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Overview

* Partl: Present work at a 37 generation synchrotron source (APS)

— Necessity of high x-ray flux for studies of dilute samples
* X-ray microprobe of laser-aligned CF,Br

— High repetition rate (MHz) lasers combined with x-ray microprobes allow utilization of
the full flux at the APS

* XAS of NiTMP in solution at 135 kHz
* XAS, XES, and XDS of Fe(bpy)3 in solution at 135 kHz and 3.25 MHz

e Partll: Future work at improved x-ray sources

— X-ray spectroscopy as a new feedback control parameter in coherent control of quantum
systems



X-ray microprobe of laser-aligned molecules
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Demonstrated control over molecular alignment
and x-ray absorption
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*  Comparison with theory yields:
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e
Ideas for extending laser-alignment work

3D laser alignment
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P.J. Ho, M. R. Miller, R. Santra, J. Chem. Phys., 130, 154310 (2009)

Dilute sample, signal is weak, we’re looking for changes that are subtle
need to use the full flux offered by the APS!



Typical Laser, Synchrotron X-ray Rep-Rate Mismatch
 APS 24 bunch mode: x-ray rep rate = 6.5 MHz

* Typical Intense Laser System: laser rep rate = 1 kHz

High rep rate (~80 MHz) (~1-5 kHz)
~nJ per pulse ~mJ per pulse

1 Amplifiers [ [ L
(CPA, Regen, Multipass)

used x —rays

» Typical pump/probe experiment: =0.00015

unused x —rays



APS bunch patterns

102 mA total current
 ~2x10% photons/sec @ 10 keV in microprobe at 7ID-D

hybrid singlet
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High Rep Rate Laser at 7ID-D
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e Variable rep rate between 50 kHz and
6.52 MHz

e Two modes: 10 ps and 130 ps

Wavelength _|54kHz ____|652MHz |

1064 nm 10 W 16 W

(185 w/pulse) (2.5 w/pulse)
532 nm 7 W 95W

(130 w/pulse) (1.5 pw/pulse)
355 nm 25W 3.6 W

(45 wW/pulse) (0.6 W/pulse)
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A X. Chen, and L. Young, Rev. Sci. Instrum. 82, 073110 (2011)



Laser - X-ray Synchronization

* Flexibility

Choose the rep rate

that is best for a

particular experiment

 Rep rate can be easily
changed during an
experiment
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XAS of laser-excited NiTMP in solution at 54.3 kHz
and 135.8 kHz

Laser Pump:
532 nm
10 ps

54 kHz and 135 kHz
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X-ray Probe:
8.3 — 8.6 keV (Ni K-edge)

w T, < 24Ps
24 bunch mode (6.52 MHz)

(d, d)

Probed
by X-ray

Ni(Il)-tetramesitylporphyrin

Lin X. Chen et al, J. Am. Chem. Soc. 129, 9616-9618, (2007)
Xiaoyi Zhang et al, J. Phys. Chem. A, 111, 11736-11742 (2007)



Experimental details

~100 um
~5m/s c=——=2 Pump

APD

~0.02 counts/
pulse above the
Ni K edge

Laser: 60 x 60 um?
X-rays: 10 x 20 um?

Fluorescence
detector

2 mM NiTMP in toluene
~1.2 x 10'° molecules in interaction region

A. M. March, A. Stickrath, G. Doumy, E. P. Kanter, B. Krassig, S. H. Southworth, K. Attenkofer, C. A. Kurtz, L.
A X. Chen, and L. Young, Rev. Sci. Instrum. 82, 073110 (2011)



XAS of 2 mM NiTMP in toluene

 135.8 kHz
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~1 hour collection time
X-rays probe 50 ps after laser
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Saturation of Excitation
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eX-ray microprobe allows us to probe only the portion of the laser excited volume
that has the highest excited state fraction

eExcited state fraction estimated to be 63 %

A. M. March, A. Stickrath, G. Doumy, E. P. Kanter, B. Krassig, S. H. Southworth, K. Attenkofer, C. A. Kurtz, L. X. Chen, and L.
s Young, Rev. Sci. Instrum. 82, 073110 (2011)



XAS, XES and XDS of laser-excited Fe(bpy), in
solution at 135.8 kHz, 1.3 MHz, and 3.25 MHz
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Iron(Il)-tris(bipyridine) [Fe'(bpy),]% X-ray Probe:
B A MLCT 7.1—-7.3 keV (Fe K-edge)
20 f@ﬁ“‘ MLCT 24 ps

\20 fs Hybrid singlet mode (272 kHz)
24 bunch mode (6.52 MHz)

Energy

Laser Pump:

°T, (HS) 532 nm

10 ps

135 kHz, 1.3 MHz, 3.25 MHz

'A, (LS)
R (Fe-N)

Ch. Bressler et al, Science, 323, 489 (2009) W. Gawelda et al, PRL, 98, 057401 (2007)
s Y W. Gawelda et al, J. Chem. Phys. 2009




Experiment Layout
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Analyzer crystal

Ge (220) or Si (531)

Liquid jet
— Thickness: 100 pm
— Flow speed: 3.7 m/s

X-ray spot at jet:
— 8umx 7 um FWHM

Laser spot size at jet:

— Variable (min. 24 um
FWHM)

Laser power at jet:
— Variable (max. 9W)



Hybrid Singlet Mode, 135.8 kHz

XAS =35 min. collection time
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* X-ray:
— Spot: 8umx 7 um

40 -
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Laser OFF

— X-ray flux used: ~3 35
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Large changes result from large excited state fraction (60%)
10 seconds/pt =» advantage of x-ray microprobe



Sample limitations on rep-rate

* Fresh sample for each laser shot

Atoms and molecules in gas jets: | vg.,=300 m/s transit time ~ 50 ns
(allows rep-rates up to ~20 MHz)

Molecules in solution: Vo =5 M/s transit time~3 us

(allows rep-rates up to ~300 kHz)

Condensed matter: recovery time=variable, ~10 ns
Micro/nanoscale devices: (allows rep-rates up to ~100 MHz)

* Forliquid jet samples, higher rep-rate
requires micro-focused x-ray probe

Fast-

flowing
liquid jet |
b *KB mirrors produce
~5 m/s -___1 30 um laser spot microfocused x-ray probe

5 um x-ray spot For fresh sample, rep-rate < ~300 kHz




Envisioning future studies: coherent quantum control

Simple Fourier Transform S Manipulation of the quantum evolution
laser pulse excitations using shaped laser pulses and adaptive
| feedback control
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Experiment
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control

H Rabitz et al. Science 2000;288:824-828
X-ray SpeCtI’OSCOpieS as new

feedback control parameter




Adaptive feedback control can work well for
systems of high complexity

 Example: create distinguishing excitations on two nearly identical flavin molecules
in agueous phase
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M. Roth, L. Guyon, J. Roslund, V. Boutou, F. Courvoisier, J. P. Wolf, and H. Rabitz, PRL 102, 253001 (2009)



X-ray spectroscopies as new feedback control
parameter

* Adaptive feedback control could be promising route to exploring dynamics in
complex systems in condensed phase

* Complex control waveforms difficult to calculate a priori

* Use of genetic algorithms to generate proper control pulse is effective
* Decoherence times on order of 100 fs

e Limited choice of feedback mechanisms

v'X-rays are a good probe in complex systems
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e
Single shot x-ray absorption and inelastic scattering

Band Structure E(Q)
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From: Science opportunities at the SwissFEL X-ray Laser



e
Single shot x-ray absorption and inelastic scattering
- coupled with amplitude- and phase-controlled
excitation from “occupied” to “unoccupied” states
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X-ray absorption spectra - ground vs excited states

Zn porphyrin | ZnKEdge
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 TDDFT & TDHF calcs of X-ray
absorption spectra — different !

* Clear excited state signatures
reflect dynamic electron
redistribution can be used for
feedback

Pandey & Mukamel
T ¥ J Phys Chem (2007)



Summary

e Partl

Using a high repetition rate amplified laser (6.52 MHz) combined with an x-ray
microprobe, we can now use the full x-ray flux provided by the APS for laser/x-ray pump-
probe experiments

Sample refresh rates or recovery times may impose constraints on the repetition rate at
which pump-probe experiments can be carried out

Detector response times may also impose constraints on the rep rate

e Partll

Coherent quantum control of chemical systems in complex environments is an
unrealized dream

X-ray spectroscopies can provide a novel feedback tool for evolutionary algorithms
Femtosecond, high repetition rate (MHz), high-flux x-ray sources are needed
Theory will be essential for interpretation
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