New Horizon of Accelerator based
Molecular Physics

Zheng Li

Max-Planck Institute
Deutsches Elektronen-Synchrotron

Aug. 19, 2019, Taoyuan



Research Field
Atomic, Molecular and Optical Physics -



Acc Ierators @ DESY and SLAC

Shprer SRR

B it — AR S
£04T™ .‘"L\ 'ﬁlmrlw p |

o .-\-/.d
" "‘Q‘-IJI

o ,,,




Molecules w

or molecular sics?




GLOBAL &
EDITION |

Organic Chemistry

EIGHTH EDITION

Paula Yurkanis Bruice

ALWAYS LEARNING

PEARSON

MECHANISMS

IN ORGANIC CHEMISTRY
1= Nucleophilic  Atfa Kk

e PR
2- loss of Liautmb Groap
i -
9\ e R

2- Prodon dcansfer
W E:,/ﬂ_HH\, £ I-l-.ﬂr"“
A

— N




Arrhenius law E

X

N,O—-N,+0O
A=6.1x10" s
T~A"=16x107" s

S. A. Arrehnius, Z. Phys. Chem. 4, 96 (1889)
S.R
K.J

. Logan, J. Chem Educ. 59, 279 (1982)
. Laidler, J. Chem. Educ. 61, 494 (1984)







50 T I
2 2 . =& Elasti
A oo | _m (Aot - snm L APt COUED
SN dcosd . 2E?sin* § (1 + 2Zsin® &) -0~ Elastic, 1 less electron| |
40 /Old wisdom from Hofstadter: N 3y
Diffraction of positive charge distrib.
35 -

Phys. Rev. 92, 978 (1953)

w
o
I

Rutherford-Mott-Rosenbluth scatteringj

=

Cross section (arb. unit)
N N
o (&)
| |

-
(&)
I

Momentum transfor s (1/A)

J. Yang. X. Zhu, T. Wolf, ZL, M. Centurion et al. Science, (2018) ¢



- - == I -
- ~ = -= = . O
o T g

/ Ultrafast Diffractich

The motion of molecules is
on femtosecond (1fs=10-1°s)
time scale.

The compressed electron
bunches can have <50fs
pulse width.

We can see the motion

Kpictures of single molecule/
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CF;l Photodissociation (3.7MeV electrons)

Diffraction Pattern Pair Distribution
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J. Yang, X. Zhu, T. Wolf, ZL et al. Science, 361, 64 (2018)
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MECHANISMS

IN ORGANIC CHEMISTRY
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Seeing the once imaginary molecular motion in organic
chemistry textbook. 12
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Multiphoton process
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__— [5pr® 2My5](6s) Rydberg

lon Pair

J. Yang, X. Zhu, T. Wolf, ZL et al.
Science, 361, 64 (2018)
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The time in diffraction pattern I1(Q;t) does not only offer us the molecular motion in

time, but also unveils the— of the molecule.

[Pouli Problem (Pauli, 1933): could we retrieve W(x) from observable P(x)=|W(x)|2? }

The[Wigner function W(x,p)}and density matrix p,,, can be retrieved from I(Q;t) !

Quantum optics:- Homodyne detection TRED :- Diffraction as unitary evolution t=0
RMP, 81, 299 (2009) |W(x;0)|2 = |W(x;wt)|?
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density matrix p,  Wigner function W(X, P)




Diffraction from time dependent vibration wave packet of
CH;Br molecule

2.4
0.6
s 0.5
0.4
T 2.0 L 0.3
5
| L
o 0.2
1.8 - 0.1
0.0
1.6 —01
0+ T T T T T T T 1 —-0.2
0.00 025 050 075 1.00 1.25 1.50 1.75 2.00 000 025 050 075 1t'?$ 1.25 150 175 2.00
t/T

H. Timmers*, X. Zhu*, ZL*, D. Neumark, S. Leone et al. Nature Commun. 10, 3133 (‘19)
ZL*, S. Gyawali*, A. Ischenko, S. Hayes, R. J. D. Miller, submit to ACS Photonics (‘19)
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Distance[pm]

Momentum[ 1072 kg m s7']

ZL, S. Gyawali, A. Ischenko, S. Hayes, R. J. D. Miller, submit to ACS Photonics (2019)



Density Matrix of coherent wavepacket TRED :- Diffraction as unitary evolution t=0
vibrational motion |W(x;0)|? = |W(x;wt)|?

Diffraction Pattern

0.25

Laser Pulse

ZL, S. Gyawali, A. Ischenko, S. Hayes, R. J. D. Miller, submit to ACS Photonics (2019)



XFEL:- X-ray Free Electron Lasers (GeV electrons)




for VHF radio waves, the
‘.1 — source size is similar to the

: wavelength A =1 meter

for x-rays, the source should
shrink to =1 angstrom: one “
ijﬁ/,,\,/\/\/ atom — indeed, conventional %%
A X-ray sources are based on
atoms; but are very bad

To improve them, we have to have artificial
source with size ~1 angstrom: no way!

DESY, SR, PhD Vorlesungsskript
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Must the theory be so

formal and complicated?

RMP, 88, ‘16/
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Undulator Magnet

r(t) = i E (1-—- ‘ﬂ—c') 0)
7(t) (plm pt,p cos p‘ J0 1.
In the limit of small angles we compute
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[ Tunable wavelength:- from THz to X—roy} [ as/fs pulses from microbunches }

-
N T e
u=c
O——p Wv -
B I B
GeV e periodic magnet undulator
L 1 L R
2’ = - X = 2 > B lab s >’I‘]EMelectr H .
¥ 2y 2y Electrons form microbunches in
Loenz  Doppler space due to Lorentz force.

contraction

2
' —>ut—vi 1y > 1/y’ 14227 ; vy ~ BL , o
The emitted pulse duration is thus

L

A= 1+y*(KBL 1+K7%/2
2 Py (KV/ /62 z{ ) At=N,A/c
K*/2
KWOveIength tunable through B, L, u (These are as/fs photon pulses A

e.g.: e.g..
y=E/m, =5GeV/0511MeV=1x10*, L=7em | |N,=1000, A=35A

A =0.07m/[2x (1x10*)] = 3.5@_/ At

SR, 18,11 2 )




FEL as probe FEL as probe
Transient molecular structure Transient electronic structure

o ’ :

delay (ps)

\_} \) binding energy (eV)
M hw/ ZL et al. Nature Commun. 8, 453 (2017) M. lichen.....ZL et al. Phys. Rev. A, 95, 053423 (2017)

[\FAEL o zump tt FEL for diffraction
e Quantum diffraction

-100fs 150fs 400fs

Absorbed dose = 0.8 eV/atom
FEL pulse duration = 51 fs

FEL photon energy =47 4 ¢V
Probe pulse duration = 32.8 fs
Probe wavelength = 630 nm

Angle of pulse incidence = 20°

| 70 etal. Phys. Rev. Lett. 115, 143002 (2015)
Phys. Rev. B 91, 054113 (2015) 1L otal, J. Phys. B (2018)

Phys. Rev. B 93, 144101 (2016)
Phys. Rev. B 95, 014309 (2017) ZL et al., Europhys. Lett. (2017)
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FEL as probe

FEL as probe
Transient molecular structure e

Transient electronic structur
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ZL et al. Nature Commun. 8, 453 (2017) 7L, T. Wolf et al., Submitted (2019)

[\FAEL b zump tt J FEL for diffraction
OlroT == ”353 = ao0rs Quantum diffraction

Absorbed dose = 0.8 eV/atom
FEL pulse duration = 51 fs
FEL photon energy =47 4 ¢V
Probe pulse duration = 32.8 fs
Probe wavelength = 630 nm

Angle of pulse incidence = 20°

ZL, et al. Phys. Rev. Lett. 115, 143002
Phys. Rev.B 91, 054113 (2015)
Phys. Rev. B 93, 144101 (2016)
Phys. Rev. B 95, 014309 (2017)

etal., J. Phys. G
ZL et al., Europhys. Lett. (2017)



Cryogenic Imaging

("~ Cryo-TEM

Nobel Prize ‘2017

“@)Resolution: ~0.1Tnm
k® Not for living organism

4 Cryo X-ray diffraction

Nobel Prize ‘2009

“@Resolution: ~0.1nm
\® Not for living organism

/
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Culprit

OB ifrraction Pattern
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Phase Retrieval

Room-Temperature Imaging

/Superresolving Mmicroscope N
Nobel Prize ‘2014

X Resolution: ~20nm

@ Radiation damage free )
S. Hell et al. Opt. Lett. (1994); Opt. Lett. (1999)
/XFEL diffraction A

) Resolution: ~0.1nm

Co.;y
.I' L

® Serious radiation damage

/

H. Chapman et al., Nature (2011)
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Superresolving microscope : XFEL diffraction:

) Radiation damage free ) Resolution: ~0.1nm
Cj R I l [ . ~2 g ® . . .
— Co;ily
A, ad -
: o O
,Ae*]r\ .-<r\ 1. Detector 5. STED objective
W" 9 2 Excitationlaser 6. Focused excitation spot &>
3. Depletion laser 7. Overlay G y
o- ® 4, Phase filter 8. Resulting fluorescence spot ! Lo /‘/ e ﬁml*

Diffraction Pattern

Active Motif Inc.
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B An ideal microscope
“)Resolution: ~0.1nm

©)Radiation damage free

2 For living organism :
o o 7
\ ~ For single molecules




Nikita Medvedev, Yanhua Shih and Henry Chapman

ZL, N. Medvedev, H. Chapman, Y. Shih, J. Phys. B (2018)
ZL, et al., Europhys. Lett. (EPL) (2017)

«:

[Is there more exotic quantumness we can exploit using FEL?}
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4 N

XFEL quantum diffraction

) Resolution: 0.1nm
) Radiation damage free

\_




Bragg-Equation for
constructive interference:

) : a-s:\(% d-_:m['ej ’ ’ Iattice'plane
The Bragg condition can only be satisfied when light wavelength A<2d.
2dsin0 = nAi

From 2"9 order coherence function, we obtain the modified Bragg condition
c(pB /thdtBS tB,tA)

0A

1 N

paoytr |Ey By BV ELp]

2dsinB< 1+ s =nA

(D T,
K i 0

Magnification factor >103
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i bcc nanocrystal a=b=c=4A )

_Optical photon 3.1eV, X-ray photon 3.1keV

J
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PB /Two-photon diagram \
C(+) A ik A ik
E,"=a e""+a,e "

3
D A
XPD(? Y EY) =a,.e"™ +a,,e"n
i
o Gy =T EQESESES D]
(9\. 2 | piksrartikirs . pikiraatikirg 2
Dg Due to entanglement, we have

A

Alx,-x)Ak,+k)=0 =
2dsin® H=2(r,, —r

, ) — we can thus concacenate optical paths
A x ? e onsitions 1 and 2. /

5,0

The phase i1s compensated by an optical path difference magnified times,

i,X

s,0

The modified Bragg condition can be satisfied though d <« 5

D. N. Klyshko et al., Usp. Fiz. Nauk (1988); JETP (1994)
D. V. Strekalov et al., Phys. Rev. Lett. (1994) 32




8_’ — =3 1 —
a—:+(V-V)V=—%(E+EvXB)
p =
—+V-(p¥) =0.
P + V- (pV)
TD(w3) = pOF® 4 pMWzD)
. (0) 82 E] X (7(‘2 x Ez) (El §)E2
= P B +1 5
m W03 W7 03

. 2 = — —
ie- (Vp-Ey)E 5 43 ;
(Vp- E2)Es + terms with interchanged index 1 and 2, K-Tamasaku et al., Nature Phys. (2011)

+
m2 a)lza)z S. Shwatz et al., Phys. Rev. Lett. (2012)

eJ? (@) o= R§?12<0)3; o1, )Aj(01)Ar (@)

Cl’l

01 W Wy,

XPDC from diamond crystal

x(")(w;wl’a)z,. & ’wn) —_ il_n R(")(w;wl,(oz’... ’wn)

dQ 28813

do (2)

5 ~1.9x10°fm* =19b  XPDC w3(= 3.1keV) — (= 3096.9eV) + w; (= 3.1eV)

ZL, N. Medvedev, H. Chapman, Y. Shih, J. Phys. B (2017) 33



(2) 2
Janharmonic _ A Wo -6 ®
= <10
7(2) 27d w?
figure—8 Wikipedia:
» SPDC/SHG
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XPDCow,, - o, +o,,

A using single electron as nonlinear medium.
The electron is deflected by 6,.

/ entangled

>

Wx2 a)_> Using Kapitza's method of pondermotive
1 . :
0 decomposition, we obtain
2
X vEEE
- P(0,,0,,0,)=|—5—— ‘

seeded

C

O(e,
2¢%0,0,0,| ()

“x3 | pcould eventually reach 105 with
laser intensity up to 1018 W/cm?2.

ZL, N. Medvedeyv, H. Chapman, Y. Shih, J. Phys. B (2017)

M. V. Fedorov, Electrons in a Strong Field, Nauka,
Moscow (1991)
O. Smirnova et al., Phys. Rev. Lett. (2004)

D. Bauer, Vorlesungsskript, MPI-K 35



T % D1(ry)
A far field

J

()(I‘j) =kd— =kdsin (Hj)

|r;|

Do(r3)

@ (IT)
o——>P= o = / / /
o—> P= o><l-

etk(ra1+rp2) etk(rp1+742)

g(2) (kl’ k2) ~ |€’ik(7“A1-|-T’B2) + eik(TA1+TB2) |2




tion experiment. “Because we be- the photographic plates on which
lieved at first that we had to deal the diffraction pattern was recorded
with fluorescence radiation, a crys- yyere placed left and right and in the

tal had to be chosen that contained back of the crystal [3, Fig. 1], so that
a metal with a considerable atomic

weight,” Friedrich and Knipping pre-
sented as the argument why they
chose copper sulphate as a crystal [3,
p. 314]. In other words: The crystal
was not imagined to act as a three-
dimensional diffraction grating for
the primary beam of X-rays, but as Eckert, Ann. Phys. ‘12

an emitter of the so-called charac-

teristic X-rays. Laue apparently ex- Background-free - different wavelength

pected that if this characteristic ra- Superresolving - covering larger Ewald

diation originates from the regu- Sphere (two photon wave vec. g=k;-k, )

larly arranged points of the crystal’s Free of wave-front distortion
space lattice, then they should be

ZL, Anton Classen, et al. arXiv (2016); Europhys. Lett. (2017)
Anton Classen, Kartik Ayyer, Henry Chapman et al. PRL (2017)

Probe

ccb




FEL as probe _ FEL as probe
Transient molecular structure Transient electronic structure

S1 Al. FNYS. REeV. A,79,U004

, Submitted (2019)
[FEL for diffraction }

R—

wm o =@ Y wwm o w9 ot ol Nature Commun. 8, 453 (2017) ZL: I. Wlfl.é.tl al.
FEL as pump
Warm dense matter

-100fs 150fs 400fs

Quantum diffraction

Absorbed dose = 0.8 eV/atom
FEL pulse duration = 51 fs

FEL photon energy =47 4 ¢V
Probe pulse duration = 32.8 fs

Probe wavelength = 630 nm
Angle of pulse incidence = 20°

| ZL, et al. Phys. Rev. Lett. 115, 143002 (2015)
Phys. Rev.B 91, 054113 (2015) ZL et al., J. Phys. B (2018)

Phys. Rev. B 93, 144101 (2016)
Phys. Rev. B 95, 014309 (2017) L et al., Europhys. Lett. (2017)
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ZL et al. Nature Commun. 8, 453 (2017)



X-CEl
Old method (CEIl since 1980’s) - New questions
Coulomb explosion imaging now in X-ray femtosecond regime

{xamine: \

Is Coulomb explosion imaging trustworthy in every aspects?

%) No!

The difference:
@ X-ray core ionization CEl vs. UV/VUV valence ionization CEI.

Ab initio molecular dynamics of core-excited molecules:

€Unconventional methodologies.

/

41




Energy Calculations:
1000-2000 atoms

Betaine-30

Microsolvated in

KSOO Water MoleculyQO Methanol Moleculeﬂ

/ Conical Intersectionx

250-750 atoms
107 "k . _'L
08T " #

% .§U _"q, e L= e — e -

% -Dfﬂrﬁ B 0.04 0.02 goo =-0.02 -0.04 -0.06

’5.9 Coupling (A)
- .
-

v

Butadiene

Microsolvated in

Excited State Dynamics:

Up to 100 atoms

0.8

,_.
-t
=

Population

0.4

1 L 1
0 500 1000 1500
Time (fs)

\ Provitamin D,

2000

Fully GPU-based TeraChem@SLAC
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X-ray ionization — Auger decay /

X-ray CEl

> \
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20, | 3¢ 24 s
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1o, 3% .

T. Osipov et al., Phys. Rev. Lett., 90, 233002 (2003)
A. Matsuda et al., PCCP, 13, 8697 (2011)
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C. Liekhus-Schmalz et al., Nature Commun., 6, 8199 (2015)
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Angular distribution of hydrogen
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Bonds strengthened after X-ray
ionizing a bonding electron ?!

No isomerization :-(

Counterexample to
kCederbaum et al. JMS ‘1996 /

Time dependent Auger spectra
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(" Potential barrier >2 eV )
D coordination number Ny<l

_Still no isomerization :-(
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Reaction Microscope
REMI has weakness

® (%)

REMI has to be amended before it could be used for
angular motion.

& X

Eventually not amendable.

e

We can still measure transient angular momentum
distribution with REMI.



FEL as probe
Transient molecular structure

_ FEL as probe
e

Transient electronic structur

008

*\ ‘ \ {4 |

£ 06 g5 100 g i oa
$’§, 00100 pal®” $"§y 100100 :,M $"ﬁ, 00 100 oul®

MW%M/ M. lichen, -

10,

delay (ps)

0 205
binding energy (V)

-ZL et al. Phys. Rev. A,95,053423(2017)

et al., Submitted (2017)

ZL et al. Nature Commun. 8, 453 (2017) 7/ 1 wolf
FEL as pump

FEL for diffraction
Quantum diffraction

tt. 115, 143002 (2015)
Phys. Rev. B 91, 054113 (2015)

100 0 100 200 300 400

— ZL et al., J. Phys. Bin print (2017) 48
e Phys. Rev. B 93, 144101 (201¢) ZL et al., Europhys. Lett. in print (2017)
Phys. Rev. B 95, 014309 (2017)



Nikita Medvedev, Victor Tkachenko, Beata Ziaja-Motyka, Ryan Coffee
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N. Medvedeyv, ZL et al.,

Phys. Rev. B 91, 054113 (2015)
Phys. Rev. B 93, 144101 (2016)
Phys. Rev. B 95, 014309 (2017)
Phys. Rev. B 99, 144101 (2019)
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Warm T =~ 10* — 10°K (Trermi)

Dense p ~ 10%2cm—3

I = Vositenn/ Bxmaae 22 1

Temperature (eV)

Density (g/cm?)

Warm dense matter occurs in

@ Cores of giant planets
@ Shock-compressed solids

@ Inertial confined fusion - - -

‘ Create Warm Dense Matter with XFEL .

Irradiating solid sample

FEL XFEL
" loser 8

Wy > Wpl

@ No expansion during heating =

ultrafast pulse =dense

@ Warm in temperature (10°K) =

high intensity =warm

| Pump—Probe Spectroscopy of WDM I

e- heating +  Transfert to the ions
ionizaton WDM
T~ few ps

Expansion

g@%&\% ?ﬁ

7

Ty~ few tenth of ps



‘WDM - Regime between cold condensed matter / hot pIasmaI

Cold condensed matter — ?\NDM

0e0, N> | ®0a®.
0,0 -_— 2 conduction s [ J @
P ® Py & valence eo°
O¥® | <. |..S g
0a®_ / EFermi=T [ 1 K J
patlow T o [T~ R, athigh T
@
3
3 v < -
& -50 - L-shell core —»-
-90 <«4———L-shell core —»
-1400 ™ = Y < K-shell core —

WDM
A
.. :.. oo 0,0 o
Al .o:‘ c e
® 09g%e *
tes s
‘: o.:. .o.o.o.o

= Hot plasma
® 9 ° ® o Y
e g0 o, °
e ® © o ¢ .
as temperature decrease|e o © ® @
- e o .‘ ® e o
or density increases oo 4 ©
o ® o o ®
s s o @ a®

@ Fermi energy is the max e~ energy level in cold condensed matter

I < EFermi
o LA (Aluminum, Epermi = 11.7 eV, 1.4 x 10° K)

standard cold condensed matter theories work.

I &2 EFermi g
9 LA Warm dense matter l Huge and extremely excited molecules

(warm dense superionic water in cores of Neptune and Uranus)

> EFermi . . -
9 L; hot plasma are weakly coupled, classical point particles




electron distribution (1/eV)

Distribution function

F=0.2 Jiem’ 1fs
Aluminum, 92 eV T ;g :S
S
50 fs
100 fs
200 fs
300 fs
——400fs
|
P
f
il L] )
20 40 60 80 100
Energy (eV)

N. Medvedev et al., PRL 107 (2011)

R.R. Faustlin, B. Ziaja et al., PRL 104 (2010)
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electron kinetic energy (eV)

10 20 30 40 50 60 70 80 90

100 ——0fs
Silicon, 38 eV Sfs
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Warm Dense Matter

s ® is not solid N ® is not plasma A

Conventional energy band theory insufficient Conventional plasma theory insufficient
Too high excitation Low energy electrons close to Fermi level
Qoo many excited electrons / KDispersion different from free particles J

$

@ A theory that is able to describe

4 )

Energy band like dispersion of low energy electrons around Fermi level

\Kinetic collision/recombination of quasi-free high energy electrons J s




Electron
cascades

Processes

Hole
scattering

10 101> 1014 1013 1012 101" 101° 109 t(sec)
!

» Electron :
thermalization :
I

I

Consequences

* Hole thermalization



XTANT: X-ray-induced Thermal And Nonthermal Transitions

Monte Carlo
(photons, high-
energy electrons,

Boltzmann
collision integral
(nonadiabatic

electron-ion
core holes) Tight binding coupling)
(wave functions,
band structure,

atomic forces)

Rate equations
(valence and
conduction band

electrons)

Molecular
dynamics (atomic
motion)
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/ Electron-ion coupling parameter g — g(¢)

- gisnotaconstantin time_
- Phonon picture breaks down _

- g(t) can be well calculated now.
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Accurate prediction of phase transition @ high X-ray dose

-100fs

Electrons

AN

150fs

400fs

Deep shell holes

Valence, conduction

band electrons ‘ !\\/

High energy electrons

MC

Boltzmann equation

Eneréy
MC
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Transmission
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Silicon damaging threshold in terms of incoming photon fluence

corresponding to absorbed dose of 0.6 and 0.9 eV/atom
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Theory is when you know everything but
nothing works.

Experiment is when everything works
but no one knows why.

In our lab rules the perfect combination
of theory and experiment:

Nothing works and no one knows why.



We hope and work for the opposite!
Thank you very much
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