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Abstract

The present work aims at the study of the dynamics of the simplest methyl-substituted
derivative of benzene, that is tolueneHECHs), on the fs timescale after excitation of highly excited
electronic states. Moreover, the influence of substitution with deuteriums (D), with a second methyl
group (ChH) and with halogen atoms (F, Cl, Br) is also a subject of investigation. The prototypical
benzene molecule has been already extensively examined, both experimentally and theoretically,
considering the processes of internal conversion, ring deformation and RO HG 3FKDQQ
phenomenon, by utilizing several techniques. In the case of toluene the majority of the existing
literature refers mainly to lower excited states on the ps or ns timescale.

The technique employed for the investigation of the dynamics of the molecules under study
was the pump-probe time-of-flight mass spectrometry on the fs timescale and in the vacuum-ultraviolet
(VUV) region. The & harmonic, at 160 nm, of the fundamental frequency of an ultrafast pulsed laser
with pulse duration ~30 fs and central wavelength at 800 nm, excited the molecular sample by single-
photon absorption. The pulse of the fundamental frequency interacted with the excited molecules after
a controlled time delay, leading to ionization and/or fragmentation. The analysis of the rewadttied
respect to the variable delay- ionic signal resulted in the determination of the lifetime ofited exc
states, of the deactivation pathways and, by extension, of the possible deformations taking place.

Firstly, we investigated toluene and two deuterated derivatives, the fully deuterated and the
deuterated in the methyl group. It was concluded that the initial excitation of the third excited singlet
electronic valence state &nd of two superimposed 4p Rydberg states is followed by two deactivation
processes: thesS S: S and the RydbergSs: S : Si. The Rydberg Sg transition appears to
involve an energy barrier, whereas the: & relaxation takes place through an easily accessible
FRQLFDO LQWHUVHFWLRQ 7KH RVFLOODW nR@bingteivwithl tfied G R Q
lifetimes of the $state for all the three molecules indicate that, upontheSgtransition, the ring is
deformedo WKH -&ROIDW "~ VWUXFWXUH ZLWK WKH PHWK\O JURXS O\L

The next group of molecules studied was the three isomeric methyl-substituted derivatives of
toluene, that is the o-, m-, and p-xylene. Initial excitation of the superposition of the valence state S
with 5s and 5p Rydberg states leads to relaxation pathways similar to those of toluene, namely the
S S Si/Ts (branching in the last step towards the singleta8d the triplet 3) and the
5\GEHWJI $%: Si/Ts. It was observed that the characteristic time of the & transition
increases in the order<an-<p-, with the time for the o-isomer being similar to that for toluene. Exactly

the opposite behavior was determined for the lifetimeoF®m these observations it was concluded



Abstract

that upon the & S transition the ring is distorted in a way that involves motion of the C atom lying
opposite the methyl group, whereas upon the §/TstraQVLWLRQ D GHIRUPBRMOWQ W
structure takes place.

The last category of toluene derivatives investigated was that of halogenated toluenes in the
4-position (in order to avoid interaction between the methyl group and the halogen atom), namely the
4-fluoro-, 4-chloro-, and 4-bromotoluene. In these molecules the involvement of repulsive states
having ((EZ¥) and (, ¥) character complicates the deactivation processes from the initially excited
valence statesSIt was observed that the deactivation pathway & : S; yields almost exclusively
parent ions P, whereas the pathway leading the wavepacket from the first minimugtcoft® second
one and then to a repulsive state, causing elongation of the C-X bond, yields almost dd]élsrier-

[P-X]" ionic fragments (X stands for the halogen). WeLPH GHSHQGHQF\ RI WKH WZI
supports the conclusion that the relaxation takes place along the C-X coordinate.
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0 2! .+ .2.12 10& 02. 'l 02. I, &" E!'" .@ . !'*1
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cules/,E! 1.! 1 1% ).

11


http://demonstrations.wolfram.com/NonCrossingRuleForEnergyCurvesInDiatomicMolecules/

03 . ,0&!1 2 or 1.3

tE! " 2 13 .2 #" & "/ .22 . #14@O0 ™ 2. . . 0 2
1$ . . 2 E!' 1. .2 1) 2# /1 & * + # E "0 3. 02. )E.
.EO0 2." 2" 0E 3 00" 12 $+! /. /&1 " /| & )" .#2)" +

020 20 ! $ . & '0 0O 11#%# 08B! .)1* 02! !
2 2 # 0 0C& €O/ 02 2&# D . oo 0% .212 $.
oOE&" . .3 1.0 . E&E! # &" [ .12sédm0 2. #2$ +®&i#2 0 +
$+! "/ . /&1 "0 . 2 # $ 12 [/* | .12 10& # &" $+1 " /.
/ .12 10& 0 2)" . )" 28 02! & 2# | #0 . EO! 22)"
1&2!'$ "/0 O . .0 2. 022 0" E®O! &®€2+10 " $+1 " /. /&1
E 20/ .13510&

I $&1+ 2." 12 E 0OE2 O0! . .2 EOo! 1.3 2& & + /.
0021 #0 2 EO0! BE2&1 /XE GEL2.DH PQHE !$ # . EO0! E2+1
/ .12.*1&1 " 2! + OE[1BAZ).+0$ # 0 . .2 02&E 1 # 0 . CE!)
.2.12 10& E 0" 1# 0# * 2. 02. * 2 #" &E .." 2" %. 2
1#12 .2 " 12 o2 o210 2 1 2& /* .#2+ %.2.3Q2210&

H Hy, lez 1 (1_22)
H21 H22'|
YE #im% W o+ (. o+ ( of . 02" 0 100" 2& [/* .| .21, 2
.2.12 10& [ .+ )! + E&O0! ' 3 # 2 1* 0# 2& .2.12 10&
/ .2.12 10" 2 # & . . . o roav .2.1. 22.12 10
1" 13 2
2
£, —E12E2r\/ S5 W (1.23)
", cosDI/2 1, sinD/2 | (1.24)
[, sinDI2 |, cosDI/2 |, (1.25)
YE #
sinD H122 cosD Hy H222 _ (1.26)
E _ES 2 E ES 2
2 © H12 2 2 © H12

2 EO0! $ E # #E 1$0 0 3# 1 )" Ues G @EP)ID) 2$*0 1&1
E! *E20 )2 . E! E0O 2.#2)¥E .* 20 " 1# 0"

12



03 . ,0&! 2 or 1.3

'H{E12E2 0 (1.27)
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# 10 /* [ .3 102 "E O/ .E &OE®23 0. 2" 002 z2.A""

13



03 . ,0&!1 2 or 1.3

« 1 11 E»DO & ./ .3102 1%$02 1 2& E#! & .E€) ) 2
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of all-trans-retinal
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protonated Schiff base
of 11-cis-retinal

$ . 6y1 0l1)" " E!&2 & " 1" @&Kl0R2"" 02 .E) 3&2/ O0!1
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02 /0*20! 1)2 2. . E! *E20120&0 J! " 0 2 02 . /&
$0 @EO0! 22 parig) . o2! . " .2.1210" 0 . [ .2. "
E #.2 L. E@!'* . #E!$ # ..l 2..28&2 " 02. 10" $
2& @EO0! 12! 3 + .2.12 10& .!) . .#2 *20 22 # 0/ #"
E.1$ 1 # 0/+
02. 10 " & # EO0! . # . . . 2" 02! $.#" [2 2@I1 "
0/ .31 12 @E.! *1.0@EW2 ")l "2 #/0 * | #" 2" 1 302.
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(fal(fu] Dy llli)  (Fal(ful Dy Fol ) (Fel(f AD weif dl ) (2.45)

b E#! | E | E 2 # /0*20! # )l # 2 # .1 1.2" 0 .122. )
1# 202. 0" ()20
(fal (o] Do liapli)  (Feli f{fJD nefi ) O, (1.46)
o&o(fli,) 0o .2 .m2" 1 . )2 2." 2& 02! .+ .2.12 10&
yr* & !0 . 1.320
<fel|<fv| Del,j |iel>|iv> <f V|M if|i v>’ (147)
YE M, (fy|Dyilis) 0 . o021 . /@& I E 2 " ,0&!+12"" MR /O
02. 02. G * 02" E#! "1# 202. 0" 0 1&1 02.
<fel|<fv| Del,j |iel>|iv> <fv||v>M if Fan if * (148)
2. .2&2 " .2.1210" 0 . ! . ") )2, . # 12 /.
212.1 1 .#2) . 2 20#&20) 0 12 /0o 10 R2(fli)) "
02.C.! 2Franck-Condon . 0 3! 0 2 & . 0 #% " 2& |/
# .2 1# .12 10& 2" .!1$ " . 2"20 " .212.1" p1*.10.2 #0
12 @&! 1/ '1) 2& OE 2!0E2+ 2. .2&2 + 02. 10& . 2" |
12 2" 02 .1°"
$ . .EO0 0o 2 1) 2 #Fraick!Conddn. 02. 10 " 2.
2)1 ! 1. E# E!*0 . 0&!1 # 0)2 E#! 0" /0 @! .. #
*20 2.$*2 2. )!#30" / ./ .1 0" u/# .0 "OE3 00" 0 . 02.2a
02. * 2 #" . 10" 0 .$ 12 # /0 1# @ G2 # + . . #E !$0 OCE
0E #% 2& 2. .2&2 + # .2 1# .12 10& !. . 0. *20L1E .)2
1% 2. . 282 12 0 . 00 +/" 20 . E! E0 .0
$ . UEO / E .)220/. 001 " 1# &" ) 10 . 1# 0!
2& E#® .10/ 1% 2. . 28&2 12 . 0 0./ ot1" C
Franck-Condon/ 0 10 CEO! / H0 &1 2" E L MAH2!12 D2 21#'$!) #
0O EGO! / 0O 2" 1. "2 2&1 " 021 0 . /# .2)1#$ @ 2L/ !
2. 2&1 " 10 GO ! .2:. $ OHI " )E&" .#2 2 " E.! *1." 0! .1 ." U
1# 21 #02 3..#20 2 @E&.!'.2! 012 (€O! E2&1 2 # 2 # #
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7 KOTOOTOOM
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Ocpermong
2 KOTAOTOON

Ry, R

$ . $ .2 .EO0 ) 1 2 # #anck-Candon [* I# . " . E&*0"0 . 02.2 &

& EN" 2 pb 0. *20! 0C #% 2. . 2&2 + )v# .221# 0!D 10/& .C
2121 E&.!'.2 '0vR. 120 / 0 O! .2 2 .E / 0!1 0. *20! O #%
.EVYT 10 .2 1*12 . 2. 0 10 . 1 02 R E®11% 1 .20 2 1 11 & .
(By Samoza,CC BY-SA 3.0, httpg/commons.wikimedia.org/w/index.php?curid E! 1.' 1
1% )

b $'1 2 " 1# 02! ." 2 # L #/0# *0 E!. E * 2 0 2 2

E #.2 + I & .2 E!) 0% 2& ) & OEE "0 . 2. 12
02. 10& & # . .3 . E! # &" 0 . /0 ) )2. 2
. 212 $& . .E.!'.12 10& O . 1# 02! .EN 1201 z
1# 12+10" 2 " 0 2! " E L E " # 12" [/ 0"# .E.!'.12 1
1201 . " 1# 202. 0" &E 0"/ 2. 12 #" & . 0" $.!. 2 1& 2
021 o . o* . E! % # 0 . . 02 .1 o . OE 2!0CE2
$! 1 E 1#0 . .#2 " 0 )/ #"
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1.7 1. & .1 +10 12.2 ) O

b &.!'. & .! [2#28] .CE 20 O .0 .102 $!1 0!/ .0 10 O (
2 0" lo# ." & E. 2 2 11 L2 + 10 3.1 .2 "
CFE2 2. E) 2. #E '$ 2.laskkl2 .2E.! *1. 0! .1 . A "
$!'1 & .12 |/ 0!1 0 2! .+ .2.12 10& 12 E&O! $ 2 #
(vacuum ultraviolet, VUV).+ . 2 ) H#2) V02, .. L. E.!' #1 .1 2 # #E&
& 12! 02. E.!. & ! +
b/./ .1 .2" &' & " 1# 12.2. 12 .2 O0E&Ildsen O "
2.1 " 0 I#12 #" .. 10 O ) 0 2. . I, /.1 .1 .
OE. )0 Ep&a .# ) )&O0) 0 &20! * OE2E0!"™ (EJO2# .E)
2 1% 1

P H P “E OF .). (1.49)
+ . O# . $#0 0&! 10 0/+ 2 €&) &1 . 2 €0/ & a &2 o0
. 0 2! 0E /02 )2 2.0 #n>1.)13 ! 212 L. 0 2!
OE /02 )22n2 "0 2! OE /02 )22.0 . . &2) o " .2.1
O+ E.!0 2 13 2. #121 2! ZE U . .E.!. 22 2 02! ) EO0/
102 0 (10 1$1 0 2 .2 ) 0 Esg).@sasx18Vviem) +120
. )! . 0O . .0 2
2 (@EO0! E2&1 0 )" 02.. )0 # 2 0/ * 02! * E0/ # :
E()y Ee'® cc (1.50)
E! *E2 # 12 E) &1 1& 2 " 1% 1 " Yl E # 2.8,3& 2.
2 E 02 101! 2 #" [ * 12 (E.!. & 02! * EO0/ ¢
1#$ )2 20" 021 .E) . las8r1#$ )2 R"E! *E20 . #E 1 01 /01 -
E . E0! . 0 0 0 ).2.. '..E .E 1.2" Q0 +/"#" 1#
1#%$ )2 200 / .3 102 " . . 0"
/[ . 201, $.1. 2112 2 # 1 # E# $'2 @&.'0&. 2&

! + )YE&" 1# 02! .2& 120!0+ 2 I# . ) 1 *2& .0! &
1y 12 .E)R& .! + E # E.! 2. b 1# 02! . 2 # 1#12.

I 0 2 13 2 # 2. #12 2" 02! 20/ /0D 2 .)202.".2 ! . 12
E .0OE E2# . 2..!'. 0 . 2. 02! 1# 02! # u" 0 02 1
Yt /0*20! "2 " 2" E) &1 "
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P@  ARE? (1.51)
) & 2 " *E.! " 2 # 2! # 1# 02! .E=E E!1&BC=-P..0E &" .E) 2
1% 1 E! *E&20
PO (B2 PEXY PO POY PO @ q (152)
/ 1$*0 . L2 #" #E) @& #" ) #" 12 "2 " 2 1# EO .
# /0 E.! 2. 12 o" .1 "o ) &o! 22 "
a / . 2 EO0! E2&1 2& .2 + .0! @orkugh [27,29]E!2 #EO
E 2 .2 E.!'. & ) Eo! 22+ . + L+t 2
A + E # E& ! * . ELLLS O *3& . 0 2 2 .# 2)laser. (
# "I#ES )22." 0 2 2 0O 0* 0! 0 21!) .E 2 E&E . z
* 0 1. 12 2. .2 *0 0 2oonder@dtive energypBE.%/(4 &2 1 &.u.),
O 12! 30 12 1# $0 ..ZE! " 2 .)/ 2 OCE. .1# /1 02. . 2 # 0 E d
.2 . $ . o' & # 2. 1 2 . 2. 2 12 02
E. *0 + 2. . 1 2 12 ' 2 ) o021 E.! 02. .10 ! E.
E E $# 02.* 2 #" 8!) 11 E@ EOlasdr 2 #$ . . D
#1 Fourier .#2 " 2 " 10!" &. + [/ O ) 2" &o! 22 " .1 "z
1#%$ )2 2. ,. €G0! 00O .0 " )2 12 0 '0. 2 # 0 CEO E) 0
I 1. 2" 0 'W.. 2# I# . * 1 * 2 E!. .2 )22.)8&"
O 'o./ 02. )2 1%1
Ot 4 310, [P, (1.53)
)E dhax O . 12 2 2& E.!. )0 & P2 H# .. ) 1 * 2 #
2) 7.0 0 .1 0&O0 )2 EO!. .2 $0 E.!.2 121" E.I" & &
N + 10 .2 [30]. .

* 1 12 /. J1E.!. & M + 0 . 1# 3& . 3 (phase
matching 1y 0 2. .2 0 1%$#2 1# 2& ! + E # E.N 2.
1 0. 2 # 1 # 2 #" 1#12 #" 1# 3& . 31" 1%02 02. 0 2

I#12. + OECE® /& &" ®E®!' " 2 [ O0*# 1 2" E! 1ZE BR) &RIL" 2 #
laser 2. . ! . /[ . 1E ! 1. 12 #/ 20! 1 . .12 #1 * 0

/ 10 10 1# 0" .1# 3& ." 31" B..)M2 .¥20! )1 .# 02.
2 2 " " .2 ) D E. # 0CE& 1" 0& 02! N &2.2 &
012 .1 " 2 " lader Gouy phasg . .2 I & [33].10 .2 I 1
2" & 01" 2 # .0 # 2" 2.1 " 2" E®'1E &2 #1." /1 " . 2 #
0O 20#$ 0 . 1# 3& .3 1" p 1# 1# 3& ."3 1"/ 02. .E) 2
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'k gk k O, (1.54)
YE K=2E, . k=2&, 0 . # .2 | " .2 00 +/ 1#%$)2 2.q9. 2
2 .2 12 9.
(o) GTOIKT «Kapdiis 7 UTOMIKT) «Kepdid
S
P EMT |4— LLLGT] OTTLKT| TEPlodOs=m/c,
ANNNMNA )\ A

S(ew)
) —> | | < 20
" T AAANAAMI,,

A - (1)
\ Gy,
$ . . b 2! S 0)" 0 2! # . 1&" 02 2 1) . 1 EO!' E # 2
02 ) 12 2 # 2..2*0 # &0/ # 0 + 2. | @ o2 .0 2))
2. .2+ 02. 0 2 1#&$2)2%8%r 0 + 0 E E®O . 2 . 03! &E# GO O
.2 © .!'/ ap10! €& + E#O0E €& 2. .GB&) 2. 02! .E#0C&. .1# /
.E $ # 02. * 2 #" 1 E?2 EO0! / FourianZ®®) 2ZE.L. )#L & E&. + E! *E2
1#% )2 20" B # .E $ # &2./*.2 # Eo! 22 " | 2" 00 +/ #" 1#
(1 1.0 1 1$ . .E) 2 299!
E 2 .E0 ) 1 2" 2.1"2& .! + 1# .12 10 2 " 2
12 $ . [32] E®!0 .0" . E.1.2110 )2 12" $. "2 0"
I 1, 0! $ / .2.1.$" 32 0 1@ " .0E..@)2 0" . 12 1# $0 .
12 " #% " 2$D". /0 120 12 O ! Ogu)®E & "
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typical high-harmonic spectrum
perturbative
regime

plateau

n\h\.\CUt-Off

0 10 20 30 40 50 60‘
harmonic order

$ . 1 2 .EO0O ) 1 2" 2.1 " 2& .! + 1# .12 10 22.2 "2'0."#1
E&O0! $" 2# 31.2" €O $ /.2.'.$" €& .2)% €00 /$ ..@&EWin@feldt C,
Spielmann C and Gerber G Colloquium: Optimal control of high-harmonic geneRaiorMod. Phys80 117#40
2008. Copyright 2008 by the American Physical Society)

g . 1 .2 ) ...31#0)2 1) . .E 1# 1 2 # 02

.2 © .!/ & & '0 . 0 0 20 0 & #3&2 LE )3 1T 2 "G

.E) 2 . ! (mdtiphoton ionization, MPI)0 20 1& 2 # 3. # 11, ") &

E.!. )!I3&1 " 2 # CBOIMb# E) 2 1$#!) 0 &20! ) €O/ b ©0& a
"E&0! &E2&1 "0 .12 2. .E®) 2 /# . ) 1 ponderemotive ekergy 2

&€& . 02 10!' 2 "0 .12 2. .E®) 2 2.1 . 2 1#%$ )2 2. 2" E!1

1# 0! . 1 .2 )!) &. G@.'2 2Kedyshg .[IP/(U,)[33] 62.
1$*Q 111 #! 180 E0! E2&1 2 # 1 * 1& E #3&2 "E |
J 1 #E0! 1$*0 1)" 1& 3. B2) . .'E.! &eltysh /0

E200 .E 012 ) ! 212 "u@EHO! E2+10 "J@ #0 1B*0 E! 3. " &
LE)2./* 3. )0 . #({B4)plE*0. & $. "2 " . + 1# &" EO0! |
_*201.E) 2 0 ). 2 # E #3&2 > E1! *1. 0! .1 . 2.1 2
00 +/ #" /(@00nm 12 012 .02 2. 12 %e/ oO0a+ 1& 2 " 1$ 1 "
Up=(2e%cam)(I/482) )El 8 . 2el. m2 312 . .2 # 02 #
2.$%*2 2. 2 # 3&2)" 12 0 ) UEBSEME2AO0EQ2 2 1 E.!. & "00

IP=15.76eV[35] E.! Keldysh#E 02. 12J|@46. + .2 E.!. & "2 "

A " E # #!&" "0/ .31'0 O0/+ 3. 02. E&" MPLI$O+" [ .| .:
0 .3! o&1 2"0 !'!0.m2" 00 +/#" /1 " [ O . 10 '0 &1
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o!. .2 /| 2

+0 &o! !

2 E&.! *12. 0! .1 . $!'1 & 0 20% 2" 3.1.21- & ."

$ 0# Xpump-probe) " & .2 B R | E laserTiGapphire (Coherent
Micra [36] . Legend Duo USX [37] 2 . L 1# E2 @0!2 !.3E
OE&® ®&®0 &. *" 0 2! * #" o 2M(BO! & # 0 ." EQOfEE G
1#% )2 2kHz. p .'$ &) &1 2 "/ 1E&.'0 . 02 0 EBO/ EN1IE2&
E?2 0 .!12 .2.$p0#1 2& E.!. )0 & ) 2&3.1)2) QEB)."$!) #
E 2 1LTime-of-flight mass spectrometer, TOFS), . . #2 &Eo! .3 2 # & #
OE)O &.! '3 0+ 02! 10 " .2. ! 3 2. ... * 2., 10 0 2!
1& 2 " "R7888 Tme-of-Flight/Multiscaler, Fast ComTec [38].

laser ! 1 020 .2012 10 .GE & $+! . #12! 00 $) 0 & 1# 4
0! Lt o #1t YES&" LE. 20 2. .2 1&12 .@.2 #1002 2 # D
$!'1 0 )" €& Z 1#71 . 2)E2!'& ! /& 12 #! &" V" 2" E&O! .2 ",

1& " E " 12 | .®&R!$12 )

2 #1 &" | 2.% . ) &E . 0 . #1 .12 . 1# ) 02!
Mach-Zehnder, / 1 &! 1E& &®20 .!$ 1042 ®2!.. 12 1# $0 ./ '$02.
EXE ./ #1201 " 31" 2 E $!'1 & 0 2. .2
OEO0OE! 1E E20 Q23. ) .E)I1f21830cm, &E "0 . 2 & 02 " E

1 XYz 0 /# .2)2 2. 02! " 02. 1" 0OE) O &2 )0 !2
/1 laser0 . Ml . $ &Y 12 "béam splitterBS), B # . . 2 oo 2
9 2" 0 'oO0." . E.! E) &1 2 1 0 H#2) o2 .2"/

#0 [/ .3 10 !0 . 12./* 1 2 # 1# Macdh#ZeBrid&r. #

b /. +0 /1 / 0 2. .&)/* 2 E2!12"€&® 0210.1&

E #.202. ) $. EOr #E © ibar) 1& " . #2)" . E + 02.
.E) 2 &EO0! 0O . E.! #im @E)$21072 E#FSR*. &.! #! .#2)

0O . 2 CE 02 #@E) 1 +120E). .#2H 012 /11 : E! 1E E&20
12. E&2 0 .121221 .. + 0 H#2 /1 $!''1 & O 2. .2 01
(triggering), 1& .1 ! " 3&2 /)R & 1#12 2& .2.1.3 " /®/01&.1
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2 "1 Maser.E) 2 3f=1p0cm 02. 02)" 12.2 * #" cm 12 &
/ $020*02. An)!)0 E 01 EO'mEar# 0 .E 2 O1E®.2. & ®O! 22 " 2 "
N +2 " 00 +/ #" 1#% )D.sapphitetbser. 12.2 ) 0 . E + 02. .@E)
#E) E 1& . 1& /* I+ E+ E # #E& '$ # 12. /* . 2 #
/ .3 102 $. o & . ®0! . 0 2 00 +/ 1#% )2
1# 1. / ./ /) 00" &O0! 22" .! 2" E®!'1EC& E20 12 1#
E.! & & . |/ & &E&Stwderst 2 E 02 & 1@rewsster. . 2. nm
(EO! & # J1.3212). €& ¢ "™ 1# 20 012 " . . .12 )2 2." 1# 0
/[1.12 0 1" 0 0 +/ #" 1#$%$ )2nR)"0 + 2 0 . *20! r"2& .
2. . 1#0% 0 2 E W®.2s!'1 2. @&!'12.20# . 1.10
0 * & # 0 & 0 0 2 +tOGBEE®R./ N&, .E . & E&o! . 0
1$0/) .E 0 12 A " E! 1E EDPO Z2ZERVI& .13%0/ .1 +120
OE 0 2 2.1 & nm /1 2 J1uUEe 1 . 02. )2 2
1# 0 ! 2 & .. 12 B9%).. 12 E&o! g2 "
(266 nm & .)&" E&.! 02. 10 * O . *20! .2 112 &0 2
0 #E& !$0 12 .. + 0 E) 21 2 E2H* 0 .1 )20!. 0 & 21)
2.31 #0 ./ .$&!''1 #0 $! 2 #" ®. *" 2& [* . #b+ +
+ 0 /1 12 1# $0 ./ !$02. 1. (E) 2¢ 45mmE 2 2!
2)E2.E) ! #Ag) 2 E 02 # 12" E! " 2 & 'o.2"/1 " 2
#2) 0 0 2 1# MachiZehnder . 1 02. 10 : o * . 0 2 2
2" & E " O0E &0 02 E&! * 0 . .2 1&
aE 123 2." 12 1 0 YE # 18 /1 / .$&'(B2 0.10 /*
E&E.!. # 1 # 0 2 E !'0. & # . # 0 " [ " 2 #11#
$ o#1 " b /1 H2 /0 2. .E@LZ*™ 1D ED'S) O .E) 0 2!
/. [ 1" *0 I 02! delhy stageNewport LTAHS[39,40] & 12
&E .0 . 2 & 02 L 2 E2!'. GE.1 " 120 /1 1& 0 )"

) 2)E2!' # 0 !'$02. .E®) 2 1*12 . 2" *0 " 1" &2 " . d
& !'0 . O .!'02 " EO! ®2+10 " $!'1 & 0 0E E I .$&
* 0 1 /0 &.!'#1 02. 12 $ . E! O # . 0 & O

H#2) 2 1# $0 . /1 011'$02. 10 1& . O * 0 2)" 2 # &
E! *0 "/ 021'.C€) 2 3.)=160ém p 012 .1 02. 12 0) 0
E.!.2 ! 0)2 12 . !.. & )2. 2 3.1.2 )2 " E&0'O0%) O 1&
E) 2 L, 0/ E.D O#12nEm § #2220 2. .E) . 0222. 1&

/1 2 # /I # .#2 * | 1%$02. .€E) €& . [/ . E! 1€ ®20 10
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E . /& 10 &Brewster . 2. nm . &2 #2 12 $0 . $!'1 & * 2.
os$ 2" 2.1"2"/1 " . 2."2 €®) &1lp E2 & .00!3$) 0
E) 2 1*12 . 2& EL1 /| & 02 E) &1 0 11!%$02. 1p& E.!. *! #
0 * 022 E2! & #EHO S$ . ... 2. 1# 02! *1& .E) 2 #
& uE&) 2 1 O H#H2) 1# 0% 0 2 & '0. 2" 1# . 02 /1
& . $0 / 0 1. .E) 2 &
/* /10" . 1# 0% # 20 12 0) .20# # ) 00"
OE /1.1 " 0 2 . a//1 01, 1# . 2 * 1S 2. 1. .E) E.
MgF: E $ #hm. E.! #! .#2) $!'1 0*0 .. E )ERVS?2 E! 2 #
E. 20 E 01 #gE" 2! # 2&mbar . .20 2. .E) . #%2 * 0 *
(turbo, Agilent Technologies), &) 2 $+! 2& . & E# .202. .E&) $.
uE & E&! .0 #1211 02.2 & .E2 "+.! "2 # E!I+2 #
/| # ® # $! .#2) 2 1 0 [ .11 2. %) & 2."%&B T E 1"
2 #/0 2 |/ 1" 021 & $6 012 * 0 O3$ZR! 12 .#2 * .2 "
1.3 2.2).
2 & !0 . 2& /01 + @E&!" 2 $+! . O /.1 " #E& '$ #
/# .2)2 2. /. * 2"/ 10" 020 & .CE) 2 $+! o * . 0% 2"0
o*'oxr 2 " $! "0 #% " 2& /2 ®RN)&E @G # . E&®O0! !.30
1322 020 10 3&2 & . @larlblird2photomultiplier tube, PMT, Electron
Tubes) . 2 21 2& ! + : /0" E.!'0 # 12 & '0 . 2& |/
Si 0 & . E'))1IE2&1 $!'1 & *2. ) 12 &' 02 .1 .2 # &0
2 2 / 10 . 2& EO!. 2& [* 1# 1. “r1 0"/ . 2.
O /!'.1 " . E! 1E E2 #130! 02. 2 @20 012 . .(EY42Bchn,
E # !'102. 12 EEO#!2 OE 12! 3 # . 012 2. 12 1 O : 0
#€&®) o0 2 .H)r.v.y)y/o .12 .1 .31 01 02. O/ $#1 12 $+!
/. 2! # 1y20! 10@&n. . 02 ) 2. B # E&.! 2. 0 2.%* 2. 1
0 2 $# 13.2 #£) 02! # S #2331 # .E)L2.P4BEO0! E
cm 10 $+! 0 O* O! €O/ # E&! 1€ E®2 # 10 . $ O0#2 microthannel + &
plates, dual chevron MCP2 Photonis, Model BOS-40,"&onflat flange, P-46 phosphor screen

$!''1 10 0 2 #! . .@EWI )Bedm"Imaging Solutions [41]) o2!' )1 . EH#
E&.! 02. / 0 2. 10 ETALOODB-%2Fast ComTec [42]). 12 1# $0 . 10
0 2! ) #E 12 )YE # .2. ! 302. ... *02.
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2(fs) 380+50 77+10 | 85+10| 670+50*
2 #) -ds s C7Ds" (PY) 0.011+0.001 | 1.1+0.1 0 0
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Rydberg series regiah Chem. Phys543439, 0 2 /0 AIP Publishing
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energy) 2. /0#20! & . )! . 0&lL 2" 0 ! 0." //00 & 1 4" #0

64



03 . u®& 20 1 .2. o #1 . #

/[ 0!'1l #% )20!. /00! & 2..2&2 + .2.12 10& & 2 1z
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$!) & " 12.fs. “ /* 2 R B § 2. 10 &€ * . 1# 3& . 0 2
02)" 2& ' & 2 # 13 .2 0 )" )2 00!) /.2 .2
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E.! 2. 102 ©0! & 2. .2&2 / 0 0! . E.2! ) 2. 2. &
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“ps).p O .E) 1 02.*2& /* 2 + 0 . ..0)0 101/
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13 .2 " 0O / /. )!13&1 .#2 3. 02. . 0 '0 02. #!&" .E)
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