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D aonotooKomTio POTONAEKTPOVIOV

DOTONAEKTPIKO POULVOUEVO

Hertz (1886) : [ovtiopog mapatnpeitan Katd v aAAnAenidopoacn axtvoBorag-0Ang epOGovV
N aktivoPoia Exel Emapkn evEPYELQL.
H. Hertz, Ann. Physik 31,983 (1887),
H. Hertz, "On an effect of UV light upon the electric discharge “, (Sitzungsber
d. Berl. Akad. d. Wiss., June 9, 1887)

Einstein (1905) :  Avadikn guorn tov emToc. (4. Einstein, Ann. Phys. Leipzig 1905, 17, 132-148)
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D aonotooKomTio POTONAEKTPOVIOV

H @oopotookomio @@TONAEKTPOVI®OV EKUETAAAEVETAL TO POTONAEKTPIKO QAIVOLEVO
LE OKOTO TN UEAETTN TNG MAEKTPOVIOKNG OOUNG TG VANG (atOnmV, Lopiov, GTEPEDV)
LECM UETPNGEMV EVEPYELNCS LOVTICUOV TV NAEKTPOVIOV (6OEVOVE Kol EGOTEPIKMV).

H meprypagr] tng nAektpoviakmc ooung atoumv/popiov Baciletot otnyv mpoceyyion Tmv

TPOYLOKOV.

.Y Al @ 1s725°2p°3s23p! , O, : (c418)* (0,*18)* (54,25)* (0,*25)* (04,2p)*(m,2p)* (m4*2p)?
Aocknon 2
Me Bdon v TPOcEYYIoT TOV TPOYLOK®DY VO, OVOYPAYETE TNV TANPT £KOPOCT TNG

\I[ _ H ¢ KopatosLVapToNg Yo to dropo tov He (1s? kou 1s12st), Aappdvovrog vdyn kot to Spin.
_ |  H enthvon Ba cog fondncet oy Katavonen tov 6pov ;.

2TN GUVEYELD VO AVOYPAYETE THY OMKT KOHATOGLVAPTNOT Yio. To Gropo tov Li (1s22s!) kavovtog
ypron tov opilovodv Slater.

Osopnuo Koopmans

H evépyeia (xota Hartree-Fock) xatetinuuévov tpoylakod 1GovTon pe TNV evEPYELX

TOV OTTOLTELTOL Y10 TOV LOVTIGHO EVOC NAEKTPOVIOL OO TO TPOYLOKO aVTO.

(I E ) — _g(¢ ) _ E T. C. Koopmans, "Ordering of Wave Functions and Eigenvalues to the Individual
= Ji = i/ — “S—p Electrons of an Atom." Physica, 1, 104 (1933)

H 818py0cc51a LOVTIGHOD anotelel petdPaocn petadh Hag EVEPYELOKNG KATAGTAONG
M — M+ e 1ov apyixod otdpov i popiov ko Héc KATAOTOONG TOV 1OVTOG TOV TPOKVTLTEL.

To ©®. Koopmans otnpiletot 6Ty TpOGEYYLON OTL 1| EVEPYELL TOV TPOYLAKOY SeV

uetafaileton kato tov wovtiopo (Frozen-orbital approximation) .

(N—le's) (Ne's) H mepapatikmg petpodpevn evépyeta 0éopuevons Aapupavet vedyn
E — E — E TNV 0oL vadLATaEN NAEKTPOVI®MV Kol EAOYLOTOTOINGN TS OAKNG
b " M EVEPYELOG GTO 10V.
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X-ray Photoelectron Spectroscopy

K. Siegbahn* (1957): IIpoteivel Tov 1ovTiouo pe aktiveg X ¢ uid véa néfodo yia tn HeAETn g
EVEPYELOC OECUEVONG GE ATOUO, LOPLOL KOl VALK,

C. Nordling, E. Sokolowski and K. Siegbahn,

NObe' (DUGlKnG (1981) Precision Method for Obtaining Absolute
A Values of Atomic Binding Energies

CarL NorprinG, EVELYN SokorLowski, AND KAr SIEGBAHN

(Received January 10, 1957)
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photoelectron spectroscopy (XPS) and (c) Auger electron spectroscopy (AES)

E have recently developed a precision method of
investigating atomic binding energies, which we
believe will find application in a variety of problems in
atomic and solid state physics. In principle, the method

Figure 8.1 Processes occurring in (a) ultraviolet photoelectron spectroscopy (UPS), (b) X-ray

Phys. Rev. 1957, 105, 1676.
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Fic. 1. Lines resulting from photoelectrons expelled from Cu
by Mo Koy and Mo Ka: x-radiation. The satellites marked
D.E.L. are interpreted as due to electrons which have suffered a
discrete energy loss when scattered in the source.

* Yrtov motépa Tov, Manne Siegbahn,
amovepndnke 1o PBpapeio Nobel ot
dvoikn 101924 yio v avamtuén g
eoacpatookomniog axtivov X



D oopatookonio Pomtoniektpoviov Aktivov X (XPS)

X-ray Photoelectron Spectroscopy 1
Electron Spectroscopy for Chemical Analysis (ESCA)

S. Hagstrom, C. Nordling and K. Siegbahn, Phys. Lett. 1964, 9, 235.

Valence
band

Binding energy | Kinetic energy

Eg = hv—Ekin of photoelectrons, Eyin

E=0

Fig. 18.15. Illustration of photoelectron spectroscopy. The kinetic energy
of the photoelectrons is the difference between the quantum energy Av of
the excitation photons and the binding energy of the electrons in an atom
or a solid. The dashed lines represent the orbitals of the electrons. One
should note, however, that here the binding energies, and not the dis-
tance from the nucleus, are indicated

4
H Li F
0 3 [ L A
54
136 i B 2s(L,) 17.4
L 15(K) ,
> 201 2p(L,, Lg)
‘:.%.. 37.9
(= 58.0
e ¥
@ 401 2s(Ly)
o
c
)
= 4
M  §0- — 1s(K)
590- 694
1s(K)
700 -

Fig. 18.16. Binding energy of the electrons in the H, Li, and F
atoms; the atomic K, L,, L,, and L; shells are indicated. The
zero point for the binding energy is the ionisation limit

H. Haken, H. C. Wolf; The Physics of Atoms and

Quanta, Springer (2005)
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X-ray Photoelectron Spectroscopy 1
Electron Spectroscopy for Chemical Analysis (ESCA)

S. Hagstrom, C. Nordling and K. Siegbahn, Phys. Lett. 1964, 9, 235.

3830c |5080c Fig. 18.17. The photoelectron spectrum

Ng|Neg of Hg vapour, after K. Siegbahn (over-
view of the spectrum). All the levels
NNy which can be excited with the K, radia-
2000 - tion from Al are to be seen. These are the
N and O shells, as well as P;. Compare
also the electron configuration of the
Hg atom from Table 19.3b

H. Haken, H. C. Wolf; The Physics of Atoms and
Quanta, Springer (2005)

Counts per Channel

1000 -

#
I Hi 0
._._n.,_u—-n{_;"-—-v""lll‘*m:ﬁ‘*"'ﬁ: l\k#-‘fll
800 600 400 200
Binding Energy
soHQ : 152 2522p® 3523p03d'0 4524 p®4d10414 5525p55d10 6s2
K L M N @) P
Evépyeta 1°° ovtiopov : 10.75 eV (p(HQg): ~ 4.5 eV)




D oocporockorio PmToniekTpoviov Aktivov X (XPS)
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Figure 8.19 X-ray photoelectron spectrum, showing core and valence electron ionization energies,
of Cu, Pd, and a 60% Cu and 40% Pd alloy (face-centred cubic lattice). The *binding energy’ is the
ionization energy relative to the Fermi energy, Ep, of Cu. (Reproduced, with permission, from
Siegbahn, K., J Electron Spectrosc., 5, 3, 1974)
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IepopaTik) 01001KOGL

Photons IInyég aktivov X
l Slit 2 Mg Ka
Electron energy analyser g
eron Snedy andlyse & 1253.7,1253.4 eV
Target %
chamber = Al Ka
7 1486.7,1486.3 eV
Recorder s
Electron M/\/‘\ s CuKe
detector £ 8048 eV
. . ; Synchrotron sources
Figure 8.2 The principal components of a photoelectron spectrometer =

[t ToV 10vTIGUO YpNoLLOTOLEiTON LOVOXPOUOTIKT AKTIVOPBOAIG GTNV TTEPLOXT TOV AKTIVOV X (Soft X-rays,
200-2000 eV). H kataypagn Tov PAGHOTOG (pononksmpovw)v EYKELTon 6 LEAETN TV EKTEUTOHEVOV
niektpoviov pe Baon v TV TIUN TN KIVNTIKNG EVEPYELOG 1) OTTOI0L GLVOEETAL LLE TNV EVEPYELX LOVTIGLOV
(Ko TV evépyeLlo OECUEVOTC) LE TNV akOAOVON Gyéon :

K.E.=hv—(l.E). = —&(¢)=(1.E.). =hv—K.E.
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Iepopatikny owatoln

Electron spectrometer 2YNHATIKO O1dypappo acpotopETpov XPS

B. Wannberg, U. Gelius, K. Siegbahn,
J. Phys. E, Sci. Instrum., 7, 149-159 (1994)

H yp1on tov povoypoudtopa

Lo PAAILEL KOV LOVOYPOULATIKOTNTO
Lens mg ovtiCovoag aktivoPoriog

Pertidvovtog GHOVTIKE TNV Bwucpmm]

TKOVOTNTO TNG LETPNONG TS EVEPYELNG
Crystal TV NAEKTPOVIOV.

/dlsperscr
n.yx. Mg Ko (fwhm ~ 0.2 eV (1600 cm™t)

Multichannel
detector

»

Rowland
circle

X-ray source

M6 celpd amd TEXVOLOYIKES TPOKANGELS Eiyav (G GUVETELD 1] EPapUOYH TNG pacpatockoniog XPS va yivel
gQuktn pe onpavtikh kavotépnon (oekatia 1950) oe oxéon pe GALEC PAGUATOCKOTIES.

- Avamrodn katdAiniov nydv aktivev X (soft X-rays) ko texvoloyiog kevov (UHV).

- AvAmTuEn aviyveLT®V NAEKTPOVIOV KOODS Kol OVOALTMOV EVEPYELNS NAEKTPOVI®V LE ETAPKT] OLOKPLTIKT)
wKovoTnTOo.



P oaopotookorio PoTonieKTpoviomv — Xnuiki Avaivon

Xnuwkn Metratomon (Chemical Shift)
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Figure 8.13 The MgK o oxygen ls and carbon 1s X-ray photoelectron spectra of a 2 : 1 mixture of
CO and CO, gases. (Reproduced, with permission, from Allan, C. J. and Siegbahn, K. (November
1971), Publication No. UUIP-754, p. 48, Uppsala University Institute of Physics)



P oaopotookorio PoTonieKTpoviomv — Xnuiki Avaivon

Xnuwkn Metratomon (Chemical Shift)

o) H H
P I I
F—C—C—0—C——C—H
F I |
H o H

Intensity
J.M. Hollas, ‘Modern Spectroscopy’ (1996)

10 8 B 4 2 0 Eg=2912eV
Chemical shift'eV

Figure 8.14 The monochromatized AlK=z carbon ls X-ray photoelectron spectrum of
ethylinfluoroacetate showing the chemical shifis relative to an ionization energy of 291.2 eV
(Reproduced, with permission, from Gelms, U., Basilier, E., Svensson, 5., Bergmark, T. and Siegbahn,
K., Electron Spectrosc., 2, 405, 1974)
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Xnuwkn Metratomon (Chemical Shift)
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Figure 8.15 The carbon 1s X-ray photoelectron spectra of furan, pyrrole and thiophene. The
sulphur 2 p spectram of thiophene is also shown. (Reproduced with permission from Gelius, U, Allan,
C. 1, Johansson, G., Siegbahn, H., Allison, D. A. and Sieghahn, K., Physica Scripta, 3, 237, 1971)



D oopatookonio PmToniekTpoviov oto Yrepimosg (UPS)

D.W. Turner and M.I. Al Jobory, J. Chem. Phys. 1962, 37, 3007 Inyég aktivov X

Ymepiddng axtivoforia amd Avyvieg exkévaoong, .x. Hhiov (He), eivar  He I (*P,(1s'2pt) — 1S,(1s2))
EMAPKDOC LOVOYPWOUOATIKN KO 1] EVEPYELL TNG (21.22 eV, 58.43 nm) eivon

KOTAAANAN Yio vol npomckscset POTO-LOVTIGUO OE n?»smpovwc ™G 21.22 eV (58.43 nm)
otolddag obévoug oe GTopO aAAG Kol o€ popLa, TOPEYOVTOG CTUAVTIKES
TATPOPOPIES Y10 TOL HOPLOKE TPOYLAKE KOL T GUVEIGQOPE TOVS 6T He I (n=2— n=1, Lyman )

dNUoLPYia TOV OEGUMDV.

40.81 eV (30.4 nm)
Zl’)u(p(ova ue to Bevpnuo Koopmans Il evepyeia 10vuc5u01') owucstmxs{ N
GTNV EVEPYELD TOV ALTOUIKOD/HOPLAKOD TPOYLAKOD ad TO 0Toio eC0yETOL €
TO NAEKTPOVIO (GTO TAOLGI0 TNG TPOCEYYIONG KTAYDUEVOV TPOYLUKDV)
- frozen orbital approximation). 16.67,16.86 eV

(74.4, 73.6 nm)

Moalecular Photoelectron Spectroscopy Phuluglecirﬂn Energy Resolution
94 4 Hel PES a) Rl R b)
Hel PES

1970 100 em™_| 10 meV _ meV _

1 Region

_ REMPI (TOF) PES
1980 10cm™_} 1 meV _|
T REMPI(TOF) PES
1980 | REMPI (ZEKE} PES 1 em™ 100 peV | REMPI (ZEKE) PES
ue\v
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2000 0.1 e’ 10 |.1-E|'V
Vv ¥

K. Kimura, Lect. Notes Phys. 715, 215-39 (2007)
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Photoelectron spectra. An experimental approach to teaching molecular orbital models 3 000

Hans Bock and Phillip D. Mollere
J. Chem. Educ., 1974, 51 (8}, p 506
Publication Date: sugust 1974 (Article)

DOz 10.1021/ed051p506 ol 8
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Figure 8.6 The He I ultraviolet photoelectron spectrum of argon. (Reproduced from Turner, D. W.,
Baker, C., Baker, A. D. and Brundle, C. R., Molecular Photoelectron Spectroscopy, p. 41, John Wiley,
London, 1970)
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Multiplets in atoms and ions displayed by photoelectron spectroscopy

Lefik Suzer

J. Chem. Educ., 1982, 52 {10), p 814

Publication Date: October 1982 (Article)

Dol:

10,1021/ ed059p814

Figure 1. Photoelectron spectra of Ne (upper) and Na (lower) 2p levels, using Figure 2. Photoelectron spectra of Ag (upper) and Cd (lower) 4d levels, using
He Il 40.8 eV radiation source. Binding energy is defined as the energy difference He 1l 40.8 eV radiation source.
between the ground state of the neutral atom and the final state of the ion.
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Figure 8.7 The He I ultraviolet photoelectron spectrum of H,. (Reproduced from Turner, D. W.,
Baker, C., Baker, A. D. and Brundle, C. R., Molecular Photoelectron Spectroscopy. p. 44, John Wiley,
London, 1970)

Katd 10 g@To-10vTicpo popiov 1o poplakod 16v mopdyetol o€ SIAPOPES OOVNTIKO-TEPIGTPOPIKES
KATOGTAGELS, TOL yopakTnpilovratl and KPavtikovg aptBuotg v, J.

YT PAcUOTO POTONAEKTPOVI®V Tapatnpeital dovntikn ver Franck-Condon n omoia avtoavakAd T
LeTafoAr] TOL OEGLOV KOTA TN OL00IKAGI0 POTO-10VIIGUOV.

AnAodn), yiveton @oavepo av T0 NAEKTPOVIO OTTOUOKPVVETOL OTTO OEGUIKO, OVTL-O0EGUIKO 1] U1 OEGLKO TPOYLOKO.
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Figure 8.7 The He I ultraviolet photoelectron spectrum of H,. (Reproduced from Turner, D. W.,
Baker, C., Baker, A. D. and Brundle, C. R., Molecular Photoelectron Spectroscopy. p. 44, John Wiley,
London, 1970)

Aoknon 4

Me Bdomn to PAGLe. POTONAEKTPOVI®V VO, KOToPTIoETE KATAAANAO ditdypappa Birge-Sponer kot va tpocdiopicete tnv
gvépyela 01domacng Tov oespob oto H,* | 1t cuyvotnta Tou aveproviKoD TaAAVIMTH KoL TNV TOPAUETPO
avVOPUOVIKOTNTOG. No GLUYKPIVETE TO ATOTELESHO GOG LE T ovTioToL o HeYEON Tov ovdétepov H, (BA. AtdX).




Table 8.2 Bond lengths, r,. of N3 and N in various electronic states

JPS)

D uGHATOGKO:!
Molecule MO configuration State r, fﬁ;
N2 N, (6237, 2p) (6,2p)° Xzt 1.097 69
N . (6525)(n,2p) (0,2p) X2zt 1.11642
Nj - (0525)(n,2p) (0,2p) A1, 1.1749
N - (0529) (m,2p) (0,2p) BzF 1.074
18.75(9)
i , 16.69(1)
I\
,15.57(9)
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J.M. Hollas, ‘Modern Spectroscopy’ (1996)

Figure 8.9 The He I ultraviolet photoelectron spectrum of N,. (Reproduced from Turner, D. W.,
Baker, C., Baker, A. D. and Brundle, C. R., Molecular Photoelectron Spectroscopy. p. 46, John Wiley,

London, 1970)



D aopatookonio PmToniektpoviov oto Yrepimosg (UPS)

N Aoknon 5
2 5-57. Comparing the observed vibrational spacings in the photoelectron spectrum
below to the N, ground state value of v = 2331 cm™!, what can you say
about the bonding or antibonding nature of the three highest filled orbitals
of N,?

rXe !oﬁ- and i&':

. +
Orbital ionized from 3~t:rg ir, 20, p o

+ 2 2+ 2 _+ 2 + 2 +
lonic state %g qu 2{& Zg Zg and Zu

219t e M’
(|

cps

Moaxpd dovntikt] TpO0o0¢

Long vibrational progression é

D.C. Harris, M.D. Bertolucci
‘Symmetry and Spectroscopy’ (1978)
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Figure 8.10 The He I ultraviolet photoelectron spectrum of HBr. (Reproduced from Turner, D. W.,
Baker, C., Baker, A. D. and Brundle, C. R., Molecular Photoelectron Spectroscopy. p. 57, John Wiley,
London, 1970)
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Aocknon 9

No TopovGIEGETE TO EVEPYELOKO OLAypapLa LOPLOK®OV Tpoylak®V Tov CO o1t oot kKhpaka evépyelag e facn To
eaopo potoniektpoviov. Na coumepthapete kot ta atopikd tpoytakd C ko O.

No Tapovoldoete oynuatikd ta poplakd tpoylakd tov CO (BA. D.C. Harris, M.D. Bertolucci, ‘Symmetry and
Spectroscopy’ 1978).

Amo 10 Tpo@il Franck-Condon g tauwviog oty meproyn 16-18 eV va e&aydyete TIC TOGOTNTEG, TOV GOG EXLTPETOVY VO,
TOPOGTNOETE YPAPIKE TNV koumwOAn Morse tov katidvrog CO*.
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Figure 8.11 The He I ultraviolet photoelectron spectrum of H,0. (Reproduced from Turner, D. W.,
Baker, C., Baker, A. D. and Brundle, C. R., Molecular Photoelectron Spectroscopy, p. 113, John

Wiley, London, 1970)
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L e Photoelectron spectra. An experimental approach to teaching molecular orbital models
Hans Bock and Phillip D. Mollere
J. Chem. Educ., 1974, 51 (8}, p 506
Publication Drate: August 1974 (Article)
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D.C. Harris, M.D. Bertolucci,
‘Symmetry and Spectroscopy’ (1978)
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Fig. 4-36. Valence molecular orbitals of formaldehj'de. Contour diagrams are as
described in Fig. 4-27 and reproduced from W.L. Jorgensen and L. Salem, The
Qrganic Chemist's Book of Ovrbiials, Academic Press, N.Y., 1973.
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Figure 8.12 The He I ultraviolet photoelectron spectrum of benzene. (Reproduced from Karlsson,
L., Mattsson, L., Jadmy, R., Bergmark, T. and Siegbahn, K., Physica Scripta, 14, 230, 1976)

Aocknon 10

Noa TopovcldceTe TO EVEPYELOKO SLAYPOULO LOPLOKAV TPOYLOK®V TOV BevioAiov pe Bdomn To pAGHA POTONAEKTPOVIDV.

No TapoLGLAGETE GYNUOTIKA TOL EUTAEKOUEVO LOPLOKE TPOYLOKA.
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IHoAv@mToviki) PoucpoTocKoTiO

Ot vyNAEC TIHEG EVTOoTC TTOV TPOGPEPOVV TOL AELEP €YOVLV MG AmOTELESUO TNV TOAVOTNTO,
(TavTdYPOVNG) ATOPPOPNCNG TEPAY TOV EVOS POTOVIMV amd £va dTouo 1 LOp1o.

‘Etot OAeg o1 mpoavapepbeiceg teyvikéc dObvaTval va Tpayuatorotnfovy Kal 1e amoppoenom
TOAMOATADV QOTOVIWV.

YVVETELEC TNC TOAVPMTOVIKNG dtaotkaciog : AAAoyN TV KOVOVOV EMAOYNG

Ot 6vvolikoi Kavoveg emIAOYHS EIVOL TO YPIVOUEVO TWYV KAVOVWY ETIAOYNG WOV OIETEL TO
KdOc HovopTOVIKO GTAO10 TS GVVOLIKHS Ol0OIKAGIAS

I1L.y. To uio 01pmtoviKy J1001KATI0. 0 KOVOVAS ETIAOYNC (G TPOS KEVIPO COUUETPLOS EIVAL .

g—=>u—0
Apa. y1a 019 OTOVIKES O10OIKAGIES 01 EMTPENTES UETATTWGELS EIval § -0 kor U — U 1]

IHoapatnpodpe Aowdv 0TI NETAPAGELS TOV GTOYOPEVOVTOL PLE £VO GMTOVIO EMITPETOVTOL
ne ovo!

‘Eva emimA£ov TAEOVEKTNUOL TIC TOAVPMTOVIKNG O1001KAGIOG lval OTL YIVOVTAL EPIKTES TIUES
EVEPYELOG O1EYEPONS OTAAGLEG OKOUN 1] TPUTAAGLEG OO QTN TOV OVTIGTOLYEL GTNV EVEPYELQ,
NG LOVOPMTOVIKNG O10OIKAGTOG,
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Atepyaoieg TOAVPMOTOVIKNGC O1EYEPONG

AAhoyn KavOvev ETAOYNG

1hv 2hv
N 12> Y 12>
(M), = 2[E* |t m)nfm,|2)
(M), = (Ume|2) =mofee > (0 > U)(u >0)=g 9

(43=0, +1)(4J=0, +1)= 4J=0, +2
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Alepyaciec TOAPOTOVIKNG O1EYEPCNC/IOVIIGHLOV () (2+1)REMPI
MPI : Multi-photon lonization 0 (2+1)hv
1hv 1hv+ 1hv’ 2hv
= 12> X 12> 'T 12> 'T 12>
18>
f f
11> 11> 11> 11>

REMPI : Resonance enhanced multi-photon ionization
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(REMPI, Resonance Enhanced Multi Photon lonization)

Kabwg petafdrieton (capaveror) To UKoc kKOHatog tov Aélep, Otav
akTwvoPfoiio. cuvtoviotel pe T ovYVOTNTA KATOWG MAEKTPOVIKNG-
1 OOVNTIKNC-TEPIOTPOPIKNG  HETAPaoNG, TOTE AOY® TNG VYNANG £VTOOTC
AB*+ T0V AEEP, UETAPEPETAL IKAVO TOGOGTO TOL TANBLGUOV GTN JlEYEPUEVT
kotdotaorn. To Oleyepuéva UOPLO. GTIl GLVEYELD OTOPPOPOVY  Eval
TOVAQYIGTOV OKOUT GOTOVIO Kot ovtilovTal.
| To 10vta mov TOPAYoVTaL ONUIOVPYOVV MAEKTPIKO PEVUO TO OTTOI0 Ko
AB* KOTOYPAPETOL OC GLVAPTNGCT TOL UNKOLS KOLOTOC,
‘Etor AauPdvovue mAnpogopiec yio TNV OEYEPUEVI] MAEKTPOVIKN

KOTAGTOON.
%/ O ovuPoriopdc g REMPI givan (Mm+n) émov m givar o aptOudg twv
AB QOTOVIOV Yo sovTovieuévy ANEYEPcN ToL Hopiov, kKo N o aplBuds Twv
(PMOTOVIOV TOL ATALITOVVIAL Y10l TO LOVIICUO TNG OEYEPUEVNG KOTAGTOGTG
ITy. (1+1), (2+1) (3+1), (2+2) k1A
Otav 10 OTOVIOL O1EYEPONG KOl LOVIGHOV €ival O0QOPETIKA TOTE O
cuopupoloudc eivai (m+n')

MewovékTnpa g uebdoov eivai 6t amoutet Oaldpovg kevov d10TL 1] aviyveLON 1OVT®V
dev gival duvato va wpaypatorondel vitd cuvOnKec LYNANG Tieonc.

Opia aviyvevong: Ilepimov 104 ue 10° popro avd kPavtikny katdotaon avd cms



®aopoarookornio [loAvpmTtovikov loviionov 6 Xvvroviono

(REMPI, Resonance Enhanced Multi Photon lonization)
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REMP| Photoelectron Spectrum
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Photoelectron Energy

—

Fig. 8.2. Schematic drawing showing the relationship between (a) an MPI ion-
current spectrum and (b) REMPI photoelectron spectra observed at the individual
ion-current peaks

Fig. 8.3. Schematic drawing showing an energy level diagram, which is relevant
to both the MPI ion-current and the REMPI photoelectron spectrum. The ion-
current peaks correspond to the excited states (M*), while the photoelectron peaks
correspond to the ionic states {ﬂ-f +). The photoelectron peak intensity depends on
the ionization transition probability between the excited and the ionic state

K. Kimura, Lect. Notes Phys. 715, 215-39 (2007)



®aopoarookornio [loAvpmTtovikov loviionov 6 Xvvroviono

(REMPI, Resonance Enhanced Multi Photon lonization)
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Fig. 8.4. (a) The single- and two-photon ionization processes associated with pho-
toelectron spectroscopy are compared schematically with each other; (b) a He(I)
photoelectron spectrum of NO showing the first ionization band, which consists
of several vibrational peaks (v = 0-4) [3]; (c) a REMPI photoelectron spectrum
of NO showing only a single peak due to v™ = 0, obtained by (1 + 1’) resonant
ionization via the excited A state (*X7F) at the v’ = 0 level [5](b)
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ASD

Dara
Lines

Levels

InformaTion

List of

SPECIRA  lonization Energies

Ground Stares &

Bibliography Help

NIST Atomic Spectra Database Levels Data

Cll

379 Levels Found

Z=17, Cl isoelectronic sequence

(REMPI, Resonance Enhanced Multi Photon lonization)

Hopaderypo : Katd ™ @mtolvtiky S146macn Tov Hoplokoh

v opiov (Cl,) mapdyovton dropa yAopiov (Cl) o didpopa
gvepyelokd eminedo (w.x. 2Py, 2Pyj).

Iovtiopdc Tov atdpmv pécm dradikacsiog REMPI emitpénetl v
avAALOT TNG YOVIOKNG KOTOVOUNG TOV TAYLTHTOV TOV TPOIOVI®MV
™G POTOALOTG.

Aocknon E2 (ATEkovioTIKN OCUATOCKOTIO (POTONAEKTPOVI®MV)

3s23p* 2pe 35 0.0000 1.333925
i 882.3515 0.665662
3s23p(CP)s P 55 71 958.383 1.593
3, 72 488.568 1.722
U, 72 827.038 2.652
3s23p*(PP)4s 2p 35 74 225.848 1.340
U, 74 865.867 0.663
3s23p4(CP)4p 4pe 5/, 82z 918.893 1.591
35 83 130.900 1.723
Yo 83 364.927 2.617
3s23p*(CP)4p 4D° | Tl 83 B94.037 1.422
55 84 132.262 1.308
3, 84 485.309 1.163
s 84 688.637 0.059
3s23p*('D)4s )] 35 84 120.263
3, B4 121.872
3s23p4(CP)4p 2p-° 5I2 84 £48.100 1.269

95
95

100
98
99

98
99

96
94
97

100
66
82
96

100
100

68

2P°
2P°

1 3s3p*("P°)nd
1 3s3p5('P°)nd

L2986

2 3s23p*(P)ds 2P
1 3s23p*(P)as 2P

2 3s23p*(P)ds P
1 3s23p*(P)4s “P

an*
D=
4D0

4 3523p*CP)4p
3 3s23p*(P)4p
1 3s23p*CP)4p

2D°
2D0

32 3s23p4(P)dp
1 3s23p*CP)dp
2 3s23p*CEP)4p

30 3923p4(3p)4p 4D°

http://physics.nist.gov/PhysRefData/ASD/levels_form. html
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(REMPI, Resonance Enhanced Multi Photon lonization)
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P. M. Johnson, Acc. Chem. Res. 13, 20-26 (1980) KOTAOTAGELS oTIC 300 diepyaciec REMPI, (2+1) kou (3+1)..
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Figure 9.50 Processes involved in obtaining (a) an ultraviolet photoelectron spectrum, (b) a zero

kinetic energy photoelectron (ZEKE-PE) spectrum by a one-photon process and (¢) a ZEKE-PE
spectrum by a two-photon process in which the first photon is resonant with an excited electronic state

of the molecule
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Figure 2. The first VUV photoelectron spectrum of NOM (top) with a
vibrational progression from v =0 to v= =4 of the 'Z* electronic ground
state of NO™ and comparison of the v" =0 peak with the first ZEKE
spectrum obtained.""! The ZEKE spectrum shows the lowest rotational
states in the vibrational state v* =0 with N*=0-2.

K. Mulller-Dethlefs, E. W. Schlag, _Angew. Chem. Int. Ed. 37, 1346-74 (1998)
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Figure 4. Principle of delayed pulsed field extraction. ZEKE electrons
remain at their original position (assuming field-free conditions), whereas
kinetic electrons disperse with increasing delay time. The delayed field
pulse extracts the ZEKE eclectrons, which are measured by the detector
(D).

Angew. Chem. Int. Ed. 37, 1346-74 (1998)

K. Mulller-Dethlefs, E. W. Schlag,
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Figure 9. Schematic representaion of a ZEKE apparatus for a two-color
ZEKE experiment. MCP = multichannel plate (the detector), w,=
frequency of the pump laser, @, =frequency of the ionization laser.
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Angew. Chem. Int. Ed. 37, 1346-74 (1998)

K. Mulller-Dethlefs, E. W. Schlag,
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Figure 3. The time-of-flight photoelectron spectrumP¥! (top) and ZEKE
spectrum!®! (bottom) of para-difluorobenzene through the S, 6! intermedi-
ate state. The improvement in vibrational resolution obtained in ZEKE
spectroscopy 1s illustrated. R = accidental resonances of the second laser in
the S, state.

K. Mulller-Dethlefs, E. W. Schlag, _Angew. Chem. Int. Ed. 37, 1346-74 (1998)



ATEIKOVIGTIKT] QUGUUTOGKOTLO POTONAEKTPOVIMV

Photoelectron Imaging

H xatavoun tayuvtitov towv nAEKTpoviov oto ympo (c€ HETpO Kot devhuvon) Kato TOV 1OVTICUO aTOUOV/Hopiov
oyetileTon pe ™ SvVaKN TG dlEpyasiog 1OvVTIoUOD.

YOyypoveg puébodor 2-dtdotatng amekdviong (Kot KaTomy aviilvong, 3-014oTaTnG OmEIKOVIONS) TNG KATOVOUNG TOV
nNAextpoviov 6€ cuvovacud pe OEyepon pe mOA®pEVN axtivoPoAia emtpémovv Tn Aemtopepn OLVOUIKT UEAETN
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Fignre 2. Reconding of photodlectron impacts after detachment from
H™ uging 800 nm (1.55 «V) photons: (A ) Hectrons impact the d etector
as lcabine d, seemingly random spots. Image ¢ ormesponding to de tection
of approximately 15 photodectrons (B) The emerging pattem due to
many (-0} dectron impacts. (C) The noisesubtracted, intensity-
scaled distribution for ~~200,000 photoelectrone. Darker areas indicate a
greater number of dectron impacts. (D) Recon sructed cross-gection of

the 3D distribution. The electric hekd polariation vector for the bser
radistion is vertical in the plne of fheimage
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Fignre L. [A) Side view of the photoelsctron imaging astembly. The
three dreubr electrodes compriging the wlodty.map imaging lens
are ghown in gray. The later's electic field vector, £, i parallel to the
phine of the detector and indicated by the blue double-headed ammow
[directed perpendicular to the plane of the page ). The photoelect ron
wavefront (red) i projected onto the detector along the x axis. (B)
Top view of the later-ion intemction region. The later beam (blue)
propagates in the y directiony E lies along the z axis, paralle to the
ion beam (yellow). The dectrodet and detector are parlld to the

yz plane.
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Photoelectron Imaging
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Figure 4. Photoelectron images for detachment from (A) O7 at
355nmand (B) NO™ at 785 nm (images are not to scale). The multiple
transitions in each image correspond to generation of multiple (A)
electronic or (B) vibrational states of the remaining neutral species. The
final state energy levels are indicated in C (electronic, for O7) and D

(vibrational, for NO ™).




ATEIKOVIOGTIKT] QUGUUTOGKOTIO POPTIGUEVOV COUATLOLMV

Charged particle imaging

Avtidpdoeic = Kpovoelg (emttuymuevec)
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Moprokég 0éopneg

[Tepropilovv TNV KATAVOUTN TOV UPYIKOV EVEPYELOKDOV KOATAGTAGEWDV
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Van der Meeraker et al., Nature Physics 4, 595 - 602 (2008)

G. Scholes, Atomic & Molecular Beam methods, \Vol. 1
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Kevo: Ilicon

KENO HIEXZH

Movaoeg
1 atm
« 1013 mbar 1y 1,013 bar
« 760 Torr
* /60 mmHg
« 1,01x10°Pa
« ~14,7 psi

Ieproyég Kevoo
¢ XoaunAo kevo: 760 — 25 Torr
« Métpro/TIpokatapktikd kevo (rough): 25 -1 x 10 Torr
e Yynio kevo (High vacuum): 1 x 102 -1 x 10° Torr
* Yrepoynio kevo (Ultrahigh vacuum): 1 x 10-° Torr — 1 x 10-1? Torr
« EE. Yrepoynio kevo (Extr. Ultrahigh vacuum): < 1 x 1012 Torr
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o ekT
Méon toyotnte: V = | ——
o aépa: ~500 m/s 7im

ApOunTikg rokvétyta (Lopra/cmd): n

Toyvétnra kpovocov Z . L = \/fn  ras v
v 1
Z ~/2n mE*

Méon ehed0epn Swadpop A: A =

Eunepicd (20 °C): 4 == - cm
P{mtorr)

25%x 107"

Xpovog oynuaticpov monolayer oe empdveia: [ =

P(torr)
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Table 3.1 Air at 20 °C

Pressure Number Density Mean Free Surface Collision Time for
{ torr)” {cm™?) Path Frequency Monolayer
{cm) (em™*s™") Formation”
(s)
One atmosphere 760 2.7 % 10" 7% 1078 3% 107 33 x 107
Lower limit of.
Rough Vacuum 10~ 3.5 x 10" 5 4 % 107 25 % 107
High Vacuum 10~° 3.5 % 10" 5% 10° 4 % 10" 2.5
Very High Vacuum 10~ 3.5 % 107 5% 10° 4 % 10" 2.5 % 10°
7Ultrahigh Vacuum 1012 3.5 % 108 5 % 10° 4 % 10% 2.5 % 10°

]

| torr=1.33 mbarr=133Pa

" assumes unit sticking coefficient and a molecular diameter of 3 % 10™"cm

J. Moore, C. Davis, M. Coplan, Building Scientific Apparatus, 4" edition, Cambridge University Press, 2009
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r.' vdange Lom -ma‘tion

Kurt J. Lesker: http://www.lesker.com/newweb/gauges/gauges_technicalnotes 1.cfm



Kevo: MeTpnTéS TPOKUTAPKTIKOD KEVOU

DIAPHRAGM

DIAPHRAGM ' - l\] =" DEFLECTION
Bourdon McLeod XoOpNTIKOTNTOS
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B3 Ry
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Kevo: MeTpntéc vyniov Kevoo

Oeppic Kabodov Yvoypic Kabodov (Penning)
10-4—-10°/10 Torr 10-2—10-%/101 Torr




Kevo: Avtieg KEVOD

IHeproTpo@iki) Avtiio AadLov

Opia wicong: 760 — 104 Torr
Tayvtra dvtinong: 0,25 — 500 I/sec

-~

Exhaust outlet

Exhaust valve Y
T

Stator —57
Spring

Blade
Rotor =T

% A
. - - at v s . :

Pump oil and — -
; - = TOF ' = O
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AvTtligg Scroll

Opia migong: 760 — 102 Torr
TayOvtra dvtinong: 5-12 I/s
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AvTAieg Screw

Opia migong: 760 — 102 Torr
Taydvtra dvtinong: 15-150 I/s




Kevo: Avtieg KEVOD

Avtiia Roots (Blower)

Opia wicong: 100 — 10 Torr | \
Toyvtnto dvtinong: 50 — 100.000 I/sec I =

2
o

||Ii;|- /,-.




Kevo: Avtieg KEVOD

Yrpofriopoprokég Avtrieg (Turbo)

Opia migong: 103 - 1010 Torr
Tayvtra dvtinong: 30 — 10.000 I/sec




Kevo: Avtieg KEVOD

Avthieg Awayvoemg (Diffusion)

Opia migong: 103 - 108 Torr
Tayvtra dvtinong: 100 — 60.000 I/sec

Gas Meolecules

Water Cooling Cofls \""“*-..H_ k- | . { — Qil Molecules ]

Backing

F
irst Pump

Compression
Stage

Second
Compression
Stage
Fareline
Baffle

Third Compression Stage -
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walls and returns to boiler Fourth Compression
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Boiler and Heater """"H:_
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Kevo: Avtieg KEVOD

AvtAigg lovtov

Opia migong: 102 — 101 Torr
Tayvtra dvtinong: 1 — 10.000 I/sec

+ HV
= e lectron
Brsaw B .
e {~3 e positive ion
RS o Ti-molecule
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A&Cep: Emavainyn

Energy input by pumping
Total Partial
reflector reflector

Amplifying medium

beam

‘* Laser cawilty - |
XopaKTNPLoTIKA

>vuopmvia (coherence)

KatevQuvtuodnra (directionality)
»Divergence: 0.5 -1 mrad for a dye laser

dotewvomra (brightness)

Movoypouatikdétnta (monochromaticity)
» Bandwidth : 0.01 - 0.1 cm™ for a dye

[T6Awon : Agv gtval OAa Ta Aélep moAmuéva!
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Position-sensitive detectors

AvVivevTEC POPTICUEVOV COUATIOTIMV
gvaioOntol ot ®EXH 100 copartidiov
GTO YWOPO
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Position-sensitive detectors

CHANNEL
CHANNEL OUTPUT
WAl L ELECTRODE
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) N A i, OLITPUT
Microchannel Plate : ELECTRONS
INPUT SIDE SRR
ELECTRODE CURRENT |
L]
VDo

http://www.dmphotonics.com/MCP_MCPImagelntensifiers/microchannel_plates.htm
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Time of Flight Mass Spectrometry +2000V
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®aopatopeTrpio Malag Xpovov Itnong
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Mo. of carbon atems per cluster

Kroto et al., Nature 318, 162 (1985)
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Charged particle imaging: Beam
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Charged particle imaging: Photolysis
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Charged particle imaging
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Charged particle imaging: Analysis
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Ashfold et al. Phys. Chem. Chem. Phys. 8, 26 (2006)



