Ultrafast X-rays: What are they good for?
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X-ray Interactions with atoms

10

% 1 I I B ||[ ?
= : Nitrogen (N) 3
E B -
S 1Lk z=7 ]
3 3
i Total 7 Shake-up/off
= o1f
g =
N SN
© 0.01 E— \\ \.\\
E 2p \\\ \, \?\S
0.001 | L1l ] - ||‘\,,| \,
10 100 1000 Scattering
Photon energy (eV) \ p
. 000
\\_.'.7£ 2S,p
\ ’

July 2016

\ /
Veo— ..

Siegman Summer School

Stanford
PULSE institute

\\ Valence
® ! Photoionize

2s,p
o 1s

Augt:/.
00O
2s,p

1s

Fluorescence
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Ultrafast measurements: Catching i
Molecules in transient states.
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Transient state studies: N,** Potential Stanford

Energy Surfaces PULSE institute
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Auger electron energies observed in the molecular
frame from N, 2> N,* > N,2* at 1.1keV
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PULSE institute

. : Siu . .

1 14
121
08} .
1 L
06 1 oat
=2 04t | o6}
=
_g 04+t
= 02}
S 02}
=
@ 0
_E 356 3
£ 14 1
=]
I% 12 i O 0 8 L
R 45 :
o I 061
= 08
06} 04t
04}
02t 0.21
0 L L L L L - o 0 L
356 358 360 362 364 366 368 370 356 358 360 362 364 366 368
Energy (eV)

(Cryan et al, J. Phys. B 45 055601 (2012))

July 2016

Siegman Summer School

L B
g
Cn
|
- g
| BH
g




Strong fields: 1-photon, 1-electron Stanford

ionization PULSE nstitute
consider a 1-photon K-shell transition: z
o ~ 1018 cm? 0'0 0
2S,p

N = oxF s ® 10> st (saturated) '
ty=1/r,=1fs _é"_ls
photoionization
e rapid enough to ionize more than one electron.
» fast enough to compete with atomic relaxation.
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Nelo%* at the focus:

Core ionization and Auger
relaxation strip the atom
“from inside out”.
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Young, et al., Nature 466, 56 (2010)
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Stanford

Strong and Ultrafast: Hollow atoms PULSE Intiture
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Hollow atom formation at LCLS

Hoener, M., L. Fang, et al._Phys.
Rev. Lett. 104(25): 253002 (2010).

pulse curation,

pulse energy

— 280 fs, 0.26 mJ
— 80fs, 0.27 mJ
— 5-10fs, 0.26 mJ

280 fs, 2.2 mJ
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High Energy Auger Spectrum of N, from LCLS shows Stanford

clearer evidence for double core hole formation PULSE institute
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Ultrafast electron dynamics: Nucleobase Stanford
photoprotection PULSE institute
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Ultrafast electron dynamics: Nucleobase Stanford

photoprotection
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Non-Born-Oppenheimer dynamics
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Auger energy is sensitive to valence charge near = Stanford

the oxygen atom PULSE institute
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Localized structural evolution:

Stanford

Time-resolved Auger Electron Spectroscopy PULSE institute
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Probing ultrafast nn*-nn* transitions via oxygen K-edge Stanford
resonant absorption: PULSE institute
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NEXAFS spectrum indicates a rapid Stanford
decay to the nn* state PULSE nstitute
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Hard x-rays at X-FELS: Stanford
Single particle imaging paradigm PULSE nstitute

XFEL pulse ﬁ

Noisy
diffraction
pattern

« Ultrashort pulses outrun damage: diffract before destroy
 High intensities: A diffraction image on every spot.
 High repetition: Millions of images.
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Serial femtosecond nanocrystallography |§Lt,a|_gl:15f|°£(tl

Rear pnCCD
(z =564 mm)

Interaction Front pnCCD
point (z =68 mm)

Chapman et al., Nature 470, 73 (2011)
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PULSE institute

%Stanford

PS-Il structure from LCLS
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Photoinduced atomic motion can be viewed Stanford
directly with hard X-ray scattering. — PULSE instiwute

f(@,t) = /d?’:cp(f, t)e@'f

Example: Diatomic lodine
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CS-PAD (2.5Mpx) detector |§Lt,%gl:lgflot1:(tl
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Project each S(Q,,t) onto first 10 Legendre
polynomials P (cos0)
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Signal comes from the entire charge Stanford
distribution PULSE institute
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Extracting the molecular movie from the

scattering data.
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M. J. J. Vrakking and T. Elsaesser, Nat Photon 6, 645-647 (2012).
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P,(cosB) component of S(Q,t) ,§53L5{1Eflotfﬁl
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The future: X-ray-induced Stanford
attosecond electron motion PULSE institute
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Stanford
Attosecond X-ray Free Electron Lasers PULSE inetituie

Laser pre-modulated electrons tame SASE
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Stanford

Mapping electron dynamics with core excitation PULSE irsitute
Core excitation creates localized Example of how this could work: Send
electron disturbances. Correlation in three x-rays, k,, k,, and k, and read

drives nonlocal electron transportin gyt the final Auger electron spectrum
molecules
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Lunnemann et al., Chem Phys Lett 450 232 (2008); Mukamel et al., Ann Rev. P. Chem. 64, 101 (2013);
Miyabe, S. & PHB, PRL 114, 143005 (2015)
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