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General

The goal of this class is to introduce a number
of modern methods for the investigation of

spectroscopic (structural) and dynamic aspects
of chemistry.

In the first part of the course | will introduce
some of these methods myself, in the second
part you will present some techniques yourself.

The exercise hours will be used for the
preparation of the presentations.



Planning of the semester

My part:

* Introduction to key experimental techniques in Gas-Phase
Spectroscopy and Dynamics research (Molecular Beams,
Supersonic Expansions, Particle Detection Methods, ...)

e Guest lectures:

Prof. S.Y.T. van de Meerakker (Radboud University Nijmegen, NL):
Cold/controlled chemistry

Prof. S. Willitsch (U. Basel):
Cold lons

Prof. M. Oppermann (U. Basel):
Circular Dichroism

Your part:
* 45-min presentation on a selected topic
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Your Presentations

pick a topic from a list | provide (or
Propose your own)

| will provide a few papers for each topic,
and you will use those as a starting point to
find more information

Perform literature research and prepare a
1-class presentation (i.e. about 40 minutes
of talking, allowing time for questions)

Pardis will help you with the technical
aspects (finding papers etc.)
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General

Exam:
you will be writing a paper on a topic from a list
of suggestions.

This will be fixed in due time.






Topics for you

Gas Phase Spectroscopy and Dynamics; Crossed/Merged Molecular Beams
Cold/Ultracold Molecules and lons
Attoseconds (and applications)
Circular Dichroism

TR Circular Dichroism

(TR-)ARPES

Sum Frequency Generation

Ultrafast transient absorption

. Single molecule imaging/spectroscopy
10. FRET

11. Electron Microscopy, Cryo-EM

12. Stimulated Raman scattering

13. X-Rays

14. Surface chemistry

15. Kinetics measurements

16. Microscopy (STM; AFM)
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Exercise for next week

Do literature research and find three topics you would like to present in class.
Pick one from the list on the previous slide, or find one yourself.
We discuss the assignment in the next class.

Google can help to find websites of research groups in specicic topics.

Journals (some examples; starting points):

Science

Nature

Nature Chemistry

Nature Physics

Journal of Physical Chemistry A (also B and C)
Journal of Physical Chemistry Letters

Journal of the American Chemical Society (JACS)
Journal of Chemical Physics

Physical Review Letters

https://science.sciencemaq.org

https://www.nature.com

https://www.nature.com/nchem/

https://www.nature.com/nphys/

https://pubs.acs.org/journal/jpcafh

https://pubs.acs.org/journal/jpclcd

https://pubs.acs.org/journal/jacsat

https://aip.scitation.org/journal/jcp

https://journals.aps.org/prl/



https://science.sciencemag.org
https://www.nature.com
https://www.nature.com/nchem/
https://www.nature.com/nphys/
https://pubs.acs.org/journal/jpcafh
https://pubs.acs.org/journal/jpclcd
https://pubs.acs.org/journal/jacsat
https://aip.scitation.org/journal/jcp
https://journals.aps.org/prl/

Exercise for next week

Do literature research and find three topics you would like to present in class.
Pick one from the list on the previous slide, or find one yourself.
We discuss the assignment in the next class.

Google can help to find websites of research groups in specicic topics.

Article databases

Google Scholar https://www.webofscience.com/wos/woscc/basic-search
Web of Science https://scholar.google.com
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https://www.webofscience.com/wos/woscc/basic-search
https://journals.aps.org/prl/

Gas-phase reaction dynamics
and spectroscopy



Questions; Experimental
difficulties



Experimental techniques
1. Spectroscopy



Electronic spectroscopy

Absorption
Emission (Fluorescence)
Laser ionization (in particular: REMPI)

Jablonski diagram

Cation _T_

<- - Photoionization

Electronic excitation

S Intersystem Crossing

T
D O Fluorescence

------ Phosphorescence

So



Energy Scales

Time scales?

eV cm’’ WL Hz
lonization energies|10 100000 |<100 nm
Electronic states |1 10000 (100°’s nm
Vibrational 0.01 100 um THz
Rotational 1 cm 10 GHz
Hyperfine >MHz

Sources of EM radiation:
Lamps; Lasers; Free electron lasers; Synchrotron;
MW sources; RF sources



Wavelength regions

* IR Spectroscopy (mostly vibronic structure)
» Microwave Spectroscopy (rotational)

- UV/VIS (electronic)

- VUV/EUV/X-Ray (ionisation)

Penetrates Earth's
Atmosphere? N N
Radiation Type Radio Microwave Infrared Visible  Ultraviolet X-ray Gamma ray
Wavelength (m)  10° 1072 107° 0.5x107° 1078 10710 10712

Approximate Scale Lﬁ’ -
of Wavelength

Buildings Humans Butterflies Needle Point Protozoans Molecules Atoms  Atomic Nuclei

104 108 10%2 10" 10%6 10'8 10%°

Temperature of
objects at which
‘his radiation is the ))
most intense
1K 100 K 10,000 K 10,000,000 K

vavelength emitted -272 °C -173 °C 9,727 °C ~10,000,000 °C




Absorption spectroscopy

Laser beam

Sample Detector

Often not applicable in gas phase studies
(low densities)

Sensitivity-estimate (by comparison with condensed phase):
Lambert-Beer: A = €lC



Absorption spectroscopy

Sensitivity-estimate (by comparison with condensed phase):

Lambert-Beer: A = €lC

For a pure gas, in a cell, at room temperature.
There are reasons why we may not want this:



Einstein Coefficients

Recall

.
, B, = f
B12: absorption - deomehy =
. . B, — e’ 81 f

B21: stimulated emission 21 = beomohv g 12
2 .2

A21: spontaneous emission Ary = 2TV7e” g fio




Sample preparation

Options

GGas cells Molecular beams

Collimated, directed, dense beam of

Uniformly filled cell molecules inside a vacuum chamber
containing the gas



Sample preparation

Options

Gas cells Problems:
~ Collisions (mean free path) -

Doppler shifts

A OXC —
p

Uniformly filled cell
containing the gas



Mean free path of molecules in air at
different pressures

Vacuum Pressure in number density Mean free
range mbar (Molecules / cm?) path
Ambient 1013 2.7 x 109 68 nm
pressure
Low vacuum 300 -1 1019 -106 0.1 -100 pm
Medium 1-10°3 1076 - 103 0.1 - 100 mm
vacuum
High vacuum 103-1077 1013 -10° 10cm -1 km
ltra-high 457 _ 4g-12 10° - 10¢ 1 km = 105 km
vacuum
Extremely

. <1012 <10% >10° km
high vacuum



Sample preparation

Options
Gas cells Problems:
Collisions (mean free path)
Doppler shifts
Av
f=11+—|fo
C
Example: Av

Uniformly filled cell

AVobs = — Vreal
containing the gas ¢

Electronic transition in NH3
Vreal = 68000 cm™1

Av =500 m/s

'\70[35 =0.11 Cm_l



Molecular Beams

Molecular
beam

\4

Effusive source
Oven
SUPErsonic expansion



Effusive sources

Hole with diameter r
Sufficiently small to minimise number of collisions

T,p

3D Maxwell-Boltzmann Emerging beam
velocity distribution

Velocity distribution:

Cell with low pressure .
b still Maxwell-Boltzmann

Mean free path A is large
relative 1o hole diameter r



SUPEersonic expansions

:—y Vacuum region 1 :—> Vacuum region 2

Free Jet

Nozzle

Source

/ Molecular beam

High pressure
(several bars)
p(S), T(S)

4‘ Skimmer

Collisional Collision-free

region region



Dynamics In supersonic
expansions

® Conversion of random motion into forward motion
® Translational cooling by collisions

nternal cooling by collisions
oss of thermal equilibrium:  Tians<Trot<Tvib IN general
ncreased average velocity



Velocity distribution

vikm/sec)



Velocity distribution

Inside reservolr:

F = )1/2 exp

( mv21
Z

2TKT

Maxwell distribution
Average velocity is zero

\

2kT

J



Velocity distribution

In the expansion:
Fast molecules accelerate slow ones.
The resulting distribution is narrower and centered

at a non-zero velocity vs:

( 2
3 (Vz—Vs)
f(vz) v exp: > ’
\ o )
Width of the distributi Qs = (2kT5)1/2 Example:
i oTthe distribution s m 50 m/s wide velocity distr.
Vs in O2 corresponds to < 5 K

Speed ratio S=—



Supersonic?

C
Speed of di ideal = =
peed of sound in an ideal gas a \/‘YRT/m Y C

Mach number M = V/Cl

These expansions are called supersonic because M>>1
This is the case mostly because T is low, so the speed of
sound is low.



SUPEersonic expansions

Adiabatic and isentropic
(no friction, Nno heat exchange)

ho =h—V§/2

Enthalpy: v2=2(hg—h)=2 []°CpdT

2k Y
VS,OO= TO
\'m (7—1)



SUPEersonic expansions




Supersonic

SOURCE CHAMBER

~.  _QUITTING
N SURFACE
hY
-
\ {7
o
ZZZZZZ%Z T,
R d —_{,—% ______ —_
To T ™
vy, B
FLOW REGION

T/T,

expansions

BEAM CHAMBER

TARGET OR
DETECTOR

— —
o — —— ——

——— ———

I(y)

I(o’ E f(T; ,8

FREE MOLECULAR
FLOW REGION

Ty = To f(ngd)

Te =To H(X/d)
T Tt (X/d)

X/



SUPEersonic expansions

110

V/ Vg

{.001

{00004

- 1 1 | 1 ! )J
0 2 4 & 8 T- 000001



Background pressure

In reality there is background gas...

BACKGROUND PRESSURE Py

COMFPRESSION

~MACH DISK SHOCK

M< |
- -—== FLOW

EXPANSION
=2 FAN ZONE OF __M>>)

PDIT 2
el “TSILENCE

o
M<<|

/SLIP LINE

BARREL SHOCK

JET BOUNDARY

— = 0.67
d /Mach Pbackground




Background pressure

Onset of background
gas penetration

P, ¢

. L
capmar: y

nozzl

Zone
of silence

.
« v * e

veor 0 T (X 0.75 X

Py 0.25 torr P, -10"° torr

Virtual Mach disk
ocation with x, up to

100 cm from the nozzle
onset of background
gas penetration \

P, 107% torr

10* Torr 10° Torr



Example

mass (amu) 40
mass conversion 1.66E-27
TO0 300.00
PO 2.00
DO 0.01
Cp/R 2.50
Cv/R 1.50
gamma 1.67
k 1.38E-23
M 27.81
Final Velocity 558

Final Temperature 1.16



Intensity

Time of light

1.0 - ”

— He
—— Ne

Kr

0 1000 2000 3000
Time of Flight (us)

U. Even, EPJ Techniques and Instrumentation 2, 17 (2015).




BACKGROUND PRESSURE Py

AMACH DISK SHOCK

M< |
———-—= FLOW

Y EXPANSION
ud{-:-'- FAN —_ZONE OF __m>»)
SILENCE

/SLIP LINE

BARREL SHOCK

JET BOUNDARY

Barrel shock Mach Disk

\

U. Even, EPJ Techniques and Instrumentation 2, 2015



Seeded expansions

Supersonic expansions work best with rare gases

Sample gas is seeded in rare gas carrier

2l 3!
| |
M -
X R
2 3




Thus...

* Molecular beams provide gas-phase samples of
molecules at low temperatures (translational and
rotational). The beams are highly collimated,
corresponding to very low transverse velocities.
Forward velocities are high, but all within a
narrow range.



Technical iImplementation
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Valve is housed inside ; -

a vacuum chamber R 8



Sensitivity:
Charged-particle or Photon detection




L aser-induced Fluorescence

Zare, Annu. Rev. Anal. Chem. 5, 1(2012)

Excite the target molecule to a short-lived
fluorescing state and detect the emitted light

-------------- Excited state levels

__— DQtect Fluorescence |
without wave length selection

Ground state levels



Dispersead
Fluorescence

Excite the target molecule to a short-lived
fluorescing state and detect the emitted light

-------------- Excited state levels

g Detect Fluorescence
using a monochromator

Ground state levels



Fluorescence spectrum; example

 a | Na, fluorescence spectrum excited by white light (a,c) in
a cell at 590 K and (b,d) in a nozzle beam with an oven
chamber temperature of 920 K and a nozzle chamber
temperature of 970 K. The vibrational bands are
identified by (v',v”).

Na, fluorescence intensity

1 1 1 1 | | 1 1 | 1 1 Il
4,940 4,920 4,900 4,880 4,860 4,840
Wavelength (A)

Na, fluorescence intensity

Sinha MP, Schultz A, Zare RN. 1973. The internal state
B N distribution of alkali dimers in supersonic nozzle
beams. J. Chem. Phys. 58,549(1973)




LIF spectrum; application




Photodiodes

Incident photons

RERIEE

«0 5% 4 0% o

O © '@ * o - 5
1 9 Elc G 9 @I %) ‘L

P-type Y N-type

Depletion region

<«

p-type semiconductor
(“hole-enriched”; acceptor-doped)

E

Current flow requires
electrons to be transferred to
the conduction band.

<« ©

n-type semiconductor
(“electron-enriched”; donor-doped)

A

E




Photo-multiplier tubes

Requirement:
The work-function of the material needs
to be lower than the photon energy.

Incoming Photomultiplier Tube

Photonyy o ndow

c?l?ctge {. G Dynodes da Ano\de M;

Focusing
Electrode

J
Voltage Dropping
Resistors

Power Supply



lonization

® Photoionization
®Multiphoton ionization
®Resonance-enhanced MPI



Charged-particle detection

A metal plate

Normally not sufficiently sensitive - we need amplification.



harged-particle detection

Microchannel plates:

MCP Electron Gain

/—Incident X-ray Photon
Point of Interaction
MEE Porg N\ e {photon to electron)

Secondary
Electrons x« )

Accelerating Voltage




Charged-particle detection
Microchannel plates:

particle beam measure
current




lonization

[‘ Photoionizatiorﬂ
®Multiphoton ionization
®Resonance-enhanced MPI

A*+electron
(detect either)

Ground state of the cation ATt

excited states

Neutral ground state



Photoelectron Spectroscopy

Energy

We produce an ion and an electron

/

-4------- Ground state of the ion

Light (Energy of the photons)

Ground state of the neutral

Eland, Photoelectron Spectroscopy; an Introduction to UV Photoelectron
Spectroscopy in the Gas Phase (2nd edn.), Butterworths, London (1983)



Photoelectron Spectroscopy

Energy
lonisation from different states of the neutral
produces different excess energies

14 1----- Ground state of the ion

Ground state of the neutral

Eland, Photoelectron Spectroscopy; an Introduction to UV Photoelectron
Spectroscopy in the Gas Phase (2nd edn.), Butterworths, London (1983)



Photoelectron Spectroscopy

Energy conservation
Etotal = Ekin + Eint
= Ekin,ion + Ekin,electron + Eint,ion

= Eint,neutral + hV — Eionisation

Momentum conservation
Ptotal =0

= Pelectron + Pion

= |Pelectron| — |Pionl vi= 0; Ekin,ion ~ (0

me/mi=1893 for i=proton




Photoelectron Spectroscopy

The velocities of the photoelectrons correspond to the energy
level structure of the neutral (and the ion)

Example: water

[ ]
A
____________ fwhm [eV]
gas liquid 1b
1b,| 0.30(1) [1.45(8) gas
b y/ 1b,
<02 3a,| 1.18(2) [2.42(10) spit) —» <
A 1b,| 1.75(5) |2.28(8)
i N =4 “ . 2.82(14) | 3.30(6) |
\J 7
Ib, : —_———— .
g
3a S, gas &
o
v 0 e
Ll : gas
2a, ‘ ——t o
la, a —_——
XPS liquid
II(’IIl'l]YII'lII’I]’YIIIII"]I"lI’I(I]TVYll
40 30 20 10 0

Electron binding energy [eV]

Fransson et al., Chem. Rev. 116, 7551(2016)



lonization

® Photoionization
|'I\/Iu|tiphoton jonization ]
®Resonance-enhanced MPI

At+electron

Ground state of the cation ATt

........... virtual states

excited states

Neutral ground state



lonization

® Photoionization
® \Multiphoton ionization
[’Resonance—enhanced I\/IP}

At+electron

Ground state of the cation ATt

real states

State-selective

detection!

excited states

Neutral ground state



M'] [1\£]
O
e /k e
M+ e 2o
— 412>
Ak ‘ 4‘
v, |V, |V
M 11>

> L=

Ashfold and Howe, Annu. Rev. Phys. Chem. 45, 57 (1994).



Energy / cm’”!

65000

60000

55000

50000

45000

!

AN

E"

5
D,
A

REMPI| of ammonia

vol

(@)

Experimental

(b

Simulation
'

E" 1A1

(©)

Simulation
1 1.

E« A,

T

— T
68350 68400 68450 68500 68550

Two Photon Wavenumber /cm™!

Ashfold et al., Eur. Phys. J. D 4, 189(1998)



One vibrational band with individual rovibronic
transitions resolved

(@) 45K
(b) 120K
Ry -
{c) 300K
T T T '
338.0 338.0 337.0 336.0

Laser Wavelength (nm)

Ashfold et al., Chem. Phys. Lett. 138, 201(1987)



Anisotropic distributions

Background:
Many processes yield particles with anisotropic angular velocity distributions.
These distributions contain information on the underlying process, hence we would
like to be able to measure them.

Example
photoionisation produces an electron with an angular momentum of 1 (“p-orbital”)
With a quantisation axis given by the laser polarisation the resulting angular distribution
will not be isotropic.
(similar effects can take place in chemical reactions)

How can we measure this?s



Anisotropic distributions

( )

Sa4H) + 0,

4.3.2022

For example:
Rotatable detector




Imaging

- Radial position is
proportional to radial
- velocity




REMPI of O atoms
oroduced In the
photodissociation
of Ozone

Angular distribution:
1(0) = — [1 + BP;(cos 8)]

3 can range from -1 to 2
(since [(8)>0), and it tells us
about the symmetry of the

transition




Velocity-map imaging

Velocity map imaging of ions and electrons using electrostatic lenses:
Application in photoelectron and photofragment ion imaging
of molecular oxygen

André T. J. B. Eppink? and David H. Parker
Department of Molecular and Laser Physics, University of Nijmegen, Toernooiveld, 6525 ED Nijmegen,
The Netherlands

(Received 12 March 1997; accepted for publication 30 June 1997)
Rev. Scl. Instrum. 68 (9), September 1997

R E G
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Velocity-map imaging




Velocity-map imaging

7

focal plane




Pulsed,
Mass-selected
Anion Beam

Pulsed Laser Beam

faster
(higher Exin)

slower

..........

Electron Extraction i i
Plates R, S
Imaging Detector |ow _
Intensity
Chloride
A 2
Inverse Angular . P1/2 P3/2
franstorm Integration. L
Raw image Slice through PE kinetic energy

original distribution Photoelectron Spectrum



)

Projection of " Slice through

a 3D sphere | Recor?sltructed
on a 2D surface | original
distribution
© t‘ . ‘ d)

" \

A | h

P o D |
1 | i

L 1 i 1 ] L L | d J
*» ) 0 S 470 0 450 450 460 470 480 40 500 510
radius |poosks) radius (poels)




Example
application

Sliced images of CO for dissociation of H,CO on

different rovibrational transitions.

Right: Translational energy distributions obtained
from the corresponding images at left. Markers
indicate correlated H, vibrational levels for juy2 = 5

(for v = 0-4) or rovibrational levels (for v = 5-7).

Townsend et al., J. Phys. Chem. A 109, 8661(2005)

P(E;) (arb.)

10 A
08
0.6)
04}

02F

0 10000 20000 30000
Translational Energy (cm™)



Experimental techniques
1. Reaction Dynamics

Experimental Aspects of
(Cold and Controlled)
Reaction Dynamics



What are we talking about?

What does cold mean

f? \What does control mean f?
¢ What is interesting -

How are we tackling this




Cold Chemistry

°K DeBroglie Wavelength

10%

lonization energy of hydrogen atom
Typical energy of covalent bond 102

® | owest temperature in outer space {
® Hyperfine excitation of Cs
10
10
P : : 102
rimary region
: 10°%
of interest 102
Laser cooled atoms
Optical trap for ultracold chemistry 108

® Ultracold chemistry

10¢




Control?

A+B —»C+D G °

(—E+F)
- ?
N ©

Questions:

» Alignment/Orientation??
* Internal Energy”?

» Kinetic Energy?
 Branching ratios”




Cold and Controlled?

« Wave character of atoms/molecules?
* Long time scales
* Few partial waves

« Selected (low) amounts of internal and
translational energy

» Quantum mechanical effects in Chemistry
- Effects of electric/magnetic fields






CH4 + 202 P COZ T 2H20



Nucleophilic substitution, Elim

Nu X
N C/
X X P Ty
\ slow |Jr Z
SN+ Y\l LL > C\ fast +
N X
va Yy z | T
Y\\\-C—NU
L )




Diels-Alder Cycloaddition

= C
S

p-Orbitale

sp3-Orbitale




What does “Control” mean?
Reactants Products...

Control possible through velocities,
internal states, orientation, ...

Chemistry
Given by intermolecular PES
Control?



Reaction
Dynamics



Source of beam Collision chamber
. Flux I, . . Flux |
containing > containing species 2 Detector
particles 1 at density n,
) length ¢ R
What is the flux I
o — @® ——— as afunction of the
particle 1: initial parameters?
mass m,
velocity v, particles 2:
mass m,
density n,

temperature T



Reaction dynamics
vsS Kinetics

Collisions between single molecules
Single-collision conditions

Reaction Cross sections
Control at the molecular level

Collision energy
Rovibronic states

Bulk reactivity
Many collisions required

Rate Coefficients
Control is difficult. ..

Temperature
Population distributions



Source of beam Collision chamber
. Flux l; - . Flux I¢
containin g > containing species 2 Detector

particles 1 at density n,

A AN

_dl/dX d |n I ]. What is the flux
— @® ——— as a function of the

N _ ®o—
- particle 1: initial parame ters?
I d X A mass m,
velocity v, particles 2:
mass m,
density n,
temperature T

< free path > = / xq(x)dx = / xp(x)dx /A
0 0

_ /O " exp(—x/A)(dx/2) = A



Mean Free Path and Cross Section



Cross Section; Hard spheres

Interaction Potential

d Distance



20

-
o

integral cross section [arbitrary units]
o

Most real systems...

40

|

primary beam velocity/m s—!



Interaction Potential

Hard Sphere

>

Distance

Interaction Potential

Real Atoms/Molecules

Distance



cylindrical
symmetry




Potential

N-

]
3
Distance [1/R,]

_h—
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RH 1l 'c'.A

I

&
=

"",.6 +5

— +1.6

[ g

R H]-'afu‘i

F+H [.7 kcal/mol

- F

|
|
|
I
; 34.4 kcal/mol
|
|
l
l

HEF + H

Distance along minimum-energy path



Potential

Potential

A

Feshbach Resonance

Potential

Shape Resonance

A+B

Distance

Potential

Distance

Reaction coordinate

Reaction coordinate



Effects of Orientation:

Stereodynamics
Region of maximal
reactivity ™ . : f
/,/ Sg;ectci)vity
y \ /

\_,// Laser Control of Chemical Reactions

Richard N. Zare
+ See all authors and affiliations



lonization cross section (A?)

Effects of Orientation:

Stereodynamics
Ne*+NH3
0o Ne -NH,
160 -
] E_,=0.030 eV
120 -
80 -
40 -
0- 90* 270°
40 -
80 -
120 -
] cross section for a
160 - spherical average

180° potential

Falcinelli, Bartocci, Cavalli, Pirani, and Vecchiocattivi, . Chem. Phys. 143, 164306 (2015).



Crossed Molecular Beams

Na4B) + O,

NG J

- Chemistry Nobel Prize 1986:
4,y Herschbach, Lee, Polanyi




Experiments: Criteria

Sensitivity
Selectivity
Energy resolution
Time resolution

poractical considerations



The generic setup

Pressure around
10°-10""2 mbar
(why?)

High vacuum chamber



The generic setup

— I
Sources
Molecular
/ beam(s)
S T

High vacuum chamber



The generic setup

Molecular

beam(s)
=

Experiment
Detection

High vacuum chamber



Examples
F+H, — HF + H

F+H,—HF+H

. -. F+H,(v=0,J=0) HF(v=3)
i f H
a
3253
l HF(v=2)
| =
AE=32.07 '
+0.20 2216
‘ HF(v==1)
| o &
1133
LAB SCATT ANGLE®
) HF{v=0)

Neumark, Wodtke, Robinson, Hayden, and Lee, J. Chem. Phys. 82, 3045 (1985)



Examples
F+H, — HF + H

F+n-Hy~HF+H, 342 kcal/mole F+H,(v=0,J=0) HF{v=3)
I ¥ ?
|
3253
| HE(v=2)
| 3
AE=32.07 '
+020 2216
’ HF(v==1)
'
l 133
HF{v==0)

Neumark, Wodtke, Robinson, Hayden, and Lee, J. Chem. Phys. 82, 3045 (1985)



Examples
F+H, — HF + H

Experiment

HF(v'=3)+H
. 17.6
F+H,(j =1)— 15.0
5.4

F +Hy(j=0) — 0.0 meV

van der Waals

otnta Feshbach resonance state

HF(v' = 0) + H

a
>

Reaction coordinate

Yang, Huang, Xiao, Chen, Wang, Dai, Lique, Alexander, Sun, Zhang, Yang,
and Neumark, Nature Chem. 11, 744 (2019).



Control of neutral
molecules In the gas phase



Control all degrees of
freedom

Expansions provide cold samples, but only
imited control

® Control internal degrees of freedom
® Control translational degrees of freedom



INnternal

® Controlled excitation
® Complete population transfer using lasers



External

Use of, for example, electric fields to modity
the trajectories of polar molecules
Remember Stern-Gerlach Experiment:

IM FEBRUAR 1922 WURDE IN' DIESEM GEBAUDE DES 517" ,
PHYSIKALISCHEN VEREINS, FRANKFURT AM MAIN, ‘5

- VON OTTO STERN UND WALTHER GERLACH DIE 5t g
FUNDAMENTALE ENTDECKUNG DER RAUMQUA‘NHSIERUNG’«» il
DER MAGNETISCHEN MOMENTE IN ATOMEN GEMA '7,

s gy



lemperature

Internal vs. external
degrees of freedom



Translationally cold

Mass 32 u

Temperature:
1K
10K
50 K
100 K
300 K

Probability Density

]
/

100 200 300 400 500 600 700
Velocity (m/s)

o



Translationally cold

T proportional to width
of v-distribution

Probability density

Velocity



Why*?

Spectroscopy
Collision Dynamics / Cold Chemistry
Quantum Information
Molecular BEC



fragment ion signal

Room temperature TyrH"

M

35000

/

36000 37000
Wavenumber / cm”

) )
- I
o N

Low Temperature —
Fewer states populated;
Fewer transitions possible




Maximum spectral resolution is inversely
proportional to the measurement time.

on off

At '|

Spectrum is a sinc? function:

Af oc 1/At

Electron Signal (arb.units)
o

-1

169693.0 169693.5 169694.0

- Frequency / MHz

Slow molecules provide longer
measurement times




ion signal (arb. units)

Hyperfine structure of ND3
LU-wave spectroscopy on decelerated molecules

b

280 m/s

m -

50 m/s

1 | 1 ‘ 1 | L ‘
1430.510 1430.515 1430.520 1430.525

frequency (MHz)

ion signal (arb. units)

d\(\\ wm WW 280 m/s

LN
) MMW MM 50 m/s

deL LJMM MMMUM

1430.25 1430.30 1430.35 1430.40 1430.45 1430.50
frequency (MHz)
van Veldhoven, Jongma, Sartakov, Bongers,
and Meijer, Phys. Rev. A 66, 032501 (2002).




Spectroscopy

In particular: Precision spectroscopy

1IN [ P
[l T e Ela i |
1 N l |

| Molecular fountain:

=™ (R. Bethlem, VU Amsterdam)
Produce slow molecules in a vertical
device, let them fly up and turn
around under the influence of gravity.
Perform Ramsey-type spectroscopy
with very long flight times.




Spectroscopy

In particular: Precision spectroscopy

UCL experiment (Hinds, Tarbutt):

—>B eilé)ﬂFOf j g @ f/o; | ; i ° g

Pump Recombine Probe

Hudson et al., arXiv 0509.169
Harvard/Yale experiment (DeMille, Doyle):

T ldeEma
=B L1:-1)
I1,-1;-1) 128z
77777777 idegmul
Ast
() 11, ;1>T/\2}70;*1>
E-fleld plate L 0 0i—
— S‘T \101)4\-/%0 1)
—=> > pipe
A3
Magnetic ‘ Tho
shielding lid & |1,1;+1) H3 A J 1
NZBZ 77777777 eCmol s 43 1( - )
L=30cm T R T

Vutha et al., arXiv 0908.2412



Experimental methods

Production of cold molecules

Methods for dynamics studies



How to control the motion
of molecules?

Forces can be applied through electric, magnetic, or electromagnetic fields
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T 7 PHYSIKALISCHEN VEREINS, FRANKFURT AM MAIN, W& 2
e R VON OTTO STERN UND WALTHER GERLACH DIE i
SRS & Vi FUNDAMENTALE ENTDECKUNG DER RAUMQUANTISIERUNG )

: B85 14 DER MAGNETISCHEN MOMENTE IN ATOMEN GEMACHT. -
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OTTO STERN WURDE 1943 FUR DIESE ENTDECKUNG
DER NOBELPREIS VERLIEHEN.




Methods

Laser cooling
Association from ultracold atoms

Backward rotating nozzle, rotating paddle
Billiard-like cooling
Buffer-gas cooling

Deceleration using electric fields
Deceleration using magnetic fields

Deceleration using optical fields

Filtering of slow molecules from a thermal sample



Laser cooling

X253+ 8 2
—i— v=1 2  =685.4nm
v=10 21
A1 = 686.0 nm
Ago = 663.3 nm

b

SrF

e 3
2
=+
N=8 =12 F=0"1 I 0
I
I
I
' | repumper
3 I
=0) 1=972 41MHz |
ol 74MHz |1
_ I
55 MHz IL— F=2
oy 1

W. Philips, Nobel lecture, 1997
Shuman et al., Nature 467, 820(2010)



Photoassociation
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Buffer-gas cooling

charcoal
cryogenic

to dilution
refrigerator

trapped
He* atoms

anti-Helmholtz
superconducting
imaging____.“I trap
lens
probe
laser

Doyle, Friedrich, Kim, and Patterson, Phys. Rev. A 52, R2515 (1995).



Electric field control of
polar molecules

Using the Stark effect
(Energy level splitting and shifting in an electric field)



(b)




(]’K’M ’ IHStark']KM>

2] + 1 .
) DV (¢, 0, 1)

IKM) = ||
0 \ 8’
(J'K'M'IHg JKM)

=—EJ@+ D@ + 1) X (-)K My
q

x(/l ]",11 J
M 0 -M'\K q -K

van de Meerakker, Bethlem, Vanhaecke, and Meijer, Chem. Rev. 112, 4828 (2012).
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Hy = K

=
Il
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The selection rules follow from the 3-] symbols:
J=] except J=] =0,

or
J=]"+x1, M=M, K -K=0, =+l
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Zeeman
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Polar molecules in fields

Electric fields: Stark effect

TITRII i@@w

| Low-field seeking 5 Wo o
_ N i 2 i 2 R “OJ(J+1)E
ND, P
\1 Force: Fswak = —VW
-14 3
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Stark shift (cm™)




Focussing and Orientation

THE JOURNAL OF CHEMICAL PHYSICS

VOLUME 571,

NUMBER 7

1 OCTOBER 1969

Orienting Polar Molecules in Molecular Beams. Symmetric Tops*

Pairre R. Brooks, EuGENE M. JoNes, AND KEN Smitt
Department of Chemistry, Rice University, Houston, Texas 77001

_D: % | ‘“
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(Received 31 March 1969)
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1 675°K
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F16. 1. Apparatus schematic with dimensions in centimeters
and greatly exaggerated beam deflection. K travels parallel to

uniform field.

Brooks et al., J. Chem. Phys 45, 3449(1966)

of Polar Molecules

DEFOCUSED BEAM
MK >0
cos e >0

FOCUSED BEAM
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cos 6 <0
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Gordon, Zeiger, and Townes, Phys. Rev. 99, 1264 (1955).



DEFOCUSED BEAM
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Splitting of a molecular
beam

|dea:
Split single beam into probe and reference beam

A Signals
I

Nothing . "
Reference
|
|
_I-’ A Probe

Something 1

Detection



Splitting of a molecular
beam

\
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h
>
P



3D structure




Making a Molecular Beam Splitter

9500 . x accelerated

In reality: 25 h



3D printed
PMMA (Plexiglass)

structure

Obtain required
conductivity through
electroplating




A 3D-Printed Beam Splitter for
Polar Neutral Molecules




Experimental Setup

# BF1
o 100
.l? o : mm,
. 4&: ﬂﬁz %, _Pulsed ND,
- : e 05 |Beam
P 1Q2
Laser' BF2
Quadrupole Hexapole

Gordon and Osterwalder, Phys. Rev. Applied 7, 044022 (2017).



Beam-Splitter

Use REMPI for detection
One laser to ionise, two ion detectors to capture signals
from each of the beam components

Inversion doubling in Ammonia




Stark shift (cm™

Beam-Splitter

Use REMPI for detection

One laser to ionise, two ion detectors to capture signals
from each of the beam components

Stark Effect in Ammonia (again)

2 - MK
Low-field seeking -5
1 3 Can be guided in DC
electric fields
ND; -1

3 Are not guided in DC

electric fields
High-field seeking

L) L

“0 10 20 30 40 50 60 70

Field magnitude (kV/cm)




Beam-Splitter

Use REMPI for detection
One laser to ionise, two ion detectors to capture signals
from each of the beam components

REMPI of Ammonia (ND):
vibronic symmetry selection rules




REMPI of ammonia

r 1" 1 o]
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Ashfold et al., Eur. Phys. J. D 4, 189(1998)



Beam-Splitter

4 BF1
Use REMPI for detection D1 :!? Q
One laser to ionise, two ion detectors to capture signals % Q.
from each of the beam components hEo
Lasers
4_
Quad

REMPI of Ammonia:
vibronic symmetry selection rules

r, [é (vo = even )} = A]

r [/E?(v2 — odd )} — A

B (v» = even) < X(0); B (v = odd) ¢ X(0)
B (v» = odd) < X(1); B (v» = even) ¢+ X(1)



Beam-Splitter

Use REMPI for detection

t BF1
tflas0
One laser to ionise, two ion detectors to capture signals .% Q.
from each of the beam components s BF)
Lasers <«
REMP' Of Ammonia: B (Vg = even) < X(O); B (V2 — Odd) §L X(O) Quad
vibronic symmetry selection rules B (v, = odd) <+ X(1); B (v» = even) ¢ X(1)
(A) =4 v'=5 V'=6
62.0 62.5 63.0 63.5
Wave number/ 1000 (cm™)

Bertsche and Osterwalder, Phys. Rev. A 82, 033418 (2010)



Beam-Splitter

Use REMPI for detection
One laser to ionise, two ion detectors to capture signals

from each of the beam components
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Beam Splltter
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Stark deceleration

@_, / \ e vlocty

Switching

/I<> Energy loss = 1 cm™’
O—— -

Bethlem et al., PRL 83, 1558(1999)

0 40 80 120




Stark deceleration

H. L. Bethlem and G. Meijer, Int. Rev. Phys. Chem. 22, 73 (2003).
H. L. Bethlem et al., Phys. Rev. Lett. 84, 5744 (2000).
H. L. Bethlem et al., Phys. Rev. Lett. 83, 1558 (1999).
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Stark deceleration

S. Y. T. van de Meerakker et al., Phys. Rev. Lett. 94, 023004 (2005).
S. Y. T. van de Meerakker et al., Phys. Rev. Lett. 95, 013003 (2005).

LIF zone

Stark decelerator
(108 stages) detection laser

(282 nm)

photodissociation

laser (193 nm)
pulsed valve

159



Stark deceleration




Stark decelerator
(108 stages) detection laser

(282 nm)

v photodissociation

laser (193 nm)
pulsed valve

ration

LIF signal (arb. units)

237 m/s

l 194 m/s

161

51.0 6I.O
time of flight (ms)



Trapping of molecules

" Molecular
beam
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Campbell et al., PRL98, 213001(2007)
Hoekstra et al., PRL98, 133001(2007)



Stark deceleration:
Traveling 3D traps

ring-electrodes

o 3 6 9
longitudinal Position / mm

Osterwalder, Meek, Haak, and Meijer, Phys. Rev. A 81, 051401 (2010).



V,, = Vg cos(P(t) + nm/4)

Radial position (mm)

Y l i (| !

00 15 3.0 45 60 75 9.0 10.5 12.0
(b) Relative position (mm)

Osterwalder, Meek, Haak, and Meijer, Phys. Rev. A 81, 051401 (2010).



Traveling traps

Phase shift: 45° / electrode

>

Temporal
variation

magnetic field-version also exists



Traveling traps
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Storage ring for neutral molecules
(molecular synchrotron)




Storage ring for neutral molecules
(molecular synchrotron)

Storage ring

Decelerate Molecules prior to loading g
Keep packets stored and focused by bunching £
techniques g
Crompvoets et al., Nature 411, 174(2001) 0

Heiner et al., Nature Physics 3, 115(2007)
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PRL 105, 173001 (2010) PHYSICAL REVIEW LETTERS 22 OCTOBER 2010
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Multiple Packets of Neutral Molecules Revolving for over a Mile

Peter C. Zieger,' Sebastiaan Y. T. van de Meerakker,! Cynthia E. Heiner,! Hendrick L. Bethlem,?
André J. A. van Roij,’ and Gerard Meijer'
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Multiple Packets of Neutral Molecules Revolving for over a Mile
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Peter C. Zieger,' Sebastiaan Y. T. van de Meerakker,' Cynthia E. Heiner,! Hendrick L. Bethlem,”
André J. A. van Roij,” and Gerard Meijer’



Collision experiments:
techniques

Crossed (molecular) beams

Collisions of trapped molecules with beam
Collisions of cold molecules with trapped ions
Co-trapped molecules



Low-energy collisions
INn Merged Beams



How to reach low
collision energies?
a) b) c) d) e)




Crossed Beams

Collision Energy:

Realistic numbers:
m1, mz2 :ca. 20 amu

vi, V2 :ca. 500-1000 m/s * E..i around 500 K
6 : 90 degrees

176



Crossed Beams

Collision Energy:
L= 12

Get to low collision energies either through a
reduction of the vi or through a reduction of the
angle.

VAR

Realistic numbers:
m1, mz2 :ca. 20 amu

vi, V2 :ca. 500-1000 m/s * E.oi around 500 K
6 : 90 degrees

177



Crossed Beams

Collision Energy:

Get to low collision energies either through a
reduction of the vi or through a reduction of the

angle.

regular slow low-angle | merged

crossed crossed crossed
m1 (amu) 20 20 20 20
m2 (amu) 20 20 20 20
mu (amu) 10 10 10 10
vi (m/s) 500 50 500 500
v2 (m/s 500 50 500 500
theta 90 90 12 0
Energy (K) 688 7 15 0

178



Crossed Beams

Low angles




o
bt
1

(‘n"e / "dxa) uonoas sso1)

e}
1

<

j=1
j=2
j=0

(,wu / Aioay}) uonoOSS $S0IY

-1)

Relative translational energy (cm

Chefdeville, Kalugina, van de Meerakker, Naulin, Lique,

and Costes, Science 341, 1094 (2013).

180



(o]

Partial
waves (nm?)

ICSexp (a.u.)

Partial waves (nm?2)

0.3

0.2

0.1

Crossed Beams

Low angles
040
10 ob—sad| 0
E; (em™) i
. L e L
4.0 45 4.0456.0 ¢
A:r;Lﬁfc
C
—J=0 —J=2 — J=4
—J=6 —J=8 —— J=10
I T I T I
10 15 20 25

Relative translational energy (cm=)

Bergeat, Onvlee, Naulin, van der Avoird, and Costes,
Nature Chem 7, 349 (2015).



Crossed Beams

Low angles

CHAPTER 3

Low-energy Scattering
in Crossed Molecular Beams

C. NAULIN®*® AND A. BERGEAT*®P

: aUniv. Bordeaux, ISM, UMR 5255, F-33400 Talence, France; PCNRS, ISM
Cold Chemistry , ISM, : ) ; , ISM,
Nl e UMR 5255, F-33400 Talence, France

ey *E-mail: astrid.bergeat@u-bordeaux.fr

| %

Cold Chemistry, edited by O. Dulieu and A. Osterwalder (Royal Society
of Chemistry, Cambridge, 2017), pp. 1-45.



Examples

Inelastic collisions of NO with rare gases

100%

3 NO (X2my,) b VMI
om-1 system
= ’é Pulsed
50 f valve Laser 2
92—k

__f

o5 | 112=—e Laser 1 I
52=—="5 o%
32="5

0 12=% o

Initial state

Stark decelerator
Skimmer

Pulsed valve

von Zastrow, Onvlee, Vogels, Groenenboom, van der
Avoird, and van de Meerakker, Nature Chem 6, 216 (2014).



Merged beams

Intrabeam angle is zero

source guide collision detection
chambers chamber chamber chamber
TMP ™~
1600 I/s ] hexapole T

magnetic guide
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TMP TMP TMP
1000 I/s 500 I/s 100 I/s

Osterwalder, EPJ Techniques and Instrumentation 2, 10 (2015). 184
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Merged beams

Intrabeam angle is zero

Electric+Electric
Electric+Magnetic




Merged beams
Pulsed valve
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Nijmegen Group (van de Meerakker):
Tang et al., Science 2023



Merged beams

Applications



Penning lonization:
Ne(®*P2)+NH3z—Ne('S)+NHs*+e-

2p53s 3PJ -------------- 15.8 eV NHo*

16.6 eV 15 eV A2E

10.15 eV X 2A”2

Neon Ammonia

-

.

Dissociative ionization

N A+ BC++e- Pgnning ionization
A+BC {A+B+C++e'
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JCP 140, 244302(14)

JPC 118, 3875(14)

EPJTI 2, 10(15)

JCP 144, 221102(16)
Chem.Phys.Chem. 17, 3776(16)



Stereodynamics



Stereodynamics in crossed beams

Ne*+NHs Penning ionisation

*NHT
.s .
Ne ("P, ) + NH, o
©
NH(X°A") = 08f
+/ N2 3 %
NH,(A'E) ’ £ o6l
V‘. :0 ‘ '.'. +’£\1
\ i Z o4l
* [y L.
y 7o z
‘VIMJ A *\EJ‘“ 0.2 F
\ ‘ w - \& | =z
0 2 4 .6 8
electron kinetic energy 0.0 —

0.1
collision energy (eV)

Falcinelli et al., JCP 143, 164306 (2015)



Orientation and Alignment of Molecules

ORIENTATION AND ALIGNMENT
OF REACTION PRODUCTS

Andrew J. Orr-Ewing' and Richard N. Zare

Department of Chemistry, Stanford University, Stanford,
California 94305

Annu. Rev. Phys. Chem. 1994. 45: 315-66






Alignment Parameters Aq<(J)

Z Z
R IEE
J
iti ientatio Negative orientation : :
Posmvisl;)nen ion g o Positive alignment Negative alignment
A= —1 2
A -1 0 A(g) 0 A(o )51
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Classical:

/\

J-7 = cosf

Pl(j - 2) = Py (cos ) = cos b

Py(J-Z) = Py(cosf) = %[3 cos® § — 1]
AV = (P, (] - 2)) = (cos )
A(()z) = 2(P,(J-Z)) = (3cos® § — 1)



Distribution of angles

1

N(J-2)= yy Z an Pn(cos 6)

The angular distribution of J can be expanded in terms of the multipolar
moments as

]
NU.0) =~ {AD()+34()P, (cos 0) +2AP(J) P, (cos 0)

+TAPJ)P, (cos 0) + AP ()P, (cos )+ ...}.  16.



QM description using density matrix

Angular momentum spherical-tensor operator
TP =<TIPN) = Y, pumnlIMITPIIM">,
MM’

Density Matrix elements

C(k) R€<.]‘§k)>.
(TM|J2| TM K2

c(k)
(IM|JP|TM 2

AB(T) =

AT = (0



A molecular ensemble with J = 0 cannot show alignment or orientation,
whereas for J = 1/2, an ensemble may possess a first-order orientation
moment. For J = 1, the highest possible moments that can exist are
AQ(J) or A% (J), whereas for J =2, moments as high as A})(J) or

A P(J) can arise.



Parallel transition
-2
P or R branch

Perpendicular transition
z -1
P or R branch

Perpendicular transition
=11
Q branch

Figure 4 The connection between the rotational angular momentum, J, the transition-
dipole moment, g, and the molecular axis, r, for a diatomic molecule in the high-J limit. The
figure shows the relationship between J, g, and r for Q- and P, R-branches for paraliel and

perpendicular transitions.



The intensity of a probe process, whether 1-photon absorption or chemi-
luminescence, (1+1) LIF, (14+1) REMPI, or (2+ 1) REMPI with hknearly,
elliptically, or circularly polarized photons, can be expressed in a simple
form in terms of alignment parameters (81, 8991, 93, 108):

I = C(det)yn(J)Y PO, Ay, e, Aey Joy A Q)AV().
K.q

C is an experimental sensitivity constant
n(J) the state population in the initial state
indices i, e, f stand for initial, excited, final state in LIF or REMPI



2+1 REMP

2J k
ay(i)] =1+ 2 s, 2 ay(i)Cop.@ap).

k=1 g=—k
C are reduced spherical harmonics

Sensitivity factors

Cp [J(J + D22k + 12 + 1
L c(k)JIT®|7)
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Ne(®P2)+Ar ('S) Stereodynamics

two “horseshoe” solenoid

TOF-MS magnets at 90 degrees

Ar




Results: Ne(®P,)+Ar
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Merged beams

Angle between beams is zero
Combine with orientation of reactants

-!i!:"li‘h, 45" hag; 575 K

i 175 K

Yield (counts)

22 mK

120 180 240 300 360
Oka (°)

Gordon, Omiste, Zou, Tanteri, Brumer, and Osterwalder,

Nature Chem 43, 7279 (2018). 207



Merged beams

Angle between beams is zero
Combine with orientation of reactants
(a) ’

=}

o

60 120 180 240 300 360
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02 06 10 14 -
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- 05

Gordon, Zou, Tanteri, Jankunas, Osterwalder,
Phys. Rev. Lett. 119, 053001(17)
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IOy = (I = T paeslIMITP1IM,
c(k)
(TM|J? | TM K2

AD(T) = Re{J®.

®)

An anisotropic distribution (orientation or alignment)
necessitates different populations for the different M-

states (the rho_MM need to be different)

-8 -4 0 4
position [mm]
source guide collision detection
chambers chamber chamber  chamber (@) 1.5 M
T™P N = 32
1600 /s 13 E I
magnetic guide <
quadrupole % 05 3;., — 112
20
E
E -05 1/2
_____ &
°°°°° PESA T OH
1 | [ 1 — . . -3/2
0. 0.5 1. 1.5 r X
T™P T™MP T™P Magnetic field strength (T)
1000 I/s 5001/s 100Us ) N=1 M
Fig.3 Sketch of the experimental setup. The first chamber (left side of the figure) houses two pulsed ~ o/ +1
supersonic expansions. The second chamber contains the magnetic and electric guides. The third and fourth IE 3t J 0
differential are used to perform and detect the callisions, and to monitor the beam densities, respectively < 4 1 +2
< -1
| 3 s +1
pd
- - 0
: -1
00 -2
—
-1 0, ‘ (

0. 0.5 1 1.5 2.
Magnetic field strength (T)



5w :
I(Oqr) =1 [ 1+ ) sk, J'. M)P(cos Ogr) A ()

K k=1 =
AW (L+7D)
Table 2. Detection sensitivity parameters for OP,) and Ne(*P,) 0 \/6_
as used in the present calculations. A designates the laser polar-
isation, with A = 0 and =1 for linearly and circularly polarised —
light, respectively. Aé)z) J— (3P l )
0¢P,) 0¢P,) Ne(P,) Ne(*P,) 2
A 0 +1 0 +1
5) 0 F 0 +3./6 A(()3) - 7(1 —P)+3\/§
s, —5/7 5/7 = 12 —
S 0 0 0 0
5 —48/7 —8/7 0 0 I 2\/3
A(()4) _ (5p—4)
24

For rho_22=p, rho_11=(1-p), rho_00=0



Oriented O(3P,), Ne(®P,), and He(3S,) atoms emerging from a bent magnetic guide

Justin Jankunas?, Kevin S. Reisyan?, T. Peter Rakitzis® and Andreas Osterwalder®*

5 Along X-axis e Along Y-axis

23 -5

-4 3 -104

_*;‘ 15
D10 -207
C_12 -257
- | L hbd bl Mhbd bt Madad bt LaAAdd MAd AARd MAdd Abddd MhAbt bl
¥e} 158 159 16.0 16.1 16.2 15.8 159 16.0 16.1 16.2
S Mass (amu) Mass (amu)
gm_ g 0 Alo'ngX-.aXIS
@ 84(c) 5 o4 \\*
H 64 §
O L 4]

4 3 ©

J" c ]
T 2] —o
s N e e
T 1 % T T T 1
225.650 225.654 225.658 3.90 4.00 4.10
Laser wavelength (nm) Mass (amu)

Figure3. Typical O" signal as a function of laser polarisation when
the laser beam is propagated along (a) X and (b) Y directions in the
laboratory frame. A scan of the REMPI laser wavelength for O(P,)
detection is shown in panel (c). The J” = 0 and 2 upper states are
not resolved (and not used for the present analysis), whereas the
J" = 1intermediate level is. Solid bars indicate the theoretically
predicted line positions. Arrows indicate the wavelengths used to
detect O(P,) atoms. (d) Typical He* signal as a function of laser
polarisation suggesting that the atomic angular momentum J =1
of He(*S,) is oriented.






Attosecond Dynamics



