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Outline

Theory

* From Schrodinger to density matrix

 Field interactions vs. photons: coherence

* Fundamental dipole transitions and the vacuum
 Multi-wave mixing schemes

Experiment

e MUSIX

e Heterodyne detection with X-rays
e Amplified spontaneous emission
e Concurrent processes

e Stimulated emission
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Concept of field interactions and coherences

How does a laser pulse interact with a quantum system?

0

Time-dependent Schrodinger equation: /ha W) = H W)

with electric field as perturbation: H = Hy + W(t) W (t) = (€ cos (wt)
Assume Eigenstates: Ho|n) = E, |n)

General time-dependent (perturbation) solution: W (t)) = Z cae” Bt/ | n)
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Concept of field interactions and coherences

After a (short) pulse coupling the ground and first excited states,
the system Is In a coherent superposition:

W (1)) = coe™ = |0) + icre™ M |1)

0) s-orbital \_“.\

'1) p-orbital
© Maurits Haverkort
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Concept of field interactions and coherences

W (1)) = e M0) + icre™ B 1)
P(t) = (i) = (W(t) [a] V(1))
— (C()eiEOt/h (0] — icrefrt/P <1|) i (Coe_"Eot/h 0) + icre 'Ert/P |1>)
= coc1 (04| 1) sin (wort) + ¢ (0|2 0) + ¢f (1Al 1)

— CoC1lUn1 SN (w01 t)

X _l_“’gl SIn ((U()l t)

Polarisation oscillates with wo1 = (E1 — Eg) /1
radiates field proportional to —ug; cos (wor t)

Out of phase with exciting field: exciting field is ,attenuated” (destructive interference)

DESY. | Non-linear processes in X-ray scattering experiments | Martin Beye, May 18, 2018 Page 5



Concept of field interactions and coherences

V(1)) = coe” ' BUP0) +icre” B 1)

This state can be represented in a density matrix.

Directly after the laser pulse, without dephasing or population relaxation, this yields:

poo(t) = ¢& = const.

p11(t) = ¢ = const.

po1(t) = —icoc e

N 1/2  —1/2
p10(t) = icocre™ " g (t B O) B (‘H/Q 1/2 )

Diagonal elements are called ,populations”.
Off-diagonal elements are ,coherences”.

for maximal pulse strength:
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Field interactions and level schemes (population spectroscopies)

Described one field interaction. Absorption becomes real with second field interaction

0. Ground

state
p11 =0
Poo = 1

o

1. Create
coherence

p11 =1

Poo = -

/2

1/2

(D

2. Transfer
population

p11 =1
Poo = 0
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What is a ,,coherence*“? T
g 0
Coherence is a well-defined phase relation. -
g 0
Quantum optics of photon / electric field 2o
Coherent state: Le-09
-Well-defined (electric field) phase 7 o
-Undefined photon number - 1e09
Fock state (number state): 2609
-Undefined phase -
-Well-defined photon number e

l

Bellini, Zavatta, Viciani, Proc of SPIE 5866, 278 (2005)
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What is a ,,coherence®?

From quantum optics to experiment: Sidebands vs streaking

Interaction of an electric field (photons) with electrons:

Kirchner et al., Nat. Phot, 8, 52 (2013)
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Sidebands: Streaking:
Well-defined photon number Undefined photon number
Undefined phase Well-defined phase
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What is a ,,coherence®?

From quantum optics to experiment: Sidebands vs streaking

Experimental results from FLASH

Fruhling et al., Nat. Phot. 3, 523 (2009)
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Radcliffe et al., NJP 14, 043008 (2012) O 1 2 3 4 5
Time delay (ps)

Sidebands: Streaking:
Well-defined photon number Undefined photon number
Undefined phase Well-defined phase

DESY. | Non-linear processes in X-ray scattering experiments | Martin Beye, May 18, 2018 Page 10



Field interaction vs. photon interaction

One photon interaction can be regarded as two field interactions (cc* = |c|?)
In the photon picture the phase is lost.

Population is transferred with two (identical) field interactions.

(Synchrotron spectroscopies are nearly always ,population spectroscopies™:
-incoherent (no phase relation)

-well-defined number of transitions.

Coherence only becomes relevant at FELSs:
-large number of coherent photons)
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Fundamental dipole interactions / Photon transitions
_’_

W T

—O— —O— —O—

Absorption Stimulated Emission Spontaneous Emission

<67N_1|d—ig7N> <g7N|Cﬂ€7N_1> <gvl|d—]670>
Pabs = NO-/Ogd Pstim = NUPed
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Spontaneous emission

Energy (hv)

—O— —O—

Stimulated Emission Spontaneous Emission
1 - -
By =hw (N - 2) (g, Nldle,N=1)  (g,1|dle,0)

Pein, = NO',Oed > Pspon — vacgped
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Everything is four-wave mixing

RIXS / XES (population spectroscopies - incoherent, zero-point field)

Vacuum

oL .-

|¥ =@
1. Create 2. Transfer 3. Create 4. Emit
coherence population coherence photon

DESY. | Non-linear processes in X-ray scattering experiments | Martin Beye, May 18, 2018 Page 14



Everything is four-wave mixing

Pump probe—XAS (population spectroscopies - incoherent)

Lok

o [ (e
1. Create 2. Transfer 3. Create 4. Absorb
coherence population coherence photon

DESY. | Non-linear processes in X-ray scattering experiments | Martin Beye, May 18, 2018 Page 15



Everything is four-wave mixing

Claudio’s transient gratings (but now coherent!)

L .

[ [
1. Create 2. Transfer 3 Create 4. Scatter
coherence population coherence photon
(spatially
modulated)

DESY. | Non-linear processes in X-ray scattering experiments | Martin Beye, May 18, 2018

Page 16



Everything is four-wave mixing

Many more:

CARS (coherent anti-Stokes Raman spectroscopy)
CSRS (coherent Stokes Raman spectroscopy)
Stimulated Raman

Inverse Raman

Coherent spectroscopies need phase matching!

k-vectors need to add up / \
> condition for angles \/
> angular separation of signal possible

> angular focussing of signal
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Everything is four-wave mixing

from Claudio:

P =¢gq- (ZX(“'EI')_*_ ZX(Z),E]_.E]. + ZX(S)'E?"E]"EI\’ 4.

one-wave mixing does not exist... (only a pure coherence cannot be observed)
two-wave mixing is a X{!) process

three-wave mixing is a X{2) process

four-wave mixing is a (3 process
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Three-wave mixing
SFG (SHG, DFG)

Lok

— o
1. Create 2 Transfer 3. Emit
coherence coherence field
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Six-wave mixing
Pump-probe (anti-Stokes) RIXS

E E E
Vacuum
o/ o/

[ o (e [
1. Create 2. Transfer 3. Create 4. Transfer 5. Create 6. Emit
coherence population coherence population coherence field
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Experimental designs

Things to consider:
-phase matching condition (angles, geometry)
-concurrent processes and their relative strengths
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SFG vs. anti-Stokes RIXS

Coherent vs. incoherent spectroscopy / three-wave vs. six-wave mixing
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Possible SFG geometry at an M-edge

Anti-Stokes RIXS has no phase matching condition

SFG beam
(67eV)

57.6°

10° e
Incoming X-rays "F
(64eV) 634
3.5

Reflected X-rays
(64eV)

Incoming and Reflected Laser
(3.0eV) Reflected SFG beam
(67eV)
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Experiments

DESY. | Non-linear processes in X-ray scattering experiments | Martin Beye, May 18, 2018 Page 24



MUSIX

:  Designed at DESY

= e UHYV diffractometer modified from Uni Koln design, in use at BESSY
e spectrometer design in house

* in (full) operation within the next two weeks

* flexible for various beam lines / light sources
 fulfill phase matching condition
e spectral analysis

 materials’ science environment
e open for collaborations @ FLASH / PETRA (P04) or elsewhere

+8°
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MUSIX in reality

-Nitrogen K-edge (400eV) XES
-Triple RZP analyser

-Resonant excitation with
third harmonic @ FLASH2
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Heterodyne detection: Coherent reference beams

-22.3481...

Delay (Encoder)

Standard scheme: | New scheme:
Split with edge of mirror Split with transmission grating

Collaboration with G. Brenner (FLASH) et al. + C. David (PS3I) et al.
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Amplified spontaneous emission @ FLASH
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Geometry optimisation

Maximise interaction length with core-excited volume

!
Pstim — Ustimpchd =1

Ostim ~ Ogbs

1

Oabs —
)\abs Patom

: pchd
)\a,bs Patom

Stimulated Emission

|
e
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Stimulation front

Primarily along the surface for soft X-rays on solids
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Angular dependence
Si (100), 115eV, 1J/cm?, 30 fs

Detected Signal (arb.u.)

N
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Fluence and spectral dependence ;
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Amplified spontaneous emission from water?

The LJE/FlexRIXS endstation
MCP Detector

Foll

Grating

Liquid jet speed ~ 20 m/s
~ kHz to MHz rep. rate

20 um
glass nozzle

Soft x-ray Differential liquid
- . .et
550 eV pumpIng J

GG

Trap

Kunnus, K. et al. Rev. Sci. Instrum. 83, 123109 (2012)

PRL 113, 153002 (2014) PHYSICAL REVIEW LETTERS 10 OCTOBER 2014

Reabsorption of Soft X-Ray Emission at High X-Ray Free-Electron Laser Fluences

Simon Schreck,l’z’* Martin Beye,l’T Jonas A. Sellberg,3’4 Trevor McQueen,‘l’5 Hartawan Laksmono,6 Brian Kennedy,1
Sebastian Ec:kert,1 Daniel Schlesingelr,3 Dennis Nordlund,7 Hirohito Ogasawara,7 Raymond G. Sierra,6
Vegard H. Segtnan,4’8 Katharina Kubic:ek,9’10 William F. Schlotter,11 Georgi L. Dakovski,11 Stefan P. Moellelr,11
Uwe Bergmann,11 Simone Te:chert,g’lo’12 Lars G. M. Pettersson,3 Philippe Wernet,1 Michael J. Bogan,6
Yoshihisa Harada,w’14 Anders Nilsson,3’4’7 and Alexander Fohlisch'~

DESY. | Non-linear processes in X-ray scattering experiments | Martin Beye, May 18, 2018 Page 33



Vertical distance in ym

Continuous fluence variation by orders of magnitude
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Saturation in spectra and count rate

~ — - Model Fluence [J/cm2]
~1 0 1
1 10 10 10
10 :' ! L ! ! L ! ! oo ! !
| m Dat @
Fluence [J/cmZ] Excitation denSity [ Flt
6E-04
0 O
5 _
- a
o T ———— _
E /N\_v/ \\ l‘.,
> / NN
:5; 03wVA*”/ / \\ ~ _\\%\ZME—OS
d:, L~ — =TT T / ...... \ e LT T TN N~ —
E | o ‘ |
/ \
0.6 Z N 4E-03 —1
Ul s T 10 ¢ v
— // —\\ -
17 . 001 -
52  __- - - 0.03
P, e LT _2
4 -3 2 ~
19.8 L 0.13 10 10 10 10
510 515 520 525 530 535 540 Excitation density

Emission energy (eV)
DESY. | Non-linear processes in X-ray scattering experiments | Martin Beye, May 18, 2018 Page 35



Summary

e Some non-linear processes have been observed

e Mostly population spectroscopy

e Electronic coherences in the X-ray regime still await discovery

e Potential to circumvent Auger cascade, If no population transfer

e Coherence lifetime undetermined, potentially very short
e WE NEED SHORTER PULSES!!!!
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