBpoYOVWY oTo poplo e CH30D, avouéveton 1 dnuovpyia evéc oudetépou Uoptaxol
udpoyévou (Ha).

H xoumiin aouppetpioc 8 (oyhua Tou Wvtoc HY (1,1) yiveton elxoho xatovonth.
‘Onwe elvor @avepd malpvel PéYoTn Ty Yot @ ~ 7. Autéd onualvel 6Tt 1 dnuioupyio Tou
0UBETEPOL opLoxol LBPOYOVOLU Hy axohovieiton amd TNy andomacT evog TpwToviou and Ty
Theupd Tou dvdpoxa, amodidovtac étol to 6y Hi (1,1). Aedouévou 61t 10 motpixd Wopto
OLTnEEl TOV TEOCUVATOAGUO TOU, TO LOV Yol EXTEUTETAUL XAUTE TNV OLAOTAOT ond TNV TAEUES
Tou dvipoxa. Emopéves avopévetor o xaumiieg aouppetploc tov CHY (1,1) xou HF (1,1) va
elvon o @don 4Tl oL elvon G CUUPWVIAL PE TO TELUUATIXG ATOTEAEGUATAL.

To 16v HoD " (1,1), ougmva ye Ty tapondve Yewmentixd epyooia uropet va dnuovpyndet
OTOV TO OUBETEPO Hoplaxd LBPOYOVO peTapeplel TNy TAEUEE TOou 0EUYOVOU X0l UTOCTACEL
70 10V deutepiou. ‘Evag evahhaxtindg pnyovionode ebvan va uetagepiel to deutépto and Ty
TAELEA TOU 0EUYOVOL OTNV TAELEE TOU AvUPUXa XL OE GUYBUICUO UE TO OLUBETEQO OPLOXO
udpoydvo vo dnuoupynel to oy HoDH(1,1).

pave) GXV']HO( elvon avepd OTL 1) xouUmOAT aoupueTelog B Tou LOVTOg HyD*(1,1) eivon o€
@dor pe to Hy (1,1). Enopévec to tetpapatind dedopéva unodemviouy 6t to tov HoDH(1,1)
EXTEUTETOL XATA TNV OLIOTOOY) TOL Hoplou amd TNV TAEVEd ToL dv¥poxd, LTOBEVVOVTIS OTL
o o miavog Unyaviouog yio Ty dnuioupyio Tou elvon 1) ueTapopd Tou deuTepiou xou Oyt 1|
UETOPORE. TOU OUBETEPOL OELIXOL 0EUYOVOU.

QUoT660, To TEWRAUUATIXG OEGOUEVA BEV UToPOVV Vo amoppihouy To GEVAPLO UETAPORES TOU
0LBETEPOL HopLaxoD LBEOYGVOL amd Tov avipoxa oo ofuyovo. To mo mbavé elvar 6TL xan
oL 800 pMyovVIoUol TEoYUUTOTOOUYTOL, Oyl OUWS PE TNV (Blor mdovoTnTa, OLUPOPETIXG BEV
Vo xortarypdipovtay e€dptnon and v @don oto ofua tou HoDT(1,1). Avdueoa otouc d0o
unyevioole xetveTton w¢ To miavog yio TV dnutovpyia Tou HyD(1,1) awtdg mou EUTAEXEL
NV peTopopd deutepiou [120].
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E&dptnon and tnv @dorn ¢ twv Jpavcudtwy ODT, HOD"' xou H

Y1ic mponyolUeveg eVOTNTES, UETAL) GAAWY, TOEOUCIACTNXAY Ol XUUTUAES AoUPUETElOC
twv dpawoudtwy ODT(1,1), HODT(1,1) xu Hi (1,1) mou mpoépyovion amd o SimAd popTi-
OUEVo TaTEG 16V TG Uevavorng. Bdoel autdv v xaumuiey €yive duvatd va e€oydoly
CUUTERAOHOTA YLt TNV Bladaciar TG EMAOY TG TwV oplwy OTwg eniong ot TNV TEOTWNTEN
olevYuvor exmounhic TV VeauoudTwy.

Y10 oyfua m(poumdcls-cou T0 OhOXApwUA ToL orotog Twv Ypowopdtwy OD(1,1),
HOD™(1,1) xon H3 (1,1). Ebvan avepd 6tt, dneg xon otny mepintemon tou vitpeddoug oZetdiou,
n e€dptnon and v @don ¢ xdide Ypadouatog mapouctdlel 800 CUVELTPORES, TNV xuplaEyn
() 1 omolo xoToryPAPETOL X0l OTIC XOUTUAES aouppeTEloe £ xon Ty SitAdota autrc (2a). H
U Twv 800 aUTGY cuyvoTHTLY emiPBeBaudinxe avalbovtog xatd Fourier to ohoxAfpwua
orfjuotog xdie Ypadopatog. Ilpoéxule 6TL 1 cLUBOAY 6TO G TNG CUVIGTMOS GLYVOTY-
o 2w ebvon peyahhtepn oo Ypadoua Hy (1,1) xon axoroudolv to HOD™(1,1), OD*(1,1).
270 {010 oyfuo BlveTon %ot TO OAOXATIPOUN TOU GHUATOC TOU OLTAS (PORTIOUEVOL TAUTEXOU
tovtoc CH3;0D?*t tou onolou 1 €€dpTnom amd TNV QAo TEPLYRAPETOL Ud TNV CUYVOTNTA
2w, ox0hoLIOVTOG TA UEYIO T TNG EVTACTC PECU OE EVAY OTTIXO XUXAO.

Y1y meplntwon tou itp@doug oewiou NoO 1 Omtapln tev 600 GUYVOTHTWY GTO XUVIAL
didonaonc NoO?F =NOT+0™ (1,1) anodddnxe oe dlo mdavolc pnyaviopols dldoraonc,
Evay YENYO0RO Xou EVay a6, oL 0ToloL XUTahYOLY GE VeaoUATOL UE (BLol XVITIXT| EVEQYELOL XAl
(B0 apriud m/z oto pdopa palag. O yprYopog Unyoviouos TaUTIOTNXE PE TNV CLUYVOTNTA
w VK 0 opydc P TNV 2w (evoTnia . Axolovdwvtag, enopéveg TNV punveia mou
06UNxEe 010 WITEWBES O&ElBLo, Ol BUO CUYVOTNTEC W Xt 200 GTO OAOXANPOUN CHUATOS TCV
Yoavoudtenv e uedavorng mavoy va ogeilovTon xaL €66 o€ BV UNyAVIoHOUS OLIOTUOTS.

Kotd v addnienidpaon evog uoptaxol cuoTAuatog Ue éva loyuped medio laser mpary-
votomololvTon moixideg Sladxacieg toviouol xan didomaong mou eivon e&loou BUOXOAO Vo
TepLypapoly Yewpntind, omwe enlong xou vo daxprdoly metpopatind. Kdmoleg and autée Tig
oodacteg avaévovTon vou efvon dpxeTd YO YOPES Xl XATOLEG UTOREL VoL ATOtTOLY TEQIGOOTE-
PO YEOVO YLo TNV TEAYUATOTOINGT| TOUC.

Tn6 v enldpacn tou toyvpol tediou laser ot duvopxéc evepyetoxés empdveies (Potential
Energy Surfaces, PES) tou poplaxol cucTAUATOC Tapoop@®dvovTon toyupd oL xotd ou-
VETELNL AMOXTOUY HOpPOROYId TEAEIWS BLPORETIXY ATt TNV AVTIGTOLYT) TOU ABLUTAQUXTOU GU-
othpatoc. Eivon udhiota duvatédy oto ornela 6Tou 6To adlatdeoxto 600 TN TapouctaldToy
TOTUXO ENGYLOTO, XAl GEA XATAC TUCT| LOOPEOTHAC, UTO TNV ETLOQAGT] TOU LGYUEOU NAEXTEXOU
Tedlou aUTA Vou YAvovTon. MTNV <EVOEOUUEVTY, OIS Vol EUPUTEQU YVWO T, EVEQYELOXT 1o
o oo (dressed state) to poproxd oo TN oxoloudel TV Véo duvotxr, 1) otola To odnyel
TPOSC TO VEO TOTUXO EAGYLOTO 1) oy auTd BeV uTdpyel Tpog Ty ddonaoy. Eva yovtého nou
TEPLYEApEL TNV BuvaUXT] EEEAMEN-BIACTOOT TOU HOPLIXOY GUOTHUNTOS OE KEVOEBUUEVESY X0
T TdoElS efvon To emovopalouevo «Bidonact utofontoluevn and to nedioy (Field Assisted
Dissociation, FAD, evémw. H Baowr unddeon avtod tou poviéhou etvar 1 Yewpen-
o1 TOL Yoplou K¢ Blatouxd, dnhadr AauBdveton UTOYLY 1 ETUAXUVOT EVOS UOVO BEGUOU TOU
uoplou Yewprvtog Toug LTOAOLTOUS Tty wREVOUCy. Bdoel Tou povtéhouv FAD neprypdgovtan
YeNYOopeES dadxacieg BLdoTaoNE, WS TEOS TNV TEPIDBO TEPLOTEOYNS TOU Uopiou, EPOCOV OL
TOEOUOPPWHEVES DUVAUIXES ETLPAVELES Lo TAVTOL UOVO 600 O UTEEPBoyC TAAUOG AhANAE-
udpd pe to poptaxd ovotnua [30]. T to péplo tne pedavding to povtého FAD meprypdepe
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Yyfua 4.7: (a)-(f) To oloxhfpwua ofuatoc twv cuvictwomy forward/backwrad twv dpow-
opdtwv ODT(1,1), HODT(1,1) xou Hj (1,1) xou (g) tou dimhd popTigévou Tateol Léviog Petd
amd axtvoBohnon tne pedavéine CH30OD pe aclupetpo medio laser w/2w évtaone I~ 6.6 - 1014
W/em?. To nelpopatind onuelo oNUeLdVoVTOL Pe padpous XOXAOUS, EVE OL XOXXIVEC GUUTHYELC
YEUUUES Elvol TEOCOEUOYT) CLVAETNONG Tou eival To GUEOIGUN NUTOVGLY UE AOY® CLUYVOTATWY 2
(f(z) = Asin(z + z¢1) + Bsin(2z + zx2) + bg).

To peaAloTIXd To dvorypa twv deouwy C-H,C-D. Ilapdha autd, dhot ol decuol Tou popiou
OVOUEVETAL VO ETLUNXOVOVTAL UTO TNV Taeoucta Tou 1oy upol medlou, x4Tl Tou EYEL w¢ amo-
TENEOUA TNV EUXONGTERY) omoppdPnon TOAGY gutoviwy (poviého CREL evétnta
X0 XOTE GUVETELX TNV YRTYOpET| OIdoTao).

Hpogavag, o dressed states vplotavton ubvo 660 0 TOAUOS CAANAETILORE UE TO HOPLO-
x6 ovoTtnua (dnh. yior ypovixd ddotnua hywv dexddwv fs). Méta to népac tou nahuo,
TO UopLoxd GUOTNUA Telvel Vo eTavENDEL OTNY TREOTERY XAUTACTACT], X0 1) BuvaLxr] eEENEN
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TOU TEOYUATOTIOE(TOL (TOLAAYIOTOV OE TEMTY TEOCGEYYIOT oV TO GUCTNUA dev €yel Slata-
cay el onuavTxd) otic ablotdpaxtes Suvaixés empdveieg. H emmiéov evépyeia mou éxyel
amoppo@nUel amd Tor NAEXTEOVLAL UETATEENETUL OF TUAUVTOTIXY X0 TEQLC TROPIXT| EVEQYELN TWV
TURHVWY TOL Joplou GE yeovixd dldo Tnua Aywy fs uéow tng un-oxtvofohnuixfc dtaduxactag
NG E0WTEPIXAG UeToTponrc (internal conversion) (m.y. tohovtwTindg egnovyacuos,vibronic
relaxation). To molhamhd (POPTICUEVA LOVTU TIOU TEOXUTTOLY UECK QUTAG TNG OLodixaciag
elvat YVwoté 6Tl xatakfyouy oe anhéc xataotdoelc (singlet states) and dmou xat odnyovvTo
o€ ypryoen ddomaon).

Téoo 1 ddonaon péow FAD 6co xou 1 didonoon yéow internal conversion/singlet states
elvon SLadixaolec Tou TpoyUoToTolovVToL GE Yeovixy xAtuaxo Alywy dexddwy fs xou emouévng
0gv UnopolV Vo Sloxetdoly TELUUOTIXG, YLol TUQADELY U HECK TV XAUTUYPAUPOUEVLDY Y-
VIIXWY XATAVOUGMY TV THpay OUEVLY Ypauoudtony. Ko ot 800 unyaviouol avopévovtan vo
amod®ooUY VeodoUATA UE Loy LEY| XUTELVUYTIXOTNTA (f] LGOBUVOUA UVICOTROTIES YWOVIUXES X0
ToVOPES) X ot SLodixaoies lvat TOR) To YERYOpES GE oyéom e TNV eplodo TEpLoTROPHC
Tou Uoplou.

Extoc and auteg Tic Yeryopeg dadixacieg didonaong dev umopel xavels vo anoxheioet
xa OLadLXAolEC TOU TEAYUATOTOOVTAL OE YoVIXT| xAluaxo PEYUAOTERT AUTAS TNE TEPLOBOU
TEPLOTEOYPYC Tou oplou. Mia amd autég elvon 0 eQNoLYAOUOS HECE BLICUC TNUATIXAC OLo-
otapwone (intersystem crossing) mou odnyel o yoplaxd oo TNUO OE TEUTAES XATAC TUOELS
(triplet states). Mo tétola un-oxtivofoinuny| dradixacior nporyuatonoteiton ouvidwe oe
YoV xAfuoxa HEYahOTERT TNE TEPLOBOU TEPLOTEOPHC TwV Hoplwy. H Umapln petac todoy
AATOO TACEWY, elvon emlong wior mdavoTnTa, xou TNy TERinT®woTn TN YeVavOAng dev umopet vo
ATOXAEIOTEL EQOGOV TO BIMAG POPTIOUEVO TUTEWO OV XaTayedPeTon 0To Qdopa palag. Ot
0Vo auTol apyol Unyaviouol avaUEVETAUL Vol Aod®MOo0oLY VealoUAT YWEIC TEOTUNTEN XAUTEL-
YuvtixdTnTa xon dpa Yo Tapouctdlouy LIOOTEOTUXES YOVIOXES XATAVOUES.

Y10 oy OlVOVTOL Ol XAUVOVIXOTOUNUEVES, WG TEOC TNV UEYLOTY TUN TOUG,YWVIAXES
xatovopéc Twv Ypawoudtwy ODT(1,1), HOD™(1,1) xou Hi (1,1) yio otadept pdon ¢ = .
Awmotoveton 6Tt xon tot tplo Ypaopata ODT(1,1), HOD(1,1) xou Hi (1,1) napoucidlouy
OVIOOTOOTIES YWVIAXES XATAVOUES UE TO PEYLIOTO TOUG XaTd urjxog Tou dZova Tou ToF. Tlapdha
QUTE TO OO XA TV TRV LOVIWY e ToAwon xddetn otnv d&ova tou ToF (90°) Bev
undevileton, xdtt mou UTOBEVUEL TNV UToEEN WIS HIXEOTERNC LIOOTEOTIXAC cuVIGTHOCUS. To

Vpaopa Hy (1,1) napouctdlet tnv peyahlTepn l00TROTIXY| GUVICTOGH oL axoloudeiton amd
o HOD*(1,1), OD*(1,1).

Bdoel Tng Lop@ohoylug TV YWVINX®Y XUTOUVOUMY UTOPOVUUE ETOUEVKS VO CUUTERHVOUUE
OTL TpayHoToTolouvVToL TG0 oL Yeryopol unyaviopol otdornaong uéow FAD, CREI 1 péow
ATADY XATACTACEWY OGO X0t OL TO 0PYOl UEGW TEITAWY XaTaoTdoewy. To melpouatind autd
ATOTEAEGUA EVOUL OE CUUPWVIOL UE TIC XOUUTUAES TOU GYUAUTOS OTIC OTOLEC OL GLYVOTNTEG
W AL 20 *EYOLY TNV EUPAVICT| TOUC.

To Ypavopate ODT(1,1), HODT(1,1) napovotdlouy Lop@ohoyior TopoUoL GE XUTEL-
YUVTIXOTNTAL OTWC QUTY| XATAYPAPETAL TOCO OTIC XOUTOAES TOU Gy AUATOS 600 AL OTIC
ywviaxég xotavopés. O Thapa et al. uehétnooay Yewpntind Ty SuVOIXT| TOU PKOTO-LOVIOHOD
xou Tne Stdomaone Tou poplou tne pedavorne (CH3OH) und tny nopovaia ioyupot tediou la-
ser [121]. Hopdtt o1 utoloyilopol Toug emxevTpwdnray xuplwg 610 amhé 16V g Yedavorng,
otny Bl epyacion TUEOUCIACTNXAY ATOTEAEGUATA Yo TO OUOETEPO %Ol OLTAY PORTIOUEVO
uoplo. Ot umohoyilopol Toug Ylol TO BIMAY POPTIOUEVO TATEWO OV TEOBAETOLY BLdCTUCT
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= OD' forward (1,1)
¢ HOD' forward (1,1)
4 H ' forward (1,1)

normalized integr. signal [arb. units]

270

Yyfuo 4.8: Ot xavovixomonuéveg Ywviaxég xatavoués tov forward cuvictwony twv Ypauoudtey
OD™*(1,1), HOD*(1,1) xox Hy (1,1) petd ané axtvoBéhnon tne pedavorne CH3OD pe aclyupeteo
nedio laser w/2w yio otadeph pdon ¢ = m évtaone I~ 6.6 - 1014 W/cm?.

ToU popiou 1 omola umopel va tpaypatoroinUel eite otNy amhn elte TNV TEITAY xaTdoTOON
Tou BTG YopTioPEvoL TaTeol tovTog, amodidovtac we mpoidvta HT, Hy , OHT, HOH'.
Yy B epyacta mapovoidlovton eniong ot avtioToyeg eviahmieg Yo SLdpopa SLoTAC TS
xavdhior efte oauTd Eexvoly amd TNV amAY| TE amb TNV TELTAY XUTAG TooT).

[apdt oty Vewpnunf) auth epyaoia peretidnxe 1 cuviing uopy| tne uedavoing
(CH30H), evey oty napoloa mepapatixfy pehétn o deuteptwpévn wopet tne (CH30D),
€YEL VO VoL YIVEL GUYXELON TWV ATOTEAEGUATWY, xadMC 1) SEUTEPLOUEVT UEVUVOAT TTopOL-
OlaCEL TOPOUOLL XATAVOUT) NAEXTEOVIAXOU VEQOUS X0l ETOUEVWS 1) Bladacio Loviopo) dev
OVOUEVETOL VO DLOUPEPEL OTUAVTIXY.

Yougpwva pe v perétn v Thapa et al., téoo ta ovta OHT 600 xou 1o HOHY, eivon
OLVATOV VoL TTROEEYOVTOL OO UTAT) 1) TELTAY) XAUTACTACY], UE TNV XWNTLXA TOUG EVEQYELL VO
Sapoporoteitan ehappids (AK ~ 1 eV). Suyxexpwéva, ta tovta OHT (HOHY) and v
oAy xatdotaoy TeoBhéneton 6Tl mapdyovTon ue xivnTixy evépyela 4.5 eV (4.2 eV) evdd 1

avtioTolymn TWr EVERYELIG OTAY To LOVTO TROEEYOVTAL amd TNV TELTAY xatdotacT eivon 5.6 eV
(5.2eV).

Y10 oyfua diveton 10 @dopa wdlouc twv Wvtwy ODT(1,1), HOD*(1,1) oto omnoio
0 opwlovTiog dovag €yel petatpanel o€ xwvnTixy evépyela. Eivow govepd 6Tt 1 Sonprtind
IXOVOTNTOL TOU QOGUOTOYRdpou Ualag Bev eTapxel yiol Vo EEYwWElooLY 1OVTA amd TNV Ay 1)
TNV TELTAY XATAOTAOT, GOV OLUXELTES XOPUPES. §2¢ AMOTEAEOUN 1) TEOXUTTOUGH XOPUPT| GTO
@pdopa udlog EEL CUVELTPORES TOGO UM LOVTA TNS TEITANEC OG0 ot TNG ATAHC XATACTUONC,
oL oXEBME AOY® TN AAANACETUIXGALYNG TV ONUATEOY OeV elvon BUVTOV Vo UeAeTUo0Y
EEYWPELOTA, T.Y. WS TREOS TNV XUTELVLYTIXOTNTE TOUG (yovioxéc xoctowoyég) xou TNy e€dpTnom
amo TNV Qdon ¢ (xapumileg aovupetpiog (). Toéoo otic ywvioxés xatavopés 660 xot oTNny
eldptnom and TV @don ¢ emBeBardveton 1 UTOEEN TOU YENYOEOU XaL apYOU UNyaviopo
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Syue 4.9: To @dopa pdlac xvnrnic evépyewrg v éviwy ODT(1,1),HODT(1,1). Ta xbxx-
va/urmhe BéAn onuetdvouy Tic vrohoylopeves and toug Thapa et al. xwvnuixéc evépyelec and v
oY) X0 TELTAY XATAG TOoT AvTio TOLY AL

Egboov n didonaon and dressed states 1§ and anieg xotaotdoeig eivon apxetd yeryoen
o€ CUYXEIOT PE TNV TEPIOBO TEPLOTEOPY| TOU HOoplou, To LOVTO TTOU TEOXUTTOLY ATd AUTEG
TIg Btaduasteg Yo Slatneoly Tov TEOCUVUTOMOUS Tou TE®ToL Bruatog toviouol. Katd tny
odonaon Yo mapouotdlouy xATEVHUVTIXOTNTO X0l ETOUEVMS AVICOTOOTT] YOVLUXT XATAVOUY,.
AvtioTorya, 1 e€dptnor Toug and v @don ¢ Yo Exel TepLodixdTNTA avTioTo N AUTHS TNG
oaAoyfic xatedduvong Tou Tedlou, xot EMOPEVELS Yo TEQLYRAPETOL amd TNV GLYVOTNTO .
Avtideta, 1 OLdoTooT omd TEITAES XUTAGTACELS, EPOCOV ATAUTEL Yiol THY TEAYUATOTOINGT TNG
YEOVIXO BLAOTNUN UEYUADTEQO TNS TEPLOTEOPHC Tou Uoplou, Yo amodwoel Ypadouota ywelc
AUTEVDLVTIXOTNTA UE LGOTEOTIXT YoWioxT| xaTtavour]. Emmiéov w¢ ouvdptnon g @dong ¢
Tou Tediou w/2w T tvTa awtd Yo nopouotdlouy e&dptnon mou Va axoloudel To péyioTa
EVTUOTG X ETOPEVKLS Vol TEPLYRAPOVTOL ATt GUYVOTNTA 27T.

To v H;(l,l) ToEoVCLALEL ETONG YOVIOXT XATOVOUT UE LOOTEOTLXY) CUVIGTWO, OTMC
eTloNC %o TNV YAEOXTNEIGTIXT) CLYVOTNTA 200 6TO OAOXANPWHO TOU OYUUTOS Tou. AvauéveTal
EMOUEVKC VO UTIGOYEL XU OTNY TERIMTMOT AUTOU TOU LOVTOS EVAS YPNYOROS ot EVAS 0pYOS
UMy eviouog.

Yy Yewenunt| yerétn twv Thapa et al. dev mpoPfAéneton 0 GYNUATIONOS TOU LOVTOG
Hi (1,1) omé amhf xon Termhf xatdotacn xou etopévne dev propel vo amododel o ypryopog
AL APYOSC UNYOVIOUOC DLACTOONC O DIEOTACT) UECE ATAWY XAl TELTAMY XU TACTAOELS.

Ov Nakai et al. otnv Yewpentixd yehétn TouC Yl TNV dnulovpyla Tou LOVTOC D;{ anod
Vv deuteplwuév pedovorn CD3OH xatéiniay oto ouunépoaoua 6Tt xotd Tny dlodixactio d1-
movpylag Tou LGVTOG aUTOL, K¢ EVOLIUECO Briua amonteiton 1) dnutovpyia OUBETEQOL LOPLIXOY
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deutepiov (Do) [MI8]. To cuunépaoua autd npoxinter and v e€dpTnon Tou ohxol Qop-
Tiou Tou poploxoy Beuteplou we cuvdpTnon Tou ypdvou (oyfua [.10). And to oyfuc autd
TEOXUTITEL OTL Yo €val Ypovixd dtdotnua epimou 150 fs to poplaxd deutépto efvar ouvdétpa
(POPTIOUEVO. TNV CUVEYELL TO LOV D:}f oyNuatileETon AmOoTOVTISC Vol axXOUT DEUTERLO amd
NV TAELEE Tou dvipaxa (1 xou Tou oZuybvou). Eivor gavepd ot to poptoxd deutéplo unopel
VO OO THOEL UN-UNOEVIXS PopTIO HECWL ULIG dPXETA YRTyoens ddixactag oTo TemTa ~ 75
fs 7 xou plac mo apyrc o ypdvo t > 225 fs.

D 2 L) L L L L]
go .
E LII -
3 I' AN
f= ' PHD2
o ] pas————
< AN Al
[ - | A ~ N
S VY VYWY
=
3
:,:.
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Eyua 4.10: To olxd goptio tou deutepiou Dy (pp2) cav cuvdetnon Tou Ypdvou OTwE TaPOUCH-
Gotnxe oty [11§] .

AvtioToryog Unyaviouos avauéVveTal Vo TOOYUATOTOLELTOL Xl 0TV TERITTWoT TNg deuTe-
etouévng pedavorn CHsOD. Q¢ eviidueco Briua ouwe Yo oynuotiCeton to 1ov Hy avti tou
Ds, étoL wote ot cuvéyela va dnuovpyTdet To v Hy .

Bdoel autric TNg TERLYRUPHC TO YRTYORO XUVAAL CYNUATIOUO) TOU H;{(l,l) eivar miorvody
vor TporypatoTotetton oo TpdTar 75 s dtov to HY xdver Ty eugdvion tou. To goptiouévo
popLaxd LUBPoYGVO amoomd évar 0UdETEpO aTouxd UBpoYGVo xou oymuotileton To v Hi .
Avtictowya o apyog unyaviopog Sidonaong mavoy mpoyuatonoleiton yiot > 225 fs dtav to
OUBETEPO UOPOYOVO ATOXTY X TEAL U UNOEVIXG (POPTIO X0 ATOCTE TO OUBETERPO LBROYOVO.
Kot 1o 800 xavého omodidouy dpadopara Hy (1,1) (Buwy yopoxtneloTixdy mou dev pnopoly
vo. dlaxprdolyv 6Tto gdopo udlag.

H yoviaxd xaovopr tou évtog HY (1,1) napoucidlet udtepo evduagépov. Ot nepioode-
PEC OUABES TOU PEAETNOAY TNV TRy WYT| TOU LOVTOC oo BLdpopo 0pYavIxd. LopLo XaTEANEay
0710 OTL 1) Ywvioxh xatavoun etvar oyedov wotpomny| [116]. Emmhéov yio to woplo tne ye-
VYavorne emBefoucdinxe 1 Orapén @edyuatoc duvouxol (xon dpo coyuadixol onueiou) xotd
unxoc NG duvauixc EmpAveln o exelvn TNV dlediuvor mou odnyel 0TV TopaYwYT) Tou
t6vtog. Ta 600 auTd BedouEVa EVIoYVOUV TO ETLYElENUN OTL TO XoVEAL TaPAY WY TOU LOVTOG
elvon 0pY6 og olyxpLon UE TNV TEplodo TEPLGTEOPHC TOL Hoplov.

Ye avildeon pe tnv mhetodnglo Twv dnuocteugévey otny Bihloypagla EpYAoLnY, GTNY
nopoou TELpaATIX BEAETY), 1) Yoviaxh xatavour Tou Hy (1,1) efvor cogpéotara avicdtponn
ue toyver wwotpomxt) ouvotwoa [102]. Auth n aoupgwvic YeTall) TV TERUUATIXGY onoTE-
AEOUATOY TV BLapopwY ouddwy Yo Teenel va xatavonlel. Xe autd to onueto Yo mpénel vo
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TovioTel 6TL éva pdoua pdlag amoTehel LOVO [lal HOVODIAG TUTY XOUTUAT TOU TEOXUTTEL Ao
NV TeoBoAY| Tou oYuaTog Xdle LOVTOC, OTWS aUTd TEOoXUTTEL UET and Ty éxpnérn Coulomb 7
omola TPOPAVKE AAUPBAVEL Y MR 0TI TEELS OLC TAELS, ot éva Ypauuixd ToF gacuatoypdgo.
Enopévwg, dev efvar duvatd vo xatorypoepet 1 dtadxacio SIoTaong Xt 0TS TEELS DlAo TAOELS.
M emnAéov TopdueTEoC ToU eMNEEACEL CNUAVTIXG TNV XOTOYPUPOUEVT] YWVLUXT XATAVOUT
elvon T TNE ATOBOTIXOTNTAS VLY VELGTG (detection efficiency) tou (POOUTOYEAPOL UaLaC.
H Swnprtied) wovétnTa tou goouatoypdgou pdlog eivor cuvdptnorn tng mTohxhg Ywviog 0
uetall tou dova tou ToF xou tng diebduvong exnourrc Twv Ypauoudtony. Kdde 1ov o-
VENOYOL UE TNV XWVNTIXT) TOU EVERYELX Xt TOV AGYO m/z oty veleton TEPLOOOTERO N Ay dTeEpROD
amodotixd, opilovtag €tal éva xwvo aviyveuone (detection cone) tou omolou 1 ywvia eivo
YVOO T 0¢ «yovia anodoyricy (acceptance angle). I vor yiver i tolotix| alyxplon e o
131 Snuootevuéva anoteréopata, To acceptacne angle yio to 16y Hy (1,1) extipfdnxe péow
TOU TPOYEAUUTOS Tpocopoiwong Simion 8.0. T tnv tepapoTind uTohoYILOUEVT xivNTIXT)
evépyeta Tou tovtoc Hy (1,1) (3.5 £ 0.4 €V) 7o acceptance angle extufdnxe vo efvor ~ 5°.

Bdoel autol tou amotehéopatoc eivon Suvatd vor TeoxUEL ULl TEOCEYYIGTIXY TWT| Yot
TO AOYO TNG AVIOOTROTNG TROG TNV LGOTEOTUXT| GUVIG TMOW, Xal GUVIXOhoLDa TOU AOYOU ToU
YeYOpOoU Tpog TO apYd xovdAL Bidomacnc. Ot YwVIUXES XATAVOUES TOU CYAATOC uTopo-
OV VoL TpOGOUOIG TOLY amd TNV e&lonwon YV, = d+a(cosf)™, émou 1 ToEdUETEOS d TEQLYEAIPEL
TNV LOOTROTUXY) GUVIG TWOW, 1) TOPGUETEOC @ TNV UEYLO TN Ty xatd urixog tou dova tou ToF
xan 1) yovio 0 ebvar 1 moAw| yovio. Kot yio Tic TREIC YOVIOKES XATAVOUES, TO ATOTEAEGHA TNG
TpocoUolwong cuyxhivel oty TR n = 2 [116]. Axoloudcrvtog amhéc wordnuatixéc mpdéels,
TEOXUTTEL OTL 0 OAXOG OYXOG TNG AVIOOTEOTNG XA LOOTPOTUXAC CUVLC TWOOG Elval SuvaTod Vo
UTOAOYIG TEL UECW TV EELOOCEMV:

27 4 acos™@’
Vinis :/ dgb/ sin@’d@'/ r2dr,
0 0 0
27 o’ a—d
Visot :/ d(b/ sin@’dﬁ’/ r2dr
0 0 0

xan ETopévee o Yetadd Toug hoyog Yo elva:

Vanis . (CL - d)S (1 — 00870)
‘/isot B 7d3 (1 - COS&) .

©étovtag 0 = 90° otny opandve e€lowor, €tol wote va Angldel unddm povo n forward

ouvioThoa Tou tovtoc He (1,1), tpoxintet o hoyoc —— = 0.04. Enopévec otny mporypott-
isot

XOTNTA 1) 100TPOTIXT| cuVIoTMou Tou tovtoc Hi (1,1) etvon peyolltepn and tny aviebdtponn,

o€ oUUPGViN UE ToL 10T ONUOCLEVUEVA BEBOUEVA GANGDY OUdDWY.

ants
‘/z’sot
yia o tovte ODT(1,1), HOD™(1,1). Abyw Suwe tne uixpnic lo0Tpomxiic TOUC GUVIOTMONC, 1)
omola eivon cLYxplowrn YE TO TELROPUTIXG GQAAU, 1) EXTIUNCT) TOU Adyou Yo HToy ETCQUANS,
napdho mou eivon eggovég 6Tt T teploadtepa tovto ODT(1,1), HOD(1,1) cuyxpotodv v
AVIGOTEOTY CUVIOTWON, Yol ETOUEVWLS BAoEL TG epunvelag Tou 06U xe Topamdve, AVaUEVETAL
VO TPOEPYOVTAL U0 ATAEC XATUCTAOELC.

[pogavae 1 mopandve e£lowon Tou Aéyou umopet v yével va yenotuomoumnidel xou
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4.2 TO)\OUé)\LO, C6H5CH3 pado ) C6D5CH3,C6D5CD3

To tohoudhio ebvar €vor amd ToL TEOTUTIAL LOELAL TNG OHBABUE TWV UCOUUETEWY HEWUATIXGDY
udpoyovavlpdxwy. Tlpdxettar yior €var ToAvoTouXS UbELo, UE HopLaXO dEOVO TOU UTOREL Vo
Yewenlel otL ebvan autdC mou TEPVdEL amd To PeBVAO0 o TO oVTLOLMETEWE avTidetd Tou
dviponar (Bh. évideto oto oyfua|d.11). Katd tny adinienidpoon ue unepPpoyéa nedia laser
TO UOEL0 TOU TOAOLOA{OU toVILeTaL TOMATAL, X0 O HOPLIXOEC TOU GXEAETOS TOLUULOPPEVETIL.
Ebvar duvatd, 6meg xon otny meplntwon tng pedovorng ta mapodind ToANUTAd QopTIoUEVY Tt
TEWAE LOVTA VoL amoXTHOOUV AN Sour, (0 TepOICOUERIONOC), HECL TG BLaBIXAGLag HETAUPORHS
UBEOYOVV.

EAdyiota moAvatouind poplor eEXTETAUEVNG doprg Eyouv pehetniel ye acluuetpo medio
laser [122], [60]. "Eyovtoc peletioet o tplatouxd péplo tou vitpmhdoug ofetdiov, xot To mo-
Avotopd uoplo tng uedavorng, 1 UetdBacn oc va UopLlo EXTETUUEVNC BouNg OTWS AUTO TOU
TohovoAlov anoteel par TpdxAnoT. Aedopévou 6Tl eAdyto T, HEyeL OTIYUNG, DPAUCTNELOTNTA
€yl yivel 0710 Edlo TG AAANAETHBPUONE TWV TOAVAUTOULXGY UopiwY PE TEDdI AoUUUETEOU
Teogik, auth xodauTh 1 UEAETN Tapouctdlel evolapépoy, xade utopel va erEyEel Ta GpLa e-
PUPUOYTNG TNG TEYVIXNG TWV ACUPPETEWY TEDiWY Ot ToAuTAoxdTERN cuaThuaTa. Emmiéoyv, ol
OLAPOPES DLABIXAGIES LOVIGUOU %01 BIACTUONG UTOEOLY VoL YIVOUY XaAITERH XATAVONTES XAV DS
xaté TNV aAAnAenidpao pe unepBpayeic TahuoUg laser TpoopEpETAL Utal ETITAEOY TTELQUUATIXT)
TOEAPETEOS AUTAS TNG XATELIUVTIXOTATOC TOU Tedlou (1 aAAMDC TNS Ydong ¥).

M e0hoyn amopior €6 Vo Aoy yrotl var unv emhéler xavele va Eexvioer Ty UehéTn
070 AmAOVUOTERO, GE GYEoT UE TO TohoudAo, popto Tou Bevloiiou. H Umoapén tou pedulriou
CH3— 070 u6plo 10U TOAOUOAIOU <UETAPEALETOLY OE AGUUUETET) XUTAVOUT) TOU NAEXTEOVLIXOU
VEQOUC %ATd UX0C TOL Uoptoxol dEova, ot avTileon UE To TAHEWS CUUUETEIXG UOPLO TOU
Bevlohiou. Autd xdvel TV €MAOYY TOU TOAOUVOAIOU TEOTWNTEN OF Uiol TEMOTN TEOCTAVEL
MEAETNG EXTETOUUEVOV LOPLIXWY CUCTNUATWY UE Tedio w/2w.

Téhog, 6Twe EYVE Pavepd TOGO GTNV EVOTNTA TOU VITEMBOUE 0ZEWB{0U 6G0 X0 O UTY TNG
uedovolng, ota ToAvaToUxd Lopta 6Tou elvan BUVATOHY Vo OTIECOLY TEPLOGOTEROL OO EVAG
uoptaxol deopol, 1 yenon gacuatoyedpou ToF cuyvd dev umopel anodnmoel OAN Ty Thneo-
gopta. To mpdBAnua unopel vo avtipetomiotel, oe xdnolo Poaduod, ue TV UEAETN TEOCEXTIXG
ETUAEYUEVOY LOOTOTIXE UTOXATEC TNUEVWY LOPPWY TV Hoplwy. T'Vautd xar otny mepintwon
TOU ToAOUOAIOL Yo Topouctac Tel 1 cuyxELTixy HEAETN TNne amArc pnopgrc Tou CgHsCHs xan
800 BeuTeptUEVODY Hopphy oawtol CgDsCHy (Seutepuwpévo pévo otov Bevlohixd duxtulio)
xou CgD5CD3 (mhipwc deutepuwpévo Tohoubho).

Pdopa pdlag twv CeH;CH;s, CsD;CH3 xaw CsD;CDg

Y10 oxﬁpoc otvovton T paouata palog Twv CeHsCHsz, CgDsCHsz xouw CgD5CD3 xdtw
and axtvofdinon pe medio w/2w évtaone I= 2 - 10M W/em?. Axpifidc Moyo twv TOAGY
miovey TedTWY dldoTaorg Tou TaTewo poplou, ot gdouata Ydloug tapouctdlovTon TAN-
Vodpa xopLe®Y 1oVTLY. To @doua Tou CeDsCHs pe o memtn yeryoen Hotid topouctdlel
TOAUTTAOXOTERT] BOUT| axEBOC YTl TNV BEVTEQLWUEVY aUTH LoE®T| Efvar duvaTh 1 SLdxpton
TV 0euTeplwy Tou Peviohxol daxtuliou amd Ta LBEOYGVA To peduliou. Xto Blo oy AU
mopouctdletoar o évieto To ueyeduouévo pdoua udlag yia To €0p0g m/z : 15 — 18 émou
xou ouyxpoteiton 1 xopugr tou weduriou CHy — (m/z = 15),CD3 — (m.z = 18). H tou-
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ToyEovN UTapEn TwV xopuEdY Tou ueduliou CHs — (m/z = 15),CDs — (m/z = 18) oto
oo Lalag TOU UERIXME DELTEPLWUEVOLU TOAOVOAIOL elvor amd uovn Tng anddelln 6Tl 0To o
UNYOVIOUOC UETOPORES UBROYOVWY elvol EVEQYOS XaL GTO UOELO TOLU TOAOUOAOU. XTO XdTw
UEPOC TNG EOVAC TopouctdlovTat xon HEYEYUUEVES ELXOVES TOU QACUTOS UALAS YL TO €00
m/z:2—6, 6mou eupavilovial oL XOPUPES TV LOPLIXWY LOVTKY LBPoY6VoU/deutepiou. Tao
w6vtoa HDT, DoH™ 1ou XATUYEAPOVTOL GTO PACHA TOU UERPIXMS DEUTERPLWUEVOL TOAOUOAOU
elvon Lot adtou@oBhTN T emPBeRalwon OTL 0 YNy avVIoUOS EVOOUOPLUXTS UETAPORAS LOROYOVOU
€yl eupUTEEY EPOPUOYT Xou Bev Teplopiletan oTa 6o EAEYYUNCAUY OTNY TEPIMTWON TNG |UE-
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Eyfuo 4.11: To gdopa pdlac yedvou nthone twv CeHsCHs, CeDsCH3 xou CD5CD3 yia évtaon
I=2-10" W/cm?.

xavohlov dldonaone, péow e KER etvor adOvatn. T autd xon dev Yo mopouctacTel e-
00 TVOXOC XIVNTIXWY EVEQYELDY OTIWG EYIVE YL TOL HOELY TV TEONYOUMEVLY evOTATWY. To
Teploc6TEP VpadoUTo TOROUGIALOUY TNV YoQUXTNEIOTIXT LORPOIOYId forward /backward
TIOU UTOONAGOVEL OTL ToL LOVTOL UMEAEVVEQMOVOVTAL UE UN-UNOEVIXT] XIVITIXY| EVEQYELX, 1) OTolo
umopel va utoloyloTel uéow tng e€iowong .

To Ypadouato ota onola smxswpo’of)nxs 1 UEAETT Elvo TOL LOVTYL octoptxo() ol poptoo{o()

udpoybvou /Seutepiou. Xto oxnpoc Tcocpouonoclowou psysﬁupsvsg EIXOVES TOU (PACUATOC
wdlac twv forward cuviotwodv Ty Wviey HT, Hy, H tou anhol (CeH5CH;) tohouo-
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AMou xadae xon o avtiotorya wévta HT, DT, DY, HDT, D xou D, D3, D3 tou pepixic
(C¢DsCHs) xou mhipwe (C¢D5CD3) Seutepimuévou tohovohiou cxvricrmxoc.

- - _— o
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Yyhuo 4.12: O forward cuviotdoeg Tou @douatog UAlug TWY ATOULXDY XOlL LOPLIXMY LOVTWY UdEO-
Y6vou o 0o BlapopeTtinée evtdoeic I= 1.5-10' W /em? (xéxavn ouurnayhc yeouus) xow = 8-1013
W/em? (patpn oupmoyhc yeoupn). Ou othkec (a)-(c) avagépovion ota CHsCHs, C¢DsCHj xou
CD5CD3 avtiototye. To mepopotind onueto v Hy HY oto oyfue (a) xow tou D oo oyfua
(b) (un-ovunayhc xvxhot) twv CeHsCHg xou CgD5CD3 avtiotowya ebvon npocopuoyt (xdxxwvn ou-
Uy RS YROouUT) HE TNV XeNHom TetdY AopevTLlovmy cUVIETOONOY (TREoIVES CUUTAYES YROUMES).

Ou xopugéc oo gdoua pdlag mopouctdlouy cOVIETO TEOMIA UE AAANAOETUIXUAUTTOUEVES
xopu@éc. Kdle xopupr ouyxpoteltan and ovtxd Yoadouoto Tou TpoépyovTal and BlapopE-
TIXY| TEODEOUT XATAC TAUOT 1 /xou TOMOTAOTNTO TO TUTELXOU LOVTOC.

et t0 amhé tohovdho (CeHsCHs, oyfua d.12(a)) ta wvta HT, Hy, HY napoucidlouv
wtor eupeior xortovopr) xvnTixdv evepyetoy ((~ 1 — 20 eV yio 1o HT xau ~ 15 eV yua T
LOVTAL H;r, Hf{) Tétolo0L €lboug EUPEIEC XATAVOUES HIVNTIXDY EVEQYELDY UTOONAWMYOLY OTL Ta
Ypatouata tpoxintouy Yécw éxenine Coulomb tou tohhamAd @opTiouévou TaTexol L6VTOC,
TOU 0TO{OL 1] TOANATAGTATA TOU TATELXOV 16VTOG BeV umopel vor Beedel edxoha.

Ot Bubin et al. [123] oty yerétn e ahhnheniBpoong TV TOAATOUXOY UBROYOVaY-
Yodxwv Ue toyued tedio laser Ye TNV TEYVIXT TNG CUUTTWTIXC ATEOVIOTC OPUMY (coincidence
momentum imaging, CMI) xatéhnav oto cuunépoaouo 1 ovuxd Ypadopoto HT xvnu-
xnc evépyewa 2 20 eV mpoxintouy Yéow pag opviniic poplaxic BIdoTaonS UE TauTOyeovT
EXTIOUTIA OAWY TV UBROYOVOV.
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T o tovta H;, H}f uTopolV va dloxpriolyv 6To @dopa udlog TREW TOUALYLOTOY GUVEL-
GQOPEC TIOU AVTLO TOLYOLY GE TWES XWVNTIXWY evepyelwy: 3.3+£0.3 eV, 6.84+0.3 eV xou ~ 11
eV. Ou x0pu@éc younhoTepNS XVNTIXAS EVERYELIC TOU XOTOYQPAUPOVTOL XOL YLOL YOUNAOTEQT
évtaor medlou, €youy mapatnenUel yior pLo oelpd UBEOYOVUVDEAXWY TOL UEAETHUMMAY X3Tw
am6 axtvoBoanon ue unepBpayeic mahuole laser 800 nm ye mopouola EVIUOT Xou YEOVIXT
OLdipXELo OTIWE AUTH 0TV ToEoVGa EQYAC(a, ot amodOUNXY OE LOVTO TOU TEOXUTTOLY oT6 TO
SutAd gopTiopévo matexd v [106],[119],[102]. H xopugn mou avtiototyel oe 16y xivntinig
evepyewg ~ 11 eV mopatnpeeiton yior TEOTN QOEE X0t AVOUEVETOL VO CLUYXPOTE(TOL oo LOVTY
TOL TPOEEYOVTOL OO BLACTIAGT TATELXGY LOVTWY LmAdTepng ToAlanAdTnTag. To nelpouotind
oUTO BEBOUEVO Elval UN-avoueEVOUEVO xadag 1 dnutoupyio LOVTWY Loplaxold LdEOYOVOU TEQL-
Yedpetar cuvidwe oty BiBAoypapia 6 Sladacio Tou avtaywVI{EToL TOV TOAATAG LOVIOHO
[110],[124],[106],[107]. Ot 8V0 unoxatecTNUEVES LOPYES TOAOLOOL UTOPOUY VoL BOGOUY Lol
O GOPY| ELXOVOL TV OYETIXOV OVIAOYLOV UOROYOVKY TOU TEogpyovTat omd To BevioAixd
daxTUAL0 1) To pedOAL0.

H pepwex BEUTeprpevn HOopP®T) TOL TOAOUOA{OU C6D5CH3 outo&BEL LovTa quoyovou/
oeuteplou oTIC upeg m/z:1,2,3,4,5,6 (OXWO‘WH _ ToL OTO{0L UTOPOUY VL OV TL-
GTOLXLOTOUV ot évto HY, HJF/DJr HJF/HDJr H,DT /D5, DoHT, DJF/C2+ Etvou npocpoweg
6Tl woévo ov palec m/z - 1 XL 5 UmopoLV oc&ocpcptoﬁmnw VO TAUTIGTOUV JE CUYXEXQWIEVA
1oVt O TEénEl ETOPEVKG, EQV Efval pixTO, Var xaTOAAEEL Xavelg OF Uil XTIUNOT TOL TOGO-
07100 GLVELOPOEAS xdE EldOUC LOVTOG 0TI LTbAOLTEG xopLUYES. 'Evag Tpdmog va yivel autd
elvon vor utoloytoVel 0 Adyoc twv onudtwy ou epgaviovion otic Véoeg m/z : 2,3,4,5
0¢ TEOC TO GHpOLoUA TWV CNUATOY H* ouv DT, T xdde o and tic %x0pLYES 0TI VETELS
m/z:2,3,4,5 mpoxintouv oL Aoyol 64%, 0.66%, 0.43% xou 0.01% avtictorya. AouBdvovtoc
urodn touc Moyoue Hy /HT xou Hi /HT (3.5%,0.11%) 6mwe xateypdgnoay yio T0 Tohou-
6no (CeHsCHg), unopet xoveic va xatahhiier oto ouunépaoya 6Tt 1 xopueh Yo m/z = 2
amoTeAelTon XLpltg amod DT oe tocootdé> 94%. H XOPUT m/z = 3 anotekeito xupleg amod
HD* oe nococtéd > 80% Tou ohxol chuatoc tapd and Hy , Hy . H pdla m/z = 4 unopel
vor amodolel pe oyetnd acgdheto o D . Sagpéotata 1) xopugph da €yeL xou cuVEIGPoRd omd
10 ofjpo tov HoDF, xorddde xan 1o 16v DoH napovaidleton yia m/z = 5. Trodétovtag oung
ot 1 miavotnTa dnuroupyiog Twy HoD™' %o DoHT etvon 1 (BLor, xon AowPdvovtag umodn Ty
otowyetouetpio twv H/D oto uéplo tou tohovokiov, eivor acparéc va cuumepdvel xavelg ot
10 televtaio Vo dnuovpyeitan pe peyahitepn mbavétnto. To ofpa tou DoHT eivan tepinou
30 counts xou emopévng to avtiotoryo ofua tou HoD da eivon opxetd pixpdrepo. Btny udla
m/z =4 10 olx6 ofua eivon apxetd yeyahitepo (~ 100 counts) xo cUVETHDS cLYXpEoTE(TAL
xupleoe amé Dy . Téhog o 16v DI dev pmopel vor droxprdel and to C*F xaddde o d0o eldn
napouctdouy Tapbuot xathho epgdvione (I~ 8- 10" W/cm?).

To t6vta HDT xow DoHT TpoépyovTal amd BLadLxacior LoVIGUOU /SIEoTOONG TOU EUTAEXEL
TNV UETAPOPS LBROYOVWY Xal TapoUCLdlel Wlitepo evilagépov va ouyxpLiel 1 xivnTuxr| e-
vépyeld Toug pe Ty avtiotoyn twv wvtev Hy, Hi tou amhol tolouokiou, yio o omolo
xatarypdepnxe xou 1 xopugr) ot ~ 11 eV. And o oyfuo [E.12|(b) dwumo thvetar 6t tor tévor
QUTE TOEOUGLELOLY XOPUPES TIOL ATOTEAOUVTOL A6 BUO UOVO GUVELGPORES OE TYLES XIVITIXOV
EVEQYELOV avTIOTOLYEC UE UTEC TOU amAoy Tohouokiou. Avtideta 1 xopugr ota ~ 11 eV
oev undpyel. H mopatripnon auty oe cuvduacud Pe TO YEYOVOS OTL 1) xopupt| Twv ~ 11 eV
dev mapouotdletan ovte ota tévia Dy /HaD™ poc emtpéner v oupnepdvouue 6Tt 1 Slodixa-
olo uetopopdc LBEoYGVOU PeTal Tou wetuiiou CHs- xon Tou Beviohxol doxtuiiou CgDs-,
xad¢ xon 1 UETAUPOEd deuTepltyv oTov (Bl To BevioAnd BuxTOMO XATUCTEAAETAUL ond TOV
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eLdud LoVIoUOU TOV TOMAATAGL PORTIOUEVKY TUTEXGY WOVTKY. Emmhéov ta amoteréouata
UTTOBEVOOLY TNV UTIoPEN EVOC Unyoviouol oviopol /Sidoraone Tou tapdyet Wvta HY, HY
VmMANC YvnTIXTC EVERYELNC AMOXAELOTIXG a6 TO YedUAL0.

Ta mopamdvey amoTeAEoUaT TEOXUTTOUY LTOYETOVTONS OTL TO UEQIXMC DEVTEQLWUEVO TO-
AOLOALO AAANAETLOEE PE TO TEDID PE TUPOUOLD TEOTO OTIWS TO UTAG TOAOUOALO, OTL ONAadY)
0ev evéyetan looToTixd pouvouevo. To av auth n utddeon etvor Eyxupn edxola uropel vo e-
Aeyy el peretdvtag To avtiotorya Ypodouata Tou TEoXOTTOUY ard TO TAREWS BEVTERLWUEVO
TOAOVOALO.

Kotd tv yerétn tou miipne deuteptwuévou tohouoriou (CeDsCDs3) ue to medio w/2w
nopovctdloviat ato pdoua pdlag xopupéc oTic Véoeic: m/z 1 2,4, 6 ol onoleg tautilovton Ye
o tovTixd Ypaopota: DT, DI xou DT /C3F avtiotowya. Ou xvntixée evépyelec Tmv OvTov
D*, Dy (3.0+0.3 eV,6.5+0.3 eV, ~ 11 eV) elvor Tapduolec Ye Tic avTioTolyeg TV OVIKY
HT, H2+ Tou anmAol Tohouokiov. To anotéheoyo autd elvar amddelln OTL 1 deuTteplwoT deV
enneedlet tov puiud viopol (amovoia tootomxol govouévou)[123],[125]. To cuunépacua
aUTO ATAY UGAAOY aVOEVOUEVO xodw¢ 0 Toluog laser ypovixrg didpxetag 40 fs etvon apxetd
MEYEAOG Yo var umopel var Sloxplvel dlapopeg otny mupnvixr) duvauixy| Twv deouny C-H xau
C-D. EZ&\ou ot Roither et al. [120] ota mhaiowa NG UEAETNE TG OLadixaciog Loviouo
OLapOEWY LBEOYOVOTEAXWY WS CUVAETNOY TNG YPOVIXNC BIGEXELIS TOU TAAUOU, XoTEANEAY GTO
CUUTEEAOUAL OTL 1) ATTOB0CT] TOU LOVIOUOU ETNEEGLETOL CTUAVTIXG OO TO GVOLYUO TV BECUMOY
C-H xatd pixog tne dievuvorng tou medtou laser. ‘Ouwe damictwoay 6Tl 1 UEYIoTn YeovixY
OLdipxetor ToApo0 Yo vor avadetydel Slapopomoinot GTov LoVIoUd TV UdpoYovavIedxwy eival
~ 17 fs mpoxeévou Yo eVIEoELC CUYXPICIIES UE QUTES TTOL YenooTolinXay oTnV ToEoUco.
UEAETT).

Emmiéov, n Onapln tng xopughc mou avtiotolyel tovTa xvntixic evépyetag ~ 11 eV
070 Qdcuo pdlac Tou D;r ebvon ot toyvper| €voelln OtL 1 amouacio Tng avtioTolyne xopuPnc
oto pdopoto Udlag Twy HDT, D2+ TOU UEELXWE BEUTEQUWUEVOL ToAoUOAOU BEV opeileTon
OE LGOTOTUXO (PUVOUEVO, 0L ETOMEVKS UTA To UPNAAC XvTixAg EVEQYELNG UOPLXO LOVTA
UBEOYOVOL BNULOVEYOUVTAL ATOXAEISTIXG 6T0 peVOA0. O oYNUATIONOS TOU LOVTOC AUTOU
oTo PedUMo mpoyuaToTolelton o ypovixt| xhipoxa pxedTERN amd oUTYH TOU omonTelTon Yot
TNV TEOYHATOTOMNGT] TN UETOPORAS UBPOYOVLY.  Auctuyme 1 Umopin 1 oyt tovtwy DI
v evépyelag ~ 11 eV dev unopel va Swrmotwiel ye aopdreio Aoyw g Topoustag
wvtov C*. Se younhdtepn duwe évtaon laser, ondte xau 1) Topaywyh Tov oviey C*F éyel
uetwdel onuavtind, N xvnTxd evépyela tou D efvor avtioTouym pe auth tTou HY tou amho
TOAOUOAIOU.

EZdptnon tov oviixeny Jpauopdtwy Tou ToAoVOoAoL and TNV QACT) ¥ TOou
acOUUETEOL TeEdioL w/2w

Apxetd ond ta Ypadoupata Tou Tohouoklou mapouctdlouy eEdETNCT And TNV QAo ¢
To0U 0oVPPETEOL TESioL W/ 2w. to ayfua Tapovotdlovial PEYEYUOUEVES ELXOVES TOU
PAoUTOC UACUS TWV TEWWY HOPQPHOY TOU TOAOVOAIOL Yiot V0 TWES Tng @dong ¢ = 0 xou 7.
Hopatneolpe 0Tt xou oTNY TEPIMTWOY TOU TOAOVOAIOL €ivar BUVATOG O EAEYYOC, UECK TNG
@dong @, TN BLEdUVOTE EXTOUTAC TV BLoPoEwY Yeauoudtwy. O unyaviouds Tou epunve-
Vet Ty duvatdtnTor eréyyou/piiuone tTne xatebiuvong auThS Evan 0 ETAEXTIXOS LOVIOUOS
TEOCAVUTOMOUEVODY Hoplwy Bdoet tng yewpetplag Tou HOMO (yewuetpixde npocovatoht-
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Eyfua 4.13: (a)-(c) Meyedupéves exdveg Blopdpwy Lovxmy Ypavoudtwy tou @douatog udloc Twv
CeH5CH3, C¢D5CH3 xou CgD5CD3 avtiotouya, yio évtaon I= 8 - 10" W/em?, émou ol XOPU-
PEC LadpNe Xou XOXXVNG Yeouun xotoypdgnxay o otadepr @don ¢ = 0,7 avtiotowyo. (d),(e) Ot
TapAUETEOL aoLPUETEING B Blapopwy 1oVTwy Twv CeHsCHa xaw CsD5CD3 avtioTotya, xou To xovovi-
XOTOUEVO GTNV ovada ohoxhpwpa Tou ofjuatoc Tou vepol CeHsCHg, HoO™" ooy cuvdptnon tne
pdone ¢ tou medlou w/2w. Ta mewopatind SedoUEVA oVATAUPLo THVTOL PE OoNUEld, EVE oL cuuTayEelc
Yooppée elvor TpocopUoyT| pe nutovoeldt ouvdptnon (f(z) = Asin(z — z.) + bg)).
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ouog). Ta poépta mou Yo ahknhemdpdoouy o amodoTxd ue To medio elva auTd Tou EYouv
TO NAEXTEOVIXO TOUG VEQOG xatd TNV dlediuvon otou medlou laser, mou oty mepintwon Twy
PAUCUATWY PALoC TOU OYAUTOS ouunintel e Tov d&ova tou ToF. Xty mepintwon tou
1 Sdixaoio didonaong ebvar apxetd To yeYyopen amd TNy meplodo TERIGTEOPHC TOL Hoplou,
T oAy OUE VL VpahouaTo TeoXUTTOLY Ue xateLduvTixdTnTo oL XardoplleTon amd TNV Qdo
© Tou TEdiou w/2w.

O %aTarypaOUEVES YWVLOXES XUTOVOUES (ayrua ebvon o emmAéov emBefainmon
OTL O UNYAVIOHOS TOU ETAEXTXOD LoVioUol elvon evepyds. ‘Onwe gafveton oto oy o
elvon avio6TEOTEG YEYOVOS TIou amodexvUEL OTL 1 dladixacio didomaong elvon yYenyopdtepen
NG TMEELOBOU TERIOTEOPHE Tou Tateol poplou. Tlpénel vo onueiwdel €60 oTL 1 mepinTwon
OUVAULXOU TPOCAVATOAGUOU UTOREL UE OYETIXY| ACPIAEL VO UTOXAELGTEL DEDOPEVOL OTL 1|
yeovixy Sudpxetla Tou dieyeipovtoc mahpol laser(~ 40 fs) eivor ok uxpdTepn oe olyxpEloN
ue TNV Teplodo TEPLOTEOYNC Tou Hoplou Tou elvar, TOUALYLOTOV Yo TNV Booctxy xaTtdoTooT),
NE T4ENS TV BexdBwWY ps [127]. To YéyloTo TwY YWVIoXOY XoTovouny eivan otny dieviuvon
Tou d€ova Tou ToF xdtt mou amodeviel 6Tt 1 xuplaEyn CUVELGPOEE GTOV LOVIGUS elvon amod
HOpLoXd. TEOY oS e NAEXTEOVIAXS VEPOC XaTd Wixog Tou petuiiou [128].

To yeyovog OTL 0 UnYaviouds Tou ETAEXTIXOU LOVIGUO) TEAYHATOTIOLE(TOL XoL OTNY TE-
elntewan tou Tohovokiou amodewviet 4Tt T povtéra toviouol MO-SFA xa MO-ADK [129],
[130], [131] wybouv xar o ToAvaTOUIXS PdELa, ToEd TO YEYOVOS OTL Tal OVTENN QUTY ovaL-
pépovTon Xuplwe aTtov toviopd Wixeny oplwy [11,[60],[11]. YXto oyfua nopovotdlovtat
xou oL Tapduetpot acuppetplac B yio o Ypadouata CHY, HY xou CD3, D3 tou amhol xou
TAPOC BELTEPLWUEVOU ToAOUOAOL. AlveTtal ETIONG Xl TO XUVOVIXOTOUNUEVO OTNY HOVEDL
ofUoL TOL VEEOV H,O". Eivau pavepd OTL T LovTIXd Vpadouota Tapouctdlouy e€dpTnoT amod
™V @don ¢ mou oaxoloudel TNy xatebuvon Tou Tediou (cuyvVoTNTA @) dTwe IAMWOTE efvan
OVOUEVOUEVO OTOL TAALOLO TOU ETIAEXTXOU LOVIGUOU Tooavatohouévey wopiny. H eldptnon
oo TNV PACT) TOU GAUATOS TOU VEEOU axolouiel T €Yo Ta TNG EVTAOTS TlpVOVTOG UEYIGTEG
TWéS Yo TiC TWéC éytotng aocuppetplac ¢ = 0,7 (ouyvotnta 2w). Xenowonow|dnxe €66
o¢ évag evalointog TeéTog aviyveuong Tng UTaEENG TUY MY BLUPOPMY PAoNG TWV LOVTIXMY
VoauoUdTOY WE TEOS TNV UEYIO TN aoLUUETEo TOL TEdiou. ALamo TGVETAL OTL Y10l TIC EVTACELS
laser mou yernowono|dnxay dev Topatneeiton Slapopd pdong xou T Ypodopota Tatpvouv Ty
UEYLO TN TYY| TN aoupPeTElog Toug Yo Tig e @ = 0 ) ¢ = .

To yeyovéc e 611 Tor lovTnd Ypadouota H; WO D2+ TOU oAU %01 TARROS BEUTERLOUEVOU
TohoUOAIOL ToPoUGLALouV (Bl TAATOS BloOUAVOTC OTIC XAUUTUAES acuupeTelag B etvar uuo
oxOuUT AmOOELLT) OTL OEV UTIAPYEL LOOTOTIXG PaVOUEVO. ‘OTWE OYOMAG TNXE XAl TUQAUTAVE olU-
76 anodideTon oTNY Yeovixn ddexeta Twv 40 fs Tou Tahuol Tou elvar apxeTd PEYAAN HOTE Vo
umopel var Tapaxoloulfioel TNy duvouxt| TV Tuevey. To anotéieoya autod eivon cupfatd
ue melpduata mou TparyUatototjinxoy ota popta Hy xar Doy medlo w/2w ypovinnic Bidpxetag
45 fs [72]. Ko oty nepintwon auth xotoypdgnxe xoteuduvtid extouni HT xou DT xou pe
OLYXPICHIES BLOOPPMOCELS TIOU EPUNVEUTNXOY WS ATOUG(N 100TOTXOU Qouvouevoy. Avtive-
T, LOYLVEO LGOTOTUXO PUVOUEVO EYEL xaTorypapel yia acluuetpoug mahuole CEP yoovinig
dudpxetac 5 fs [73].

Téhog mpénel va onuewwdel 6Tt T YoodoUaTa TOU EUTAEXOLY TNV PETUPORE UDROYOVOU
HD*, D and 10 pepixdde deuteptmpévo 1ohouvbhio dev tapouctdlouy e€dptnon omd Ty @don
YU owTé o BeV TopousLdlovToL GTO Oy U . Emuniéov, ot yoVaxES TOUC XATAVOUES Elvor
oyEd6V 1ooTpoméS. O GUVBLACUOS TwY BUO AVTHOVY TAUPATNEHoEWY Vo UToPOUCE VoL EpUN-

106



/ C,H, . \ / o “oPsCHs T \
- (= ]H." (~11eV) 1.0 + DS

o (=6.7eV) © CH, 5.7eVv
s (=34eV) ® CH, 27eV

. total ion signal

1,04

0,8
0,6 4F, CH_ 5.6ev
CH,'2.7ev

e

¢ = & 4 &
I

0,44
0,24

0,04
0,2-
0.4+
0.6 {5
0,8

NE y

— —

Yyfuo 4.14: O ywvioxée xatavopée dtopdpwy Ypowoudtwy tou tohovoriou (CeHsCHg, CeD5CHg
xu CeD5CD3) uetd and axtvoBdinon pe aoduuetpo medio w/2w tuyolag @done ¢ éviaons tne
4N 1014 W/em?.

VEUTEL G EVOL XUVIAL DIGOTUOTC TTOU TRV LU TOTOLELTOL OE Y OVIXT| XALoXoL HEYUADTERT QUTAG
NG TEPIoTEOPNG Tou Woplou. AuTY| 1) epunvela OTwe Bev UTopel vor EENYHOEL TIC TUPOUOLES
xvnuixée evépyeteg (~ 3.3 eV xau ~ 6.8 eV, BA. oyfua TV IOVIOV qUTOV UE T
avtiotoya Hy, Dy mou xateypdgnooy 670 omhd o TAMAPWC DEUTEPLOUEVO TONOUOALO, €-
EapMVTAG QUOLXE TNV X0pLPY| TwV 11 eV Tou Gev XATAYPAPNHE GTO UEPXMOS GEVTEQLWHUEVO
Tohovoho. H peyahltepn xiipaxa ypdvou xatd tnv dwdixacio didotaong onuadver otL Yo
TOPEYOVTAY OTO LOPLxd GUCTNUA OPXETOS YPOVOS OOTE VoL AABEL YMEO ECWTEPIXOS EPTOL-
YAUOUOC PHECL BOVAOEWY [132], xou EMOUEVKC 1) ATOBLOOUEVT) XUVITiXY| EVERYELX oTaL VpadouaTo
Yo émpene va ebvon uxpotepn. Hdavétata n anovota e€dptnone tTwv LWOVILY HD, D; and
TNV QAOT  OE GUVOUACHO PE TNV OYEDOV LOOTROTUXY YwVIaxXT| xoTovour, opelleton oTny
OYEDOV GUUUETEIXY| XAUTUVOUT TV ATOUWY OELTERPIOU OTO YOPLIXO OXEAETO TOU ToAOUOAOU,
TOLAdYLoTOV 6TV Pociny| xatdo taor. Kot tapdtt 1 uetapopd udpoydvou eivar Eva pauvouevo
TOU OEV TP YUATOTOLELTL OTNY Baoxr] XATACTACT), T TEWUUAUTIXG ATOTEAECUATO UTOVOOUV
OTL TO OTEPEOICOUEPES TTOU TEOXUTTEL UETH TNV AXTWVOBOANOT TopoUGIALEL YEWUETEIO TOU OEV
Sropopomoteitar onuavTind omd v Baotxy| [106].
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YIVUTEQACUATA

Ytnv mopoloa gpyaoio peethlnxe 1 alknienidpaor poplwy tng aéplag @dong und Ty
enidpaon unegPpayEws acluueTeou Tediou laser 600 ypwudTwy w /2w UEYSANG évtaone. Ap-
YW avomtOydnxe didtodn mapaywyfc Tou aolupetpou mediou w/2w. Luyxexpyéva yenot-
pomotiinxe 1 Yeuelwdng ouyvotnta w and eva cvotnua Ti:Sapphire ypovixig didpxetag
7 ~ 30 fs xou xevrpixol pfRxoug xdpatog A, = 800 nm. Mépog g Vepehimddoug déoung
uetatpénetan oe BevTeERT appovixt| 2w (400 nm) xode Sépyetat and XELGTUANO YEVEGTC TNG
oeuteENC appovixric BBO. Eneldr| ol 600 mahuol £youy xdieteg yetadh Toug TOAGOELS, OTNY
nopeta B1ddooYic Toug Tapeudiheton ednd mhoxidio xaduotépnone edong (A oto 800 nm,\/2
ota 400nm). Tty Stépdwan tne ypovinrc xaduotépnone Hetalld Ty 5V0 TOAUGY, HUECHS
LETE Twv xpvoTtadho BBO, tonodetiinxe évac xplotodhog aoBeatitn CaCO3) aolupetene
xomhc. Adyw g opvnuxhAc BmAoTAac TIXOTNTAS TOou 0 %PUCTOANOS QUTOC GTRUUUEVOS GE
AKATEAANAT YwVia, xon uTd TNV Teolnodeon 6Tl el TEOCUVUTOMGTEL XUTIAANAY, oo To-
uiler v ypeovixr dagopd ueTall Twv 600 yewudtwy. H piduion tne gdong ¢ tou mediou
w/2w emtuyydveton pe évay BelTERO XpUOTAAAO acfectitn o omolog elvon TomoveTnuévog
Téve oe unyovoxivitn meptotpo@y| Bdon. To aclupetpo medlo w/2w odnyeiton oe éva
PUOUTOYEAPO Udlag YeOVOU TTAGNE OTOU ot OAANAETLORY ue poptoxd delypota. Ta pdplo
Tor omolor PEAETHUMMOY PE TNV Tapamdve Tey VXY elvon To Hovoleldio tou dvipaxa CO, 1o
woptoxd dlwto Ny, o witpddec 0Zetdo NoO (xou 1) unoxateotnuévr popeh tou PNMNO),
n pedavorn CH3OH (xan ) pyepwae Seutepuwpevn popeh) e CH30D) xou to uépto tou
tohovohiouv CgHsCH3 (xou 800 deutepimpéves poppéc autol CgDsCHs, C¢D5CD3).

‘Evag aclupetpog xou urepBoyfic mohuog laser ahAnhemdped mo toyved ue exciva Tar popta
ToU aéplou BelypaTog Tar omolo uPaVIOLY TO UEYIGTO TNG XATUVOUT TOU NAEXTEOVIOXOU TOUG
vepoug ot xatevduvor avtidetn authg Tou nhextexol medlou. Me dAla Adya, and To op-
Y6 aéplo Oelyuo 6mou uodeta xdie duvaTol TEocUVUTOMONOL eivan Bladéotua, TO ACUUPETEO
TEd{0 EyEL TNV WOLOTNTA VoL AAANAETILORE TILO LoYLES UE HOPLY CUYHEXQPUIEVOU TROCUVITONGUO-
0. Emmhéov, epbdoov elvon duvaty| n poduion tng acuuuetelog Tou Yéow tng @dong ¢, eivat
duVTO Vo eTheYel xotd BoUANCT 0 TPOCAUVUTOMGUOE TwV Uoplwv. AuTtr 1 Bladixacio emio-
g ebvon Yvooth og <Emhextixdc 1oviopos npocavatoMoUévey poplwvy (1 xat YEWUETEIXOC
TEOGOVATONOWGS) Xat ebvar 1 Bdon xdie cuunepdouatog Tou TEOEXLYPE Yio To UoELYL TTOU UE-
ey, AxpiBde eeldY| 0 TPOCUVATOACUOC Tou TaTeoU popiou elvor xadoplouévoc, xaL
untd TNV TEolndYect 6Tt o ubpLa TOL CAANAETOEOVY e To TEdio w/2w odnyolvtal Yphyopa
o€ BLoTACT), ONA. OF YEOVOUS TOAY UXEOTEPOUS ATtO TOUG YPOVOUS TEQLG TROYTC Tou Hoplou,
o TEOXOTTOVTA YpodOUUTA EXTIEUTIOVTUL OE TROTHINTEES XATEVVUVOELC.

To uépra Tou povolewiou tou dvidpaxa CO xou Tou poptoaxol alwtou Na uehetriinxay
ot Thadolo TNG TEoUoUS EPYUOIUC UE OXOTO TNV XATAVONGT) TOU UNYAVIOUOD OAANAETIDpA-
ong. Emmiéov, to armoteréopota oto Yovoleidio Tou dvipaxa yenowwomotfinxoy yior Ty
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Baduovounon g @dong ¢. And tnv uerétn tou CO mEoxUTTEL OTL O LOVIOHOS TWV LopieY
yiveton o amodoTixd 6TaY To UOELO EIVAL TEOCAUVATOMGUEVO UE TO 0EUYOVO 0TV xaTebuvon
Tou Ted{ou. AeBopEVou OTL TO PEYLOTO TNG XAUTAVOUTS TOU NAEXTEOVIAXO0U) VEQPOUS TOU UOVO-
Eewdlou Tou dvipoxa etvon YOpw amd Tov dvipaxa, TO TUEATEVEL amOTEAECUN elvor cuPBatd
ue Tic mpofAddelc TN Vewplag yio Tov toviopd upemy wopiwy. To pdplo tou alhTtou TapdTL
OUUUETEIXO Tapouctdlel enione Ypodouata TOU EXTEUTOVIOL UE TEOTWUNTEN XUTELVUVOT) OO
XOVIMO ACUUPETEOL POETIOU (Ng"*p” —N" NP+ (n,p) 6mou n # p). H obyxpion tou
xovoho¥ N (2,1) pe to N*(1,2), dnh. twv 800 mdovddy mpocavatolopny Tou (Blou xavo-
o0 SldoTaong, 081 YNOE 0TO GUUTEPACHA OTL HETAED TwV B0 TO AmodoTXd vl TO XoVAAL
N*(2,1). Me ddha Aoy, xatd v SIdoTaon To xoTdv PeYalUTEPOL QopTiou exméuncto
TEOTWNTEN x0Td TNV %AtV YUVET TOU TESOU. JUVORLXA, O LOVIGHOS TOU HOVOLELBIOL TOU dv-

Yoo xou Tou hoptaxol alnTou eivan o€ GUUPLVIN Ue TIC TEOBAEYELC TLWV HOVTEA®Y LOVIOUOU
MO-SFA »xou MO-ADK.

To Tplatouxd poelo Tou VITEMBoUS 0Zeldiov LTO TNV eNidpaoT TOou AGUUPETEOU TEBiOU
w/2w amodidet Ypadouata ye mpotuntén xotevuvtixdTnTo N onolo Ytopel Vo TpomonoLr-
Vel puduiCovtoc v @don ¢. Evdiagpépov mapouoidoetl To xavdhl didomoons 600 owUdT®Y
N,O*t -NO*T+N* 10 onolo Topouctdlet Wwiktepn edptnon amd TNV @don . Luyxe-
xpWéva, exTOC amd TNy Tumixy e&dptnon mou axohoudel TNV xateduvorn Tou mEdiou xou
Topatneeitar o OAa Tor YpodopoTa, LTEEYEL XAl Lot BEDTEQRT) CUVELC(POEE DITALGCLUG GUYVOTT-
tag. H dumAdoto aut| ouyvotnTa axohovlel 1o YEYIGTO TOU TAGTOUS TOU ACUUUETEOL TEDLOU,
1 10000V TNV €vTaon auTol. ALITCTOVETUL ETOUEVWE OTL TO UTO GULHTNOT XOUVAAL €YEL
GUVEIGPORE. amd 800 UNYAVIOUOUE OLIOTIUONG —EVay YR YORO ol €Vay dpYO— Tou 0d1yolV
oe VYpoouata Biwy yopaxtneloTixdy (udla »¢ mpog TNV ToAATAGTNTY m/z, OAXd ome-
AevdepoUUEVNE XIVNTIXTC EVERYELIC KER) ot ouvendg un-otaxprtoyv oe éva @dopa TOF.
To yeryopo xavdh taxtonotfinxe, Bdoet dwrdéoyune Buishoypapiag, 6Tt TpoépyeTton amd TV
Boaowr| xatdoTaoT Tou OIS popTiouEVoL TaTEwo WvTog. To apyd xavdhl didomacng e-
UTAEXEL Ulal JEToo Tadr) XATdoTOOT TOU BITAS QORETIONEVOL TATELXOV LOVTOG UE YedvVo Lwihg
~ 400ns. Ané autrv TNV petaoTody| xaTdoTaoT TO Uoplo anodleyelpeTon oTny Bocixy| xa-
TG TOOT) TOU BLMAG PORTIOUEVOL TATEIXOU LOVTOC XAl 0T CUVEYELX BlaoTdton. Axpi3ne Aoy
TOU PEYGAOU YEovou (whc NG METHO TadoUC XATACTUONG TO TUTEIXO UOPIO TEQLO TREPETOL
ehellepa xon GUVETAC BEV EYEl TAEOV TOV 0Py O Tpocavatoloud. H epunvela auts utootn-
olletan EMTAEOY AMO TNV XATAYQUPOUEVT] YWVIAXT| XUTOVOUY TOU UTG GULHTNOT) XovalloU, 1|
omola, v xou aVIGOTEOTY), TUEOUGIALEL X0 UXEY| LGOTEOTUXT| GUVIG TMOOL.

H vnoxateotnuévn popgr Tou ViTp®doug oLediou Uag E0woe TNV BUVATOTNTO VO UEAE-
TAoOUKE xavdha BidoTaonC TEIOY coudtey (PNMOMFPHa+ LIoN+ 4
UNPFLOTT (n,p,q)). And TIC YOVIOKEC XAUTAVOUES TOU XATEYPEPNOUY TEOXUTTEL GTL TO
#EVTEXO ALwTO TOu Uopiou eEXTEUTETAUL XAUTE TNV OLdoToCT XAIETO GTOV HOPLIXG OXEAETO.
LUUTEQUVOUUE ETOPEVKS OTL TOL TATEIXA LOVTA UYNANG TOMAATAGTNTOG XGUTTOVTOL Loy LES TELY
v ddonaor. Emmiéov, yerethinxe to xavdt Sidonoaong tetdv owudtwy (3,3,2) 1 (2,3, 2)
(n OLdxELom LETAUEY TV 800 UTWY XAVIALOY OeV elvor BUVATH o€ éval pdoua udlog TOF) v
70 omolo To XeVTEX AlrTo BAcel TNE XATEVIUVTIXOTNTAS TOU TEOXUTTEL OTL EXTEUTETAL Ao
NV PEPL Tou 0&uYGVoU. AUuTO Uag €DwoE TNV BUVATOTNTA VO CUUTERAVOUUE OTL Ol BECUOL
TOU Uoplov, Yo TO ACUUPETEO QUTO XAVIAL, BEV ETUNHOVOVTAL TAUTOYEOVA, UAAS O BECUOS
petall MN-O empnxiveton yenyopdtepa oe avtideon ue ot éyer Peedel téo0 TElpapaTINd
600 o VewpnTind Yo Ty Tepintwon Tou xavahol didoracne NoO?t - NO+T4+NT.
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H pehétn opyavixcyv poplwv und v enidpaor naiuoy laser anédeile 6Tt autd elvon duva-
TOV VoL OAAGEOLY YEWUETPIO TEQVVTOC OE Lol GAAT] CTEQEOIGOUERT] LOPPT| XOL OTNY CUVEYELX
vo dlaomaoToly.  Eneldy) Aowndy 1 yewuetpio 10U 6TEpoicouepols Blapépel and auTHY TNG
Boowhc tou poplou (e meog TV Véon twv LUBEOYOVKY) 1 Bladxaciar AUTH AVUPERETOL WS
CUETAPOPA LBEOYOVWYY. Emimhéov 1 axtivofoinon ue unepBpayeic moAuolc anédelle 6Tt To
O TEPEOICOPEPES OV TEOXUTTEL €YEl Wb Yeovo Lwhc, xal AdYw autol 1) douy| Tou cival
dyvwotn. Ta yopla e yevavorne CH3OH xau tou tohouoriov CgH;CHg mapoucidlouv
TouxiAo xovdAo SLdoTao g xdmolo amd Tal oTola EUTAEXOLY o TN Btadasior VT

Yy mepintwon tne puedavorng meoyuatonotfinxay ueTeoelc oty cuviin pwopen Tne
CH30H 6nwe xon oe wior deutepiouévn popgn tne (CH30D). Hpoxintel 1L oL 600 poppéc
NG AAANAETLOPOVY UE TO ACUPPETEO TEdo Ye Tov (Bto TpdTo. H yehétn emixevipwinxe otny
OEUTEQLWUEVT) LOPPT| DLOTL TTUPEYEL ETUTALOV TNV DUVITOTNTA Vo dlaxerdoly Tar UDEOYOVAL aTtd
NV TAEURd Tou dvipoxa OE GYEOT PE QUTO TOU 0EUYOVOU. A6 Tal XoVIALL TOU EUTAEXOLY
LETaPopd LBPOYOVOL YekeThHONXE extevie o CH30OD*T —COHT+H,D*. T va mpoxiiet
10 VYpavopo HyD¥ 800 pnyoviopol petagopdc udpoydvou eivar e&icou mdavoi: mpodtov, 10
OEUTERLO amd TNV PEELd Tou o&uydvou umopel vo Yetageplel otny uepld Tou dvidpaxa, xaL
0eUTEPOY 600 LBEOYOVA TOL UeVUAIOL Vo peTapepUolY TNV TAELEd Tou o&uydvou. H uerétn
TOU XoVoAMoU auTo Ue aocluueTea tedia laser €delle otL 1) mpoTynTén xatebYuvoT exTouTC
Tou Ypadouatog HyoD T etvon avtiotolymn pe autr Tou ueduiiou. XuUTEpalvouUE ETOUEVKC OTL
AVIUECH OTOUG BUO PNy ovioolg o o Tiavog ebvar auTOS TOU EUTAEXEL TNV UETAUPORY TOU
deuteplou Tou 0&uydvou Tpog To PeVUALO.

Emmiéov tola Ypadopata tng pedavohng mou mpoépyovtal and To OIS QOpTICUEVO Ta-
o6 6y (Hy, ODT xou HOD™) napoucidlouv e€dptnon ond v (pdom avTioTOLYN ME AUTH
ToU ToEUTNENINXE GTO XavAL N,O?*t =NO*T+NT 1ou viTpwdoug olewdiov. AxohoudwvTag
NV epunvela Tou 86Unxe oe exelv TV TeplnTwon), Yo Tar Tpla autd YpodouaTta cuUTERD-
tvouue OTL UTdEY oLV BlaPopeTIXOL Ny avioUol —EVag YRTYOROS %ol EVag dpYOS-ToU ATod{BouY
VYpoaopota [Bwy yopaxtnelo Tixdy. Lty tepintwon tov wwvtwy ODT, HODT o yphyopol
unyoviopol ogethovton mdovmdg ot Sldonaon and TV ok XATCTACT) TOU BITAY (QOETL-
OUEVOU TOTEOD LOVTOC, €V Ol 0pYOol OTr OLIOTUOY) TOU EUTAEXEL TNV TELTAY XATAOTUOT
TOU OLTAY (POPTICUEVOL TUTELXOV LOVTOC. T'al To oy H;{ 0 YPTYOROS %O O dPYOG UNYAVOUOG
amodidovTon o€ dVo mavolg TEOTOUE TNG HETAPORES TOU LUBROYOVOU. O YWVINXES XUTAVO-
uéc emPBefoumdvouy TNV Tapamdve epunveia ool TapdTL aviobTeoTES euavilouy eTtiong xou
LOOTEOTIXY| GUVLO TWO.

Téhoc Yy 10 pépto tou tohovohiov (CeHs;CHsz) n pehétn emxevipoinxe oto t6vta
Hi H. Awmotddnxe 6t ta 16vio autd umopoly va tpoxthouy ond SLipopec TOAAmAGTI
e optiou Tou TaTEOU Poplou, EVO Yio TEGOTN Yopd xateypdynoay xou tovte Hy Hy
udmine xvnuxic evépyetog (~ 11eV). H oLYXELTIXT) PEAETT YETAEY TOU amAol ToAouoiiou
xou Twv 800 deuteplwuévey poppmy autol (CsDsCHs, C¢DsCD3) anocagrivice ot to t6vTa
Hi Hi udmhic savntocic evépyetac dnpoupyolvion amoxheloTixd 610 pedvhio Tou poplov.
Emméov anodelytnxe 6t 1 ypovixy Sidpxeto tou medlov w/2w (~ 40 fs) dev apxel yio Ty
Topatienorn Tng enidpacnc Tne deutepiwone oty oyl Tou decpol C-H.

'Eyovtoc mapoustdoel To cuuTEpdouaTa Tou Teoéxuay Yol xodéva amd Tar UopLaL, UTo-
COUUE TPU VOL AVUPEPOVUE TA YEVIXH CUUTERACHOTA TNG TUEOVCAS UEAETTC.

‘Eva Baowd oupnépacpa eivon 6Tt 0 loviopog Toug eivan cuPotog pe Tic TeoBiédeic Tev
HOVTEA®Y toViopo uxeoy Joplwy MO-SFA xa MO-ADK. To anotéiecyo autd etvor pdihov
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AVUUEVOUEVO OTNV TeplnTwon Tov datouxwy CO o Ny, Mtnv meplntwon v eXTETauEVLY
TOAVOTOUXADY HoplwV Oume Oev Yewpeitar apriori 6edopévo.

Hapatnehinxe eniong 6Tt N TEOTWNTEX XATEVVUVOT EXTOUTHC TWY BLPEEKY VeaUoUATOY
eCoptdTon améd TNV €viact Tou acUppeTEou Tedlou. O BérTiotog €heyyog TNG TpoTNTENS
#xatelYUVONG EXTIOUTAS TV OLapOEY VEAUOUATOY UECK TNG QACNC ¢ ETULTUY YAVETAUL OTAUV 1|
€vTaoT Tou TEdiov elvan XOVTd 0TO XUTWPAL EUPAVIENE *dE xoVoALoD.

Emnpoctétwe pa yevinr| mapathienorn elvon 6Tt 600 audvel 1 €viaor Tou TEdiou To
OLdipopar xavdhLor BEV €Y0UV UEYIOTN AmdBOOT OTIC TWES TNG PAoTG YL TIC omoleg To TEdio
TodpVEL TNV PEYLOTY aouuueTeio Tou (¢ = 0, 7). AuTth n cupTeptpopd Bev EYEL ATOCUPNVIGTEL
TAewS, ahhd mdavotarta ogethetar 0TV SLopope T EE8ETNOT TOU TOAAATAOU LOVIGUOU TOU
Toteixol poplou amd Ty gdon ¢.

H nopotoa epyasio avédelle 6Tt 1) ey ViXY| 0o OUUETEOY TEDIWY w/2w, Tépav NG SUVITOTI
TOG ETMAEXTIXOU LOVIGHOU TPOGOUVAUTONGUEVWY Uoplwy, Topéyel (o) TN BuvatoTnTo SIdXELoNS
SLodixootidy didonaone mou odnyoly oe Vpodouata (Biwv yapoxtnetotxwy (m/z, KER),(B)
TOV EAEYYO NS XUTEVHUVTIXOTNTOG EXTOUTAC Hoptax@y Ypowoudtwy, xou (Y) T duvatdtTnto
XATOVONOTS TNG EVOOHOPLIXNC XEVNONG LBEOYOVMY GE 0RYUVIXE HOELXL 1) OTIOL0L GUVETHYETAL
TN Onuovpyla 6TERPEOIGOUEPOUS YPOVIXAC HAUAXOC TNG TAENC TWV UEQIXWY OEXEBWY fs.

To ebhoyo enduevo Prua eivon 1 eniteudr| aodupetpou tediov w/2w oto onoio 1 Yeueht-
OONG ouYVOTNTA W Vo umopel emAeyel xatd BovAnor. Xtny mopolou epyaoia 1 VeUehddNg
oLYVOTNTA W avTioTolyel o uixog xVuatog A, = 800 nm xou cuvoxdhovda 1 delTeRT Op-
uovix) 2w og A9, = 400 nm. To ™ Veuelddn ocuyvotTnTa W N TEOCEYYLOT TOU dpYd
uetaBahhouevou mediou, otny onola otnpilovton tar povtéda toviopol MO-SFA MO-ADK,
oy el Aev oy lel OueS Yo TNV deUTERN appovixy 2w. AuTtéd TPOXUAEL GUYVE GUYYUOT GTNV
gpun Vel TOU LOVIOHOU GYETIXG UE TO €8V AUTOSC TPETEL VAL EPUNVEVTEL (G LOVIOUOG UEGW TED{OU
(tunneling) 1 w¢ ToAvpLTOVXOS toviouos (MPT). Ko mopdtt tar nelpopotind amoteréopota
UTOBELXVOOLY OTL O LOVIOUOC UTopel var punveuTel Yéow twv wovtéhwy MO-SFA MO-ADK
OXOUT) %Ol YL T TOAVATOMIXSL Lopta, Oev Umopel vor aropplpldel To evoeyduevo va efval evep-
YOC %o 0 TOAVPWTOVIXOS loviouds. 'Etol 1 eniteuén aclupeteou medlou w/2w ue umépieon
UV xOuatog oto daxpwd uépudpo (far IR) eivar mohhd unooyduevn xar unopel va ou-
UTANPOOEL Tal PEYPL TEOTVOG CUUTERAOUATH XS XL VO ATOCAPNVIGEL TUY MDY OXOTEWY
omnueta.
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[Mapdptnua A’

POYuion @dong ¢ tou mediov w/2w
ue tov xpUotalio CaCOj3

H p0tuion e @dong ¢ tou aolupetpou mediov w/2w emtuyydvetol Ue Tov xpUoTOANO
calcite 1. H @don ¢ elvon oty mpaypatixdtnto 1 Sapopd gdone petoll tng Yedelmdoug
CLUYVOTNTUC W, E0TW @, PElov TNV avTioToryn TN delTEPNS UPUOVIXTAC, E0TW Yoy, ONA. @ =
Puw — Pow-

o Tov Adyo autod yeilel wiaitepng onuociog Vo Tpocdloplo TOLY TERUUATIXG Ol YACELS
P, Paw TOU ELCAYOVTAL GTOL EUTAEXOUEVA TEDIN W, 2w xadde 0 xpLoTaAlog calcite 1 mept-
O TREPETAL.

Mot vo TpoodLlopta oy oL PAGELS Py, Paw YETOWOTOMINXE Wio TpoToTOMNUEYY BLdTadn TNS
BoowxhAc yior T ToparywyY| Tou acUUUETpOU TES{oL w/2w 1 omola TopovotdleTol 0To Gy AU

O xplotarhog Yéveong tng deltepne appovixrc BBO agaipeiton and tnv déoun pump.
Me autd Tov TeéTO, 1) BtdTaln pueTUTEETETAUL OE GUUBOAOUETEO TNG VEUEMMBOUS GUYVOTNTAS
w. Av emmiéov axpBoe unpootd and tov tewmto BS1 tomodetniel o xpbotarhog yéveong
e oevtepne apuovixic BBO oe cuvbuaoud ue xotdhinio @iktpo To omolo avaxAd Tnv
Vepehddn ouyvotnta xou emiteénel Ty dtéhevon tne devtepne appovixrc (HR 800 nm, HT
400 nm), mpoxVntel cuuBoldpetpo Tng devTepng apuovixfc 2w. O xpvotahhog calcite 1
Tomovetelton 0TV mopela TG 6éoung pump xou xddeTo oTNY Topeia TNg.

Puduifovtag Tov ontixd dpdpo tng déoung probe péow tou Pruatinod xivntipa (stepper
motor) xat 6tov 1 Vo déopec pump/probe cuumécouv ypovixd Yo cupfdihouy Snutoue-
yovtag xpoocols cuuforric. o puixpéc oTpogéc Tou xpuotdhiou calcite 1, o omTixog
dpouog tTNg déoung pump teomonoteitan. IoodUvaua autd onualver 6TL 0TV d€oun pump
elodyetar Qdon @, (1 Ya). Q¢ anotéleoya ol xpoocol GuUBONc Tepvoly and PEYIOTO OE
eNdyloto (evioyutih-xataoTeentixr) cuPBoly| avtiotorya). H aulopeiwon tou anpotog, dnh.
1 EVOAAAYAC TWV XpOCOGY, AOYw TNS oTeo@rc Tou calcite 1 xataypdpeTtar pe Wiot pewTod{060
TO OTjua TNG oTolag odNYeElTon 08 TUALOYEAPO.

To ohua TNE PWTOBLOB0L W CUVAETNOY TNE YwViag oTpoPrc Tou calcite 1 napouctdletan
OTO oYU HpoxOmtel 6TL 1 oTRPOPN TOU XpUSTAAOUL calcite 1 dev emnpedlel ue Tov
(o TeoéTo NG Pdon Twv TEdlwy w xou 2w. To medlo w mapovoldlel xovtd otV wdETN
TEOOTTWOT EVAL TAATK To omolo datnpeiton yio Tepimou ~ 1.5% xou TNV GUVEYEL TO GAUY
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TOF entrance
Dual waveplate 2
[—— 1
=

Dual waveplate 1

S

Stepper Motor
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M7
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Rotational stage
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o

#wa

Eyua A’ 1: YuuBohbuetpo tonou Mach-Zehnder (oo 800nm # ota 400nm) yio Ty uétenon e
ELOAYOUEVNC PAoNC ¢ AOYW TN 0TROPNS Tou xpLoTakho calcite 1.
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Eyfua A”.2: Ow xpoocol cuufBohic yio (o) Ty Yepuehddn cuyvotnta w(800 nm) xou (B) tnv dedtepn
oppovixt| 2w (400 nm) we cuvdpTNnon TNE Ywviag oTpoPhc 6 Tou xpuoTtdhhou calcite 1 xou yior apytxn
yowvie § = 0° (xddetn npdontwon. Ot padeot xUxhot cUUBOALouy TelpauaTixd onueio EVE 1 XOXXVN
yeouun etvon 1 YewpnTnd TEoBAETOUEVY) XAUTOAY.

augopetdveTa Ye mepiodo ~ 1.5°. Avtideta to medlo 2w auopeidveTal Ye TOAD UxpOTERT
nepiodo ~ 0.06° xou dev Topoualdlel TAUTE.

To meopatind autd amotéreoua emBefordvel 6TL 0 xpvoTaAlog calcite 1 umopel va
yenowonotniel yio Ty pvduon g @dong ¢ Tou mediou w/2w yo OTPOPEC TOU XPUO TIA-
Aou %xovTd 0TV %It TEOOTTWON. AXQBOE ETEWY © = Yy — Yoy XL TO @, ~ oTal.
CUVETAYETOL OTL 1) UETAPBOAA TNG PAoNG ¢ oPelleTan OYEDOV ATOXAELC TIXG 6TO 2w Tedlo.
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Edv n apyw| yovia tpdontwong 6 otov xplotahho calcite 1 dev Ytav undevixr) Tote ot
PACELS Do, o, Vot by cuyxplown mepiodo. Mav Tapddetyuo topatiievton oL xaToyeypou-
uévol xpoccol oupBolic v apyiad yovia § = —10° (oyRua[A73). Se avth my epintwon
1 meplodog Twv xpocohy Tou mediou w elvon mepinou ~ 0.11° evey Tou medlov 2w ~ 0.04°.
Yuvenoe 1 urépleon tov 600 Tediny Yo amédide dloxpdTnua N Tep3dAlouca Tou ontolou Va
elye uxen mepiodo. LUVETHOS 1N @dom ¢ = ¢, — Pa, TOU TEdIOL wW/2w 1 onolo TEPLYEdpETL
amd TOUg OTTIX00E X0UXAOUS TOU BlaxpoThUaTog Va Yueta3dhhovTay e Wiaitepo TedTO.

w+w 2w+2w
£.00020 & experiment ® experiment
theory £.00005 |- theory
L]

000025 |

D00 0.00006
) L
& 000035 =
K] 8
c -
= 0.00040 = E 000007 =
] o

A0.00045 ‘o

o— -0.00008 |-

£.00085 |

000000 |-
st (B)
!
00 L L L 0.8 10 12 0.00 0.05 010 (XT3 0,20 025
calcite angle [deg] calcite angle [deg]

Yyfua A”.3: Ou xpooool cugforic vy (o) Ty Yepehiddn ouyvétnta w (800 nm) xou (B) v
devtepn apuovix 2w (400 nm) cav cuvdpTtnon g Ywvioc otpoghc O Tou xpuoTtdhhou calcite 1
xan o oy yovio 0 = —10° . O padpor xOxhol cuufohiouv TelpauoTind oNueior EVE 1) XOXXWVT
Yeouur ebvon 1 YewenTind TeoBAETOUEVY XoUTOA.
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[Hapdetnua B’

Enilteuén tng ypovixng emxdAuvdng
TWY TUARWOY W Xt 2w-AvTicTdUulon
TNG OLACTORAC TNG TAYVINTAS
OUAOOC UE TNV YENOT TOU
xpuotdAiouv CaCOs;

‘Evag xpbotarhog acPeotitn calcite, CaCO3z Aoyw tng apvntixAg Tou dimhodAac TixoTr-
06 (ne < M) ebvon Wavxde Yo TRY emTELEN TS YEOVIXNC ETXGALYNG TV BUO TOAUGDY
w, 2w, utd TNV TEoUTOVEST 6TL EYEL TEOCUVUTOMGTEL e TETOO TEOTO WOTE 1) VEUEALOONG
oLYVOTNTO W Va efvan 1) TaeTixr) axtivor xan 1) 0e0TERT opuovixy| 2w 1) Extoxtr. O xploTalhog
TEETEL VoL 0 TEAEL O XATIAANAT Yovio 0 €ToL OGTE VoL GUUTEGOLY YEOoVIXE oL 500 TahUOL.

Yy mepopotixy) ddtan uhomoinone Tou aoUUPETEOU TOAUOU W /2w TOV 6X0md auTo
emtelel o xpLoTahhog calcite 2.

Adyw e SLoPopeTIXNC ToyUTNTAC OUABC TWY TOAUOY W ot 2w OTo BLdpopo OTTIX
otouyelo TG SdTaNg, 0 TS TG VeEUEALOBOUS oLy VOTNTOS TeoTYEiTon auTo TN delTEPNg
apuovixic. Apyixd, emopévwe, Teénel va petenlel 1 ypovixt| Slpopd ty, = t, — taw METOEY
TV TEdlwV w xou 2w. XTny cuvéyela meEnet v Baduovounldel n avtiotdiuion yedvou At
(time compensation) UETACD TV 500 TOAIGY W, 2w WS CUVEETNOT TN YWVINS GTEOPTC TOU
xpuoTdAhou calcite 2.

"ot to oxomd autd yenowwonoteiton 1 6éoun probe (800 nm, téhwon TOTOL P), 0 OTTIXOS
dpouog tTne omolog elvon duvatd vor puduoTel e axplBelor ~ 33 nm p€ow TS UNYAVOXIVITNG
Bdone ypouuxhc Yetopopds (stepping motor)(oyfua . Metd tov Slaywpeloty| déoung
BS2 ot 8éopec pump(w, 2w)-probe (w) eivon yweixd emxaiuppévec o xateudivovial oTo
ovotnua aviyveuong TOF omou xou ahAniemdpoly ue popla vepol HoO endywvtoag tnv
OLdoTaCT| TOUC.

Ou Tpeig ool gTdvouv otov VaAopo aviyVEuoNS OE DLUPORETIXOUE YPOVOUS O EVIC (G
TEOC TOV GAAO, Xal ETOPEVKS O xadévag ahAnAeTOEd UE To Uoploxd Oetyua aveldptnta. To
ofipor Tou Wévtog HY petd v gwtodidonacn tou vepol, Va eivor 1o ddpotoua twv onudtny
TOU TEOXVUTTOLY PETA TNV 0AANAETIBpooN TwY TV Tahudy (ofua utofddeou). Kodde o
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output

A
h
Dual waveplate 2

[ ]
Stepper Motor
Dual waveplate 1

== M7 M6
Calcite 2 |
Calcite 1 1’ A

MS\ O iBS2

Rotational stage | %
1 =
1 o
——
beam stop BS1

pump

Yyfua B'.1: H Sidtadn napoywyhc tou aoluuetpo nediov w/2w.

OTTIXOC Bpopog Tou Baviel 1) 0éoun probe oAAGCeL, yia xdmota Véon Vo yiver o foog
UE TOV OTTXO 0pOUOo NG Beoung w-pump. {l¢ amotéleoua ot 800 déoueg Vo cuudAiouy
ONUtoLEYOVTUS Xp00G0UE UPBOANG. Ot xpoccol GUUBOAYC UTOTUTVOVTOL GTO GHHUAL TOU H*
¢ AUEOUEIWOELS. LUYXEXPWEVA OTNY TERIMTWOT EVIOYUTIXNS (XOTaoTEETTIXAC) GUUPBOANS TO
ofjwor H Yot owZndel (petwdel) méve (xdtw) and to ofjua unofddpou. Ltnv nepintmon tou
0 OTTIXOC OpouOog ebfval {0O¢ e TOV OTTIXG BEOUO TNG BEoUNE 2w-pump 10 GHUO LOVIOUOU
tou HT Yo awdnlel méve omd o ofua unoBddpou. Eto oyfuo [B72(a) mapousidleta 1
TELROUOTLXY ATOTOTWOT aUTOL Tou gouvopgvou. ITlpoxinTel 611 Tar Sidpopa omTind otolyela
oYLV ial Slapopd YedVou PeTal) TwV 800 TUAU®Y ti;, ~ 760 fs.

Y1y cuvéyeta ol xphoTallol calcite 1,2 elodyovton otny xown Topeio Twv Seouwy pump-
probe, ue tov xpboTarho calcite 1 vo tonoveteiton xddeta 6TIc Mpoomitouces déouec. E-
TELTAL, YL ETMAEYUEVES YWVIEC GTPOYTC TOL xpuoTdhhou calcite 2 xatorypdpeTon To GHUA TOU
wovtoc HT 660 o ontixde Spduoc g probe déounc odhdler (oyhua B".2)(B)-(¢).

Etvar @avepd 611 660 1 ywvia Tou xpuotdhhou calcite 2 audvel ol 800 mohpol w xon 2w
e Séounc pump telvouy va ouunéoouy ypovxd. Ao Ta diarypedupata [B72|B)-(e) uropel
emmAéov Vo UToAOYLOTEL 1) ypovixy| petatomion At we mpog TV apywh ¥€on Tou 2w ©¢
ouvdpTNoN TS Ywvioe oTpogrc # Tou xpuotdhhou calcite 2 (oyfua (O‘E) ).
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Syfua B'.2: To ohoxhApwua tou chpatoc tou HY we ouvdptnon tou ypbdvou xaductépnone tne
déounc probe yu (a) anousio twv xpuotdhhwv calcite 1,2 xau (B)-(g) emheyuévee yoviec otpogrhc
Tou xpuoTdihou calcite 2. H ypovixr emxdium tng 8éoung w-probe xat 2w-pump onUELOVETIUL UE
npdowvo Béhoc. ‘Oco auldvel 1 ywvia 6Tpoghc Tou xpuoTdAhou calcite 2 1 600 emxalbelc w + w
X w + 2w Telvouy vor cuutécouy atov yeovo. (ot) To Bidypapua tne dapopds yedvou At we
ouvdptnon tne Ywviag 6 tou calcite 2. Me padpouc xOxhoug cuuolilovton Tar TELROUATIXG oTuEelo
EVG 1) XOXUVY) CUUTAYAC YeouUT ebvan 1 avtioToryn Yewentiny| xaumiAn.
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Iapdptnua I

IMTewpapoatixry Extiunon tnc
TAPAUETEOU Y

Mo pior 8€oun laser etvor dSuvatdy vo ueTENoOY TELRAUUOTIXG 1) EVERYELXL AVe TOAUO € %ol
1 0dueTpoc e déoune D. T pio yraovoavn 6éoun wixoug xOuatog A mou eotidleton and
cpocxé/ocpoupmé xdTomTpo eoTian|c andoTaomg f, 1 OWiUETEOC TN dEoung oTny eoTla elvor
[
Alnm]| f[em]

D =1.273-1072
s [pm] D)

(I".1)

6mou A to pixog x0potog, f N ecTionr) andoTAoY TOU Paxol/cQoiptxol XATOTTEOV. LTV
Tapolou epyacio yenowonoteitor o@aipixd x3TomTEo avtl Yo Qaxd EGTINONG Yo VO ATOPEL-
yOet mdovy| ypovixr Slelpuvon TV TOAUMY.

H évtaon I oty eotla ymopel va utoloyiotel yéow tng e&lowong:

J]
W /em?] = 1,273 107U I.2
Went] B[ D] 2
OTIOU T 1) YEOVIXT| OLEEXELXL TOU TOUAUOD.

H nopdpetpoc v yio éva actupetpo nedio 800 ypwudtov w/2w optletat k¢ 0 AoyYog twy
TAATOV TV NAEXTEIXWY TEdIWY Fa, xou L,

o E2w

i (I".3)

v

Mo éva nhextpoporyvtind medio ouwe, To TAdToC £ tou nhexteixol tedlou cuVBEEToL UE
v évtaon I yéow tne ediowone:

E[V/cm] = 27.471/1[W /cm? (T".4)

X0l ETOUEVOC:



Kdvovtag yerion tne e&lowong 0 Moyoc v evidoewy o, /1, yedpetou 10odivopa:

IQw Tw Df 2w\2 Ew ,
L A ’ LY ['.6
Iw Tow ( Df,w ) 2w ( )

Emnmiéov, péow tne e€iowong TPOXUTTEL OTL:

Df2w D2w >\w Df2w DQw
et N A RNt o Nt N .7
Df,w Dw )\Qw Df,w Dw ( )

ool Ay = 29,
AvtodiotovToc Tic eEloMoELC o [[7.7) oty e€iowon TEOXUTTEL OTL 1) TUPYE-

TPOC 7y UTOpEL VO UTONOYIG TEL TIELRUUATIXG PECL TN EEICMOTNC:

D2w Tw Ew ’

7—2Dw 1/7—20.1 o (I".8)

Ytny napovoa epyaota, ta medla £, xou Fa, €youv Ty Bl didueTteo 1 omola xodopileton

amb TNV OLIPETEO TOU XEUOTAAAOU YEvEDTE NG OeuTEENC apuovixric BBO (Dy = Dy, =

Dgpo). Emnhéov n ypovixr Sidpxela Tou modgol w €yet ueteniel Ye v teyvix| Tng auto-

ouoyétione (autocorrelation) xau Beédnxe {on pe 7, ~ 30 fs. Aev undpyet SuvatdTnta Vo

ueteniel 1 ypovixr Bidpxela T, TNG OEVTEPNG UPUOVIXAS, OUWS haufBdvovTag UTo OTL aUTH

mopouctdlel ueyarltepo GVD oe oyéon pe v Yeuehiddn ouyvoTnTa, oVauEVETOL VoL €YEL
YPOVIXT| OLdEXELL Toy, =~ 3D fs.

AopBdvovTtag uToy TIC TOEATEVE YEOVIXES BLIPXEIES TUANIWY Ty, Taw XL TO YEYOVOS OTL

ot didpeTpol Twv deoudy eivan {oeg, n e&lowon uropel va amhomowndel oty Loppx:

VNL%-J%i (I".9)
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[Hapdptnua A’

Aoyiouixd AVTOUATOTOLNUEVNS
HOATAYPAPNG OEOOUEVWY

[at TV auTOUATOTONUEVY XATUYEAUPT) TWV PACUATOV HAlac ooy GLUVEETNOY TS YwViog
oTEOYNS TOL xpuoTdAAou calcite 1 oyeddotnxe xatdhinho Aoylouxd oe mepBdiiov La-
bView 1o omolo xateudiver-cuvtoviCel To TEdYpappa 081 YNONC TNE XIETAUSC TUAUOYEAPOU
P788 e v unyavoxivntn nepiotpoqut| Bdon T-Cube PC Servo Motor Driver, Thor
Labs [80]. To loyiouwd emtelel ouvontixd v eZhc ddixaoion Apyxd diver eviol| oto
TEOYEAUUMO 00AYNONG TN XAPTAUS TUAUOYEA(POU HOTE Var apy{oEL 1 xaTarypopr) Tou EXAGTOTE
pdopatog ualac. Mol autr 1 Sodixacio ohoxAnewiel xou To apyelo €yel anoUnxeuTel,
TO hoYIoUO OiVEL €x VEOU EVIOAY oTNV unyovoxivitn mepioTpogxt| Bdon vo otpoapel Ue
mpoemheypévo Brua. H dwduacto auty| enavahauBdvetoar uéyplc 6tou va cuuminenmidel o
TEOETAEYEVOC aprduodC apyelwy gdouatoc udlag.

To xevtpid mopddupo tou mpoypdupatoc Tapoucidleton oto oyfua [Tl YNtnv Véon
Setting avorypdpoviar oL TS Tou eMAEYINXAY GTO TEOYEOUUA 00 YNONE TNG XAETAS, OTWS
T.Y. 0 apiude TV TpooTléuEVLY apyelwy (Sweeps) xou To edpog Tou oplldvTiou dEova
Tou ypeoévou (Range). Avtiotoya, oty ¥éon MG17Motor 2 mopovotdletor T0 xevTpixd
ToEAUUEO TOU TEOYEAUUATOS OBTYNONS TNG TERLOTEOPLXNG BdoTg.

O Baowég pudyioelc Tou hoylouxol eivar 1 Véon (pdxelog) anodfixeuonc Twv apyeiny,
T0 Brua oTPoPHc TNS TEPLOTEOPIXAC BAoNe xaL 0 dEIUOY TWV TEOC XATOYEAUPY| AEYEWY
(cpdccpocw uélac). O pdxehog amodrixeuong Twy apyeinv opiletar otny ¥éon Path. To évoua
xou 0 Tomog (m.y. .csv,.dat... ) v apyeinv opilovta otic opdvupec Véoeic. Emmiéoy, and
Ti¢ Slodéotueg emhoyeg oTo uevoy tou Delimiter ebvon duvatd va emheyel o yapoxtrpag Tou
xodopilel Tov Blaywpeloud TV oTNAGOY oo xdle apyelo (m.y. «,»,«taby...).

To Brua otpopric (o€ polpec) tne TEPLOTEOPIXTG [BEomg %ot 0 apLioC TKVY TEOC XATAYRUPT
apyeiwy opllovtar otig Véoewc fRelDist xow Numeric avtiototya.

[ va Eexavrioet 1) Aettoupyla Tou Aoylouxol anopaitntn tpobnddeon elvon va etvar avol-
%16 TO TEOYEAUUUN 00Ny NoNE TNS XdpTag TaAuoyedpou. H evtohh exxivnong diveton matwmvTag
7o xouuni Start.

‘Otav 10 hoylouxd hertovpyel otnv ¥éon Data mapovoidleton to otiypabor xotorypo-
@ouevo @dopo pdloc. Emmiéov, n otihn Current mopoucidletl tov otiyuoto apriud tewv
npoc TléUEVLY pooudtov (Sweeps), eve 1 othAin Total Tov aprdud twv apyeiny Tou €youv
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