T the

cducaions sieni abdus salam
rgoizdon international centre for theoretical physics

international atomic
energy agency

SMR 1302 - 17

WINTER SCHOOL ON LASER SPECTROSCOPY AND APPLICATIONS

19 February - 2 March 2001

Photoelectron Spectroscopy
with and without Photoelectrons

Martin COCKETT

Department of Chemistry, University of York
Heslington, York, U.K.

These are preliminary lecture notes, intended only for distribution to participants.

strada costiera, | | - 34014 trieste italy - tel. +3% 04022401 | | fax +39 040224163 - sci_inffo@ictp.trieste.it - www.ictp.trieste.it






THE UNIVERSITYW

Photoelectron Spectroscopy with
and without photoelectrons:

From the photoelectric effect to ZEKE

spectroscopy

Martin Cockett

Department of Chemistry
University of York

Heslington, York
UK.



Outline

1) The origins of photoelectron spectroscopy
Photoelectric effect
Development of UVPES & XPS
Experimental methods
Factors affecting Resolution

2) Applications
Atoms
Diatomic Molecules
Molecular Orbital Theory
Koopmans’ Theorem — closed and open shell
Autoionisation
Polyelectronic molecules

3) The quest for improved resolution
Refinement of experimental conditions

Laser REMPI-PES — state selection

4) Dispensing with energy analysis
Threshold Photoelectron Spectroscopry
Autoionisation revisited

5) The next step: ZEKE spectroscopy
Concepts
Comparisons to PES
Rydberg states and Field Ionisation
Experimental details
Improving resolution

6) Case Studies: Electronically excited states, autoionisation,
Rydberg excited van der Waals complexes.

3.



Origins of Photoelectron Spectroscopy

(a) The Photoelectric Effect

e First observed on

surfaces of easily T
ionisable metals K.E.
(e.g. Alkali

metals).

hv =imo’ + @

K.E. o< hv.

V. Vv

e Einstein' developed theory in 1905

For alkali metal surfaces, @ is of the order of a
few eV which requires near UV radiation.

L A. Einstein, Ann. Physik., 31 (1905) 132.
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(b) The development of Photoelectron spectroscopy

e 1956 Siegbahn’ invents X-ray photoelectron
spectroscopy (XPS).

e 1962 Turner et al.’ and Vilesov et al.* develop
ultraviolet gis;’wweieci'ﬂf}éz spectroscopy (UVPES).

e
hv
—oo—
—oo— —o-0—
— oo — oo
hv

—oo— —o-o—
Valence ionisation Core ionisation

UVPES XPS

2 K. Seibgahn and K. Everson, Nucl. Phys., 1 (1956) 137
> M.I. Al-Joboury and D.W. Turner, J. Chem. Phys., 37, (1962)

3007.
*E.I Vilesov, B.L. Kurbatov and A.N. Terenin, Dokl. Akad. Nauk

SSSR, 138 (1961) 1329.



How does it work?

UVPES (gas phase) and XPS (solid state & gas

phase) both involve the following process:

M+hy 5> M" +e¢

M" -
E, !
E, e
E, j
Bl
hv
hv =1m v’ +LE.
M

The kinetic energy of the photoelectrons depends on
the photon energy and the final state of the ion.
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Experimental Methods
(a) Photon Source (preferably monochromatic)
XPS AlKa (1487 eV) or MgKo (1253 eV)

15 2s*2p° « 1s' 2s*2p°

X-1rays

\

W filament Be &r Al window

c =— water
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UVPES
o Hel (21.22 eV)

2'P.(Is'2p") = 1'S, (Is?)
o Hell (40.8 eV)

He* 2°P,,,,,(2p') = 12, ,(Is)

He out He in
oM
oc iri_er —-] | _}_

)
(ME-2)®

Electrodes

o Nel (16.67 and 16.85 eV)

'P,(2p°3s') = 1'S,(2p°) 16.67 eV
P (2p°3s') = 1'S,(2p°) 16.85 eV



Summary

CuCrKa

AlMgKa

AT 1258 oY ::
Electron

"f;?féh‘:”t’é’;":;:‘f’:“w Spectrum
};‘ee% [6:3 'Y
Nel Svw

Types of radiation used in PES correlated to the
regions of electronic stucture probed.



(b) Kinetic energy analysis

Deflection analysers: Electrons with different
energies follow different paths when subject to

magnetic or electric fields

Cylindrical
plates

siit~L - /é\\\/ Slit
BEEEEN .. 70
/,« T ‘*‘\‘:\ 127 28 \‘{Detector

Detector {b)

------
‘\

(a)

Detector

(c)

(a) Parallel plate, (b) 127 cylindrical and (¢) hemispherical analysers

Electrons of a kinetic energy E will reach the
detector when

E(R, R
el R, R,

for plates of radii R; and R, (R, > R)).



(c) Resolution

(i) Radiation linewidth = 3—4 meV (He ])
=~ (0.2-1eV (AlKo)

(ii) Doppler broadening = 4 meV (m=100,
T=300K, eKE = 10eV)

Insulating spacer

(iii) The analyser EXIT SUTS

(elecfrofm..- | -/ /
v focus) ™ OUTER
AE —1 e AR / HEMISPHERE
2
(RZ — Rl ) //
Z
where / Z mfgwsrze ‘
! 150° l
AR = S / 2 hemispheres) ',
\ Insulating disc !
é é
is the variation in R \\ e
. . \ e. VO e
and S is the total slit : e votage
width. T
(elecfrc;)_‘ |

source}
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Other factors affecting resolution

V

AE =ze A ARzE§
(R, -R,) R?2

E
R

NS

e The resolution improves as S is reduced (but
transmission suffers).

e Resolution improves as the kinetic energy is
reduced (but transmission suffers).

e AR depends on other factors such as stray
electric/magnetic fields, local point charges

(dirt!).

PES always involves a compromise between resolution
and transmission.

e Typical resolution = 10-20 meV = 80-160 cm™

Vibrations — YES (mostly)
Rotations — NO!



XPS vs UVPES

(a) XPS s N hv =1000eV
AE =1eV
(b) UVPES 1, 2q, b, NV =21.22eV
e l [ { AE = 20 meV
A CEPA x! ) \z
EXPl(cg) l | {
)
, C
2000} . i «08| | |o;
n M b %
NN i i L*&\ L }V% ’;\ R }}{;
\[ @U“»M ' \AM{ 1 ilLLjfh &%L
0 i 159 _]_8 117 lIE 1}5 1;1 .L:S W]m.;w
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UVPES of Atoms

PES of atoms provides little additional
information over higher resolution techniques

KE =hv - IE,
3000
2
P, s
‘_V)
@
5 2
3 P‘/z

\,

! l - !
te 0 1598 15-8 57

lonization energy/eV

Ar” 2P3/z,1/z(...3523135) «— Ar 1180(-“35231)6)



UVPES of Diatomic Molecules

KE =hv —IE, —AE, —AE_

where AE , and AE_ represent the internal
vibrational and rotational energy of the ion.

How are molecular photoelectron spectra
different from atomic PE spectra?

U
AE , and AE_,

The Photoelectron Spectrum of Nitrogen

3,000

I8:-75{9)

ﬂ

16-69(1)
s

1557(9)
L’

c_
|
=
=

N

-
150

eV

lonization energyfeV

How can we explain the structure in a PE spectrum!
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Molecular Orbital Theory

Molecular orbitals are constructed from linear
combinations of atomic orbitals (LCAO)

V= Zci¢i

MO diagram for N,
c.*2p
ng*.%p
2p S Ay SR 2p
Rz
AL AL
v IV mlp
A | GU*ZS
P 2
2s 7 = 2s
T AT
IV ols
A ofls
S 2
Is < i Is
Ay
v ols



What is an electronic transition?

(a) The One-electron description

The excitation of an electron from an occupied

MO to an unoccupied MO.
e.g. N,

c,*2p c,*2p
T,*2p ° T, *2p
c,2p o,2p

—@@— @

S & o & TCUZP O w W TCUZP

S E S

G, *2s o ° 2s



(b) Electronic transitions really occur between states!

The ground electronic state configuration of N,:
(0,15)"(0,15)*(0,25)" (0, 25)" (7, 2p) (0, 2p)’
U
XIZ; ONE state

The excited configuration of N,
1 * 1
T, 20)" (0, 20)" (" 2p)
U
1, 'T1, TWO states

n*2p
——

&
c,*2s XIZ +

~ 18




(c) The one-electron description provides a good
representation of ionisation in most closed shell molecules

(1) (2) (3)

*2 +
LD N2
— B
c,2p
—— —00— —00—
000 So-o— So-ee ) - ATL
c,*1s 2o +
—o— —O00— —0— 'y X

E)| E(2) | EQ)

—o-o—"" ~ Xz

3000
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Koopmans’ Theorem

‘For a closed shell molecule, the ionisation energy for
an electron in a particular orbital is approximately
equal to the negative of the orbital energy’

(1) Orbitals are an entirely theoretical concept.

(2) Their energies can only be obtained by
calculation.

(3) Experimental ionisation energies are the
measureable quantity which most closely
corresponds to the orbital energy.
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Understanding the origin of Vibrational Structure

The Franck-Condon Principle

110

-1

©
o
T

Ionisation Energy / cm
&
T

~
[=]
T

60 -

| 7, (upper) = r_(lower)

7, (upper) > , (lower)

\

7, (upper) < 1, (lower)

Energy —




Limitations of Koopmans’ theorem:
(a) Neglect of electron reorganisation

Orbital relaxation, or reorganisation, may
occur following ionisation.

(b) Neglect of electron correlation
Electronic motion is correlated — electrons do
not see an ‘averaged out’ charge of all the

other electrons.

Both effects can be small, and fortuitously, in
many cases cancel out!

(c) Fuails to account for open shell molecules

32 -



(c) Koopmans’ theorem fails for open shell molecules
Oxygen

(1) (2) 3) O,’
—— —@-0— —00— 17l : BZZg—
4000 =00-90— 0000 1)) —t b2
2
—o9o— —0o— —0— O 4 ‘}g
--9— —0-0— —O80—c'l — XTI

—o9— o.,*1s X3Zg'
O,
0. Oxygen
XZHg b4zg—
I l T | Bzzg_
a'Tl I
rrnTh‘rTrrrm'rrTn
rTrTTHTT™
| AL
N2 Ar
R
1 \ | 1 4 1 1 |
12 14 16 18 20

Ionization Energy (eV)
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Autoionisation in PES

Oz He I PES

O, Ne I PES

T3 5

14 13
lonization energy{for 16.85 eV radiation) feV

Figure 7.19 Autoionization in the O;(Xzﬂg) « O, (X3Z; } band system psipg a Nel source. The bands
marked with arrows are due to the 16.67¢V radiation and do not show autoionization
[Reproduced, with permission, from Eland, J. H. D. (1974). Photoelectron Spectroscopy, p. 63, Butterworths,
London]
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Polyelectronic Molecules
Bengene

e Partially resolved vibrational structure
e.g. v, (ring breathing mode) in 3a,, band.

e Bands arise from ionisation from ¢ and © MQO’s.

HF L—M«M_ L,_“j:,_“w M[ ~~~~~~ l'["‘%r,: 'I
MB-GF | } l l ] \H f
el N SN Py !
EXP{cg) ] l ’ l I ‘ l l
40000} Ce Hﬁ
é ‘\ 2ey, 3ay, 2by,  Tby, 3Jey, le, 3ey, ley
Y}
?“Z.:‘ \ ;“1
£ {1 :A Mi
20000~ | -
} 5
I ; i
i ] § i i i H H Y \ ;) / .
O30 i 78 77 6 5 % 13 12 1 10 9

BINDING ENERGY

rO’)S/



The quest for higher resolution

e In the 1960’s and 70’s typical resolution no
better than 10 meV (80 cm™).

e 1992 Balzer, Karlsson and Wannberg’ improved
to 4.5 meV (36 cm?) using mw electron-
cyclotron-resonance source (linewidth 1.2 meV)

Ne2p
N2 hv=23.087eV
Photoelectron
spectrum o0 STaiy
hv=21218eVY
X _ZZ; (v=0)

ks L 1
neo A58 256 2154
BINDING EMERGY {eV)

i I 1 I
15.62 15.60 15.58 15.56 15.54

INTENSITY {arb units)

B %, (v=0)

1
18.78 1876 1:%/3 1872
BINDING ENERGY {eV}

FIG. 1. The upper part shows the He1 excited photoelectron
spectrum  corresponding to the X 'IF(N,, v=0)
—X 2T}(N,*, v=0) transition. The lower part shows the He1
excited photoelectron spectrum corresponding to  the
X 'Z}N,(N,, v=0)—B"Z](N,*, v =0) transition. In the
upper right part the Ne 2p; ; line excited with the He 1 8 radia-
tion at 23.087 eV is inserted. The lines connecting the experi-
mental points are drawn as guides to the eye.

N; B L, (v=0)
PARAMETERS N
THE CALCULATION
ANe-) [BN ] Waight
] 121
-1 100
+3 022
-3 [$7]

INTENSITY (arb. units)

4 30 20 10 0 140 20 30 -40
BINDING ENERGY RELATIVE TO THE 0—0 TRANSITION (meV)

FIG. 3. The experimental {full line) and fitted theoretical
(dashed line) X 'ZF(N;, v=0)—B2}(N,*, v=0) spectra
shown together. The spectra are very similar and an obvious
difference can be seen only at -12 meV from the zero level,
where the intensity of the experimental spectrum is somewhat
higher. For clarity, the subbands corresponding to transitions
with AN=21 and 3 are included. Also the weights used in
the fitting of the theoretical spectrum are shown in the figure
normalized to 1.00 for AN=—1 subband. The energy scale
refers to zero at the (unobserved) 0-0 transition.

> P. Baltzer, L. Karlsson and B. Wannberg, Phys. Rev A, 46 (1992)

315
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Laser Photoelectron Spectroscopy (1980’s)

e Employs resonance enhanced multiphoton
ionisation (REMPI) — a two step process.

e State selection

e Supersonic jets and molecular beams

(T.. =~1K, T, =10K, T, = 100 K)

trans

e Narrow laser linewidth (< 1 cm™)

e Molecule T
e Laser Photoelectron Spectroscopy
specificity - \

Energy

I T NP NS BURPUR DUV S U S N R
22 24 26 28 30 32 34 36 38 40

rl A
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REMPI spectroscopy characterises the intermediate
state

A M+
o, (fixed) 4
: |
M* -

®, (scanned)

M

-8 d



A Case Study: The Ar-NO

i /,_ﬂ(_ NOY(X)
+* K - -~
- x *
Ar-NO™(X) —— NO%(O)
Ar-NO*(C) g
N
N
noem—d—oo NO

Ar-NO (X) ————~- x)

FIG. 5. Schematic energy level diagrams of NO and Ar-NO, relevant to
(2 + 1) resonant multiphoton ionization through their Rydberg C states.

) 2
NOZITy, NO?TH,

L

|
Ar-NO
| D S— —
|
|
385 384 383 382 381 350

Laser Wavelength(nm)

FIG. 1. An MPI ion—current spectrum obtained with a free jet of a mixture
of 5% NOin Ar in the laser wavelength region 380-385 nm. The stagnation
pressure was 1 atm.

0-0 1-0 2«0 3«0
[

1

383.0

I3 1
384.0 383.5
Laser Wavelength (nm)

384.5

-

FIG. 2. An MPI ion—urrent spectrum attributed to the Ar-NO van der
Waals complex, shown in an extended scale. The experimental conditions
are the same as in Fig. 1.

van der Waals Complex

NO
(e)381.87nm

Il A A
080706 05 04
Photoelectron Energy(eV)

FIG. 4. Photoelectron spectra obtained by the (2 + 1) resonant multiphoton
ionization of a free jet of the Ar-NO (5%) mixture at the ion—current peaks
of the Ar-NO van der Waals complex [spectra (a}-{d}] and of the free NO
molecule [spectrum (e)].

Resolution of 20 meV, but
molecule specificity!

K. Sato, Y. Achiba and K. Kimura,
J. Chem. Phys., 81 (1984) 57

AD'Z(?,,



Magnetic bottles, supersonic jets and lasers

o Late 1990’s de Lange et al. obtained a resolution
of 8 meV (64 cm™) using magnetic bottle
electron energy analysis.

Field coil Magnetic field
e _©® o o e o e lincs

\/\/@\/\?\Z%g"'efy
AVA Y AZAV I
"/(nisati;n:h
& © ® o l

® ® ® ® ®
l Flight tube ‘
Pumping Pumping

Fig. 1. Schematic of ‘magnetic bottle™ spectrometer showing the key functional elements.

MCPs

DO

N
§
§
N

/N

A.M. Rijs et al. | Journal of Electron Spectroscopy and Related Phenomena 112 (2000) 151-162 161
v’|= 0
87 8% 85 8 8 £ N

I M T v ' ’ ! ' i M ! v i M 1
1.95 2.00 2.05 2.10 2.15 2.20 2.25 2.30
Electron Kinetic Energy (eV)

Fig. 4. Rotationally resolved photoelectron spectrum obtained by a one-photon ionisation from the Q(84) level of the intermediate B'3 "~
(v’ = 0) state of rotationally excited CO.
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Laser limited Photoelectron Spectroscopy?

Weinkauf et al® achieve 4 — 8 cm™! resolution

e Minimising excess energy (<300 meV)

e Careful reduction of point charges in ionisation
region

e REMPI state selection & time-of-flight energy
analysis

_"""[_-- Ne
| s—
[Z)3e  sample
(@) ;_I —- puised nozzle

(b)

— -
'

laser

()

Fig. 2 Experimemal setup of the MPI high-resolution photoelectron spectrometer: (a} inlet chamber, (b)
field-free photoelectron spectrometer, (c) pulsed time-of-flight mass spectrometer. Note that MPI, MPI-PE and
mass spectra can be recorded in the same instrument.

¢ R. Weinkauf, F. Lehrer, E.W. Schlag and A. Metsala, Faraday
Disscuss. 115 (2000) 363
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Photoelectron Spectrum of n-propylbenzene
(a) REMPI spectrum

intensity

(b) g9

gauche anti
{9) @)

« —

v

Yo
\
a

A

1
g g
v
a
v M
a K
L ——

(©

37500 37550 37600 37650 37700
energy/cm’*

(b) REMPI-PE spectrum

(a)

12
C 6a 1
>
8 I L hnsdoAe s
E
[+
(b)
d| 6a 1 12
_JWW
L) LI AL LS T T T I T L T L LN
865

8.7%
energy /eV

8.85

1,=70278cm,
DO A‘a%fm/

S —

SO s

e

Trans

37583cm!

=70420cm™’
I 293cm!

37534cm!
$151 em

————

1 200cm

Gauche

Fig. 6 The MPI-PE spectra of n-propylbenzene: (a) gauche and (b) anti conformer. The very different vibron-
ic transition pattern allows a clear conformer assignment. The transition intensities show a relative small

structural change upon ionization. The resolution of the MPI-PE spectrum is better than 8 cm™*.

1

Faraday Discuss., 2000, 115, 363-381
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Dispensing with kinetic energy analysis

Threshold Photoelectron Spectroscopy (TPES)

e Collects threshold : i
photoelectrons (‘zero’ v
energy) emitted when a
resonant transition is
excited.

hv

e Synchrotron radiation M

e Penetrating field electron lens

Trajectories of 0.001eV electrons emitted from a point source are focused and collimated
by the weak electric field from an ‘extractor’ electrode that penetrates through the 0 Volt
aperture.

\33/



A Case Study: Molecular Iodine

(1) (2) (3) L'
00-0-- -00-90 m*5p B3
9000~ -00-0— 0008 15
2
-0 oo ® G,5p 4 A H3/2,1/2u
e o-e 80— ¢ X2H3/2,1/2g
-0-0—0-9- 7,5

E)| EQ) EQ)

oo G55s X'z *
I,

Each “IT state is split into two spin-orbit states

(1T, * 5p)’ 2Ha/z,l/z,ge (T 5p)* 12;
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TPES of Molecular Iodine’
e Resolution = 5 meV (40 cm™)

Intensity / arb. units

9 10 11 12 13 14
Photon Energy / eV

TPES

,

! I ! ! I ! | I |
9.0 9.2 9.4 9.6 9.8 10.0 10.2 104 10.6

Energy (V)

" A.]. Yencha, M.C.R. Cockett, ].G. Goode, R.J. Donovan, A.
Hopkirk and G.C. King, Chem. Phys. Lett., 229 (1994) 347.

,/354



98
Total Energy (cm'l) x 10°

Autoionisation Revisited
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The next step: Zero Electron Kinetic Energy
(ZEKE) (photoelectron) spectroscopy
Lasers, delay, long life and Rydberg states

e REMPI+TPES=ZEKE

M+

A

®, (scanned)

M*

®, (fixed)

M

~37 -



How do we separate ‘ZEKE’ electrons from ‘fast’

electrons?
We do nothing!

] ]

Pl detector

] L
WAL

o o
t=0
B B L electron
signal
P e 2
I
g
1 3 i /)
< - / 1 3
= = e
i I
- J_ —
time -of ~flight
i = ?

Jet-Valve

MCP
Reflectron

@\@/

0,

! |Electrons

~33-



1984 The first ZEKE spectrum®

e Resolution better than = 2 cm™
e Rotational structure

PE signal

0 10.0 20.0

Efcm! —

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.

5 K. Miiller-Dethlefs, M. Sander and E.W. Schlag, Chem. Phys. Lett,
112 (1984) 291.
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Is ZEKE spectroscopy ‘real’ photoelectron
spectroscopy’

Photoelectron Spectrum of
n-propylbenzene®

Luv._...

ZEKE Spectrum of

g2 n-propylbenzene’

05

] ]
Ay c0 COA COA c},B;
T
T T
0 200 z.oo

ION INTERNAL ENERGY (cm™)

’R. Weinkauf, F. Lehrer, E.W. Schlag and A. Metsala, Faraday
Disscuss. 115 (2000) 363

’M. Takahashi and K. Kimura, J. Chem. Phys., 97 (1992) 2920.

,\40 -



It looks like a duck, and walks like a duck but ...

e Late 1980’s: ZEKE spectra are not equivalent to
PE spectra.

e Each band is shifted by a few cm™ to lower energy.
Are we really detecting ‘ZEKE’ electrons?

e 7EKE spectra frequently exhibit autoionisation.

Band intensities cannot be trusted!

~4//



ZEKE electrons are not really photoelectrons

The Role of Rydberg States and Field Ionisation

What are Rydberg States?

¢ Rydberg states are electronic states of high
principal quantum number n.

® The electron occupies
an orbital whose size
is large relative to the
dimensions of the
lonic core.

Atoms:

Sodium 1s*2s*2p° 4p' 2P3/2,1/z — 15%2s%2p° 3s! 231/2

|
op
5p
.:S - =2
4p 2 Z =
=3 23 =i
i | |
330 nm :
3 Fig. 2. Absorption Spectrum of the Na Atom [Kuhn {42}]. The spectro-
P gram gives only the short wave-Jength part, starting with the fifth line of the
285 nm principal series.  The lines appear az bright lines on a dark continuous back-
ground, just as on the photographic plate.
589 nm
3s

92~



Molecular Rydberg States
When is a molecule an atom?

o At sufficiently high levels of electronic excitation, all
molecules eventually resemble the hydrogen atom.

DABCO (1+1") double resonance spectrum via v, lA,1 (3s+)

l ' ] ' : ' T ' | ' T ' | ' |

10 11 12 13 14 15 20 25 N 8=0.436

f | ] | T I T T T T 1T TTTTTImmmme i
8=00.243

f ] T 1 I T T 7 7 T T PPTTTIT e

: 38=0.054

- i T T T I T T T T T T TTTTTTTIam— -

Intensity / a.u.

_ 0 1 _
l M h | 1 | IP,, (calculated)

| . | . | s l ) | s | . | s |
57800 58000 58200 58400 58600 58800 59000 59200

Two-Photon Energy / cm”



Lifetimes

Rydberg states are potentially HUGE.
n’h’4me,

Zetm

T =

Non-Penetrating

n T

1 053A
10 534
- 100 5300 A
200 21200A

Fia. 7.3.-—Comparison of the guantum-mechanical with the classical model of the
neutral sodium atom. Three of the lowest possible states for the single valence electron
are also shown.

Lifetimes

For low-/, T o< n
For high-{, To< 0’
In sodium

n=30; { =0: 7=32 us.

n=30;¢=n-1 (circular): T=2.3 ms

44-



ZEKE spectroscopy relies on the existence of metastable
high-n molecular Rydberg states.

o ZEKE Rydberg states are high-n, high-/¢, high-m,

B F=0

[E _ magic region

e The signal comes from below threshold.

L viaS (v=1)
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The position of a ZEKE band depends on field strength

I ' I ! 1 ! | ! I ! 1 ' I

7.00 V/em

4.984 V/cm

3.684 V/c

Intensity / arb. units

80470 80475 80480 80485 80490 30495 80500 80505

Ionisation Energy / ¢m’”

e The theoretical red-shifts for pulsed field

ionisation are:

—3.1VV cm™ for diabatic ionization measured
at the band maximum

— 4.6V for diabatic ionization measured at the
low wave number on-set of the band.
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A typical ZEKE experiment
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Improving the resolution
e Slow Rise-time and Stepped Pulses (< 0.25 cm™)*

Rydberg molecule fast-rising pulse
- .Q_. a —_
; E
) 2
: >
130 &
. oV
(a) Y102 04 1(us) e
I 3
i H
e »
o Lo e 4 |=.
Gates: 1 2 3 4 ;—E'
H
g
Rydberg molecule slow-rising pulse H
0
PRl ng
RETes: Sl e >
4 0 n &
(b) et 05 16 15 20 - 25 30 35 40
i i02 i i 04 ¢ (uS) Time (s)
| , , , Figure 2.15 Shape of the multistep extraction pulse and resulting electron time-of-flight
ot ?auzm.Eachstepchmg&sﬂxcﬁcldwmgmby%mV/cm. The first laser populated the §, 6
Gates 1234 Eie (/' =4, K’ =4, + ) intermediate rovibronic level; the second laser was tuned to an
energy of 35 948 cm™" (after frequency doubling). Each peak in the electron time-of-flight
signal corresponds to a step of the extraction pulse. (Redrawn from Lindner e al., 1994)

Figure 2.13 Pulsed field ionization of long-lived Rydberg states using a fast-rising (a) and a
slowly rising (b) extraction pulse and collection within a certain time gate

(a) 10ns R. Lindner, H.J. Dietrich
and K. Miiller-Dethlefs,

(b) 50 ns Chem. Phys. Lett., 228
(1994) 417.

ZEKE signal
=
A
[»*)
=
2

) 800 ns

~~

35945 35050 35955 35960

Tonising laser energy (cm!)

Figure 2.14 Spectral resolution of ZEKE detection as a function of the rise time of the
extraction pulse. The spectrum of the Dy ’E;;+S, 6' 'E), (/' = 2, K’ = 2, + ) transition of
benzene was recorded using 1 + 1’-two-colour-REMPI. The rise time was varied from 5 to
600 ns but the final field strength was kept at 600 mV/cm. The width of the detection time
gate was kept constant (20 ns). (Reproduced from Lindner ef al., 1994)

—45 -



e Double inverted pulses (< 0.5 cm™)

ZEKE-PFI Pulse Sequence
d Effective Pulse Sequence
Ty
o M

T T T T T I T
1730 mV cm’”
=
£
= L
z
% i 420 mV cm’
£
B “i 137mV cm”
] 1 1 ] WTN ] ]

58870 58875 58880 58885 58890 58895 58900 58905

Two Photon Energy / cm’

ZEKE spectra of DABCO'! recorded at field
strengths ranging from 137 mV cm™ to 1730 cm™.

"M.]. Watkins and M.C.R. Cockett, J. Chem. Phys., 113 (2000) 10560.
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Non-resonant multiphoton ionisation:

The ZEKE spectrum of Molecular lodine
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+ 2
Threshold Photoelectron spectrum of I, X'TI, .

- + <2
ZEKE-PFI photoelectron spectrum of [, XTI, e
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Intensity / a.u.

-

" (a) (2+1") OODR Spectrum
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- (b) (1+1) ZEKE-PFI Spectrum
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DABCO (RHF cc-pvdz)
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Intensity / a.u.

- /-

One and two photon REMPI spectra of DABCO 1A'1 (3st)
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L L L L L

o

- (b) (2+1) REMPI spectrum of DABCO
0°

LI

J

L

' ! ! |
25' (¢')
(+825 cm™)

24' (')
(+1011 cm™)

L

1 l 1 ]

35600 35800 36000 36200 36400

One photon energy / cm’

36600

36800 37000




00¢cC

o A31ou7 19se ] 9qoid

000¢¢

0081¢

0091¢

ST

$8¢CCT 08TTC
1 M 1

sLTet

W0 65°0

ST

(11340
i

§T 'S v1a 0DV Jo wnnoads FHAZ

0

l

syun “gIe / Ajisudu]

,,-é; O -



Energy / cm
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The van der Waals Interaction

The Neutral

The Ion
D
Rydberg States

The dominant attractive force between
neutral species is the Dispersion
Interaction

y__3 o'pr o' Re ( IppIgg )

r® Ipg +1g,

N~

In addition to the dispersion
interaction, charge induced
dipole forces assert themselves

V= _aRg e2
- 2 2 4
(4meg)°r

Depends onn, ¢

HOW?
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QUESTIONS

e What is the relationship between n and ¢ of the Rydberg
electron and the binding energy of the complex?

e Can the formation of different isomers help us to learn
more about the interaction?

e How stable are very high-n Rydberg states to solvation?

EXAMPLES

(a) I-Ar

(b) DABCO-N>

r‘é:),"
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DABCO-N, (1+1") REMPI spectrum
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DABCO-N, zeke spectra via 1A'1 (3st)
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V(x)

V(x)=kx2/ 2+ Ax

W
V(x)=kx’/2
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