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Lecture 2: Probing and Controlling autoionization

dynamics of Fano Resonances
Chii-Dong Lin

Outlines. Use Helium as an example

Part I: Get to know the helium atom — stationary states.

Part ll: Fano resonances — How to probe its autoionization
dynamics?

Part lll. Control autoionization dynamics with an IR pulse
(photoelectron spectra; transient absorption spectra)

Part IV. Shaping XUV pulses with strong IR’s.

Part V. Summary and Comments
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Photoionization Yield

(a) He
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3-Rydberg series: 2s4p+2pds, 2s4p-2p4s, 2p3d

High resolution photoabsorption spectra of He from
synchroton light sources — about 1990’s
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lllustrations (for the He atom) :

Shell model is the workforce
singly excited states 1s2s1S¢, 1s3p 3P°, 1s6d D¢

Shell model description of doubly excited states:
2s 2s 1Se, 2p2p 1Se, 2s3p 3P°,

But configuration mixing is large for doubly excited states

Warning: Shell model loses its meaning!

Fano (1970’s) : Need a new scheme to replace shell model

How?
How to describe two correlated electrons?
How to view two-electron correlation?

See j63-1986 (Adv. Atomic and Molecular physics)




“Accurate” wave functions -
showing strong configuration mixing (only the bound part)

| 3535 'S¢>=0.72 |3s3s> + 0.61 |3p3p> + 0.15 |3d3d> + ...
| 3s3p *P°>=0.87 |3s3p> + 0.39 |3p3d> +....

|3p3p ‘D*>=0.71|3p3p> -0.58 |3s3d> +0.15|3d3d> +...
|3p3d °F°>=0.91|3p3d> +......... :

|3d3d 'Ge> = 0.80 |3d3d> +....

They have Identical correlation quantum numbers:
(K, T)* =(2,0)
Symmetric bending mode of two electrons

These states have same “internal structure” , characterized by
K,T, A quantum numbers, but different rotational angular momentum L
—> Like the Rotational excited states of a linear xyx molecule
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Doubly excited states are autoionizing states— Fano theory



Fano, Phys Rev 124, 1866 (1961)

Fano resonances — How to probe its
autoionization dynamics?

50 years later, we asked this question, but when can it be
carried out experimentally?

Chu and Lin, Phys. Rev. A82, 053415 (2010)



In Time-Domain physics,

A designer’s wave

Need to create wave packets packet?

Need to probe wave packets

A probe to reveal the dominant
features?

Example:

*A simple wave packet made of singly excited states

*Probed by double ionization




Simple case:

Two electrons
are closer
together at t=0
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Coherent singly excited states:
Radial motion of a single electron

e 1s1s1Se + 1s2s1Se

Coordinate space

0 10 20
R

Radial motion of the outer electron
only




Vibrational motion
° 252 1se+ 2p2 1se

Momentum space Coordinate space

6., mn O /2 0.,



Summary of part I:

1. Electron correlation is not easy to describe even for helium atoms

2. What aspect of e-e interaction is probed depends on the probe
pulse

3. Two-electron dynamics are difficult to measure, or to describe

4. Electron dynamics can be modified — but not easy to “control”

5. Still, with attosecond pulses, for the first time we have the tools to
change how electrons behave in atoms and molecules



Part ll. Time evolution of a Fano resonance

He 2s2p doubly excited state:

Lifetime deduced from resonance width: 17 fs

Use 1fs XUV pulse to excite helium
Can one determine the evolution of a Fano resonance?

Can one modify the resonances—-i.e., control its decay?




Autoionization— Energy domain vs time domain

- v I v '
| R Wehlitz et al, Phys. Rev. A 68, 1s%2p %P
052708 (2003). -
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Cross section & eigenstate formulated by Fano

Fano, Phys Rev 124, 1866 (1961)
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Configuration-interaction U. Fano, Phys. Rev. 124, 1866 (1961)

Including the interaction between them,
‘a> ‘/))E> bound and continuum configurations are
not eigenstates of the system.

2) §
(assume V.=V= const.)

sin A .
ap =
Fano solved eigenstates in ) ud
terms of bound and 1 smA, :
continuum configurations: \bEaE’ T E_E _é(E_E )COSAE
) = @)t (B gl BIE A, = arctan 2L
Ye)=ag fEE E E=_arcanE_E
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Key issues:

Autoionization Dynamics of Fano resonances

1. Fano resonances appear in many physical systems. They have been
measured in energy domain but never in time domain.

2. The typical width of a Fano resonance in atomic systems is 10! eV or
lower, corresponding to a few femtoseconds or longer. The ultrafast
technologies today are entering this time regime.

FWHM of 1 fs pulse => 1.8 eV in width for a Gaussian pulse

3. We want to build a time-dependent model to study:

d.

b.

How the state vector of a system changes in auto ionization?
Will we recover Fano profile in energy at the end of the decay?
How the wave packet moves in coordinate space?

How to probe the evolution of the system?



Theory > Exact solution
‘I/JE> = aE‘a> + bEE‘/jE>dE’

eigenstate
time ik
W(0)) = [C.OW)E —cimmon [P0 = [Ce(@e™ |y, )dE
Exact solution to wave function ???
“P(f» =Ca(tX 05> +fCE(tX/5E>dE Both initial bound and

cont. states contribute
to both at later times.

Initial continuum
Ft} background term

is separable

E-E'

18



(a) g -> inf

Theory > Flat initial continuum oo
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Application in Be > Isolated resonance 2p4s

long time:

short time: 2
Resonance: > . |CE(t)I stable, wave
E,=2.789 eV +1, | ce(t)|* still changing packet in const. velocit
[=0.174 eV L@ A — i ———————
q=-0.52 LS @ UT=20
YT = 40 oo
0.8 -1
Pump: 3 -
duration=1.5fs % < T T
(width =1.216 eV) S al |
center at E,
0.2 F i
Energy (eV) 00.5 1 1I.5 I2 2I.5 ;3 SI.5 I4 4.5 5
0.1 T , T ' Energy (eV)
T =00 ——
(b) t/T=05 ------- T T T T T T
R S T =10
008 A ] 0o0a | =20 e
YT = 40
’5 0.06 - ’; 0.003 F .
g 3 ~ .
< 7 < 2 oo02f "l g
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T ‘ oo | DA j
e Ty VAR YN
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Application in Be > Multiple resonances 2pns

y
Resonance parameters:

(2p3s — 2p9s) Exp. by R. Wehlitz et al, o
W= 0.6, n3=7.1 eV, q= -0.8 Phys. Rev. A 68, 052708 (2003) t=D5fg =everes-

Pump:
duration=1.4fs
(width =1.332 eV),
center=2.5eV +1,,

lcgl? (1/eV)

Energy (eV)

1.

|cc(t)| 2 reaches Fano profiles at large time. Lower resonances grow faster.
2.

Calculation is by single pulse but experiment consists of long-pulse
measurements at each E. No direct comparison between the two.

21



How to Probe? Measurement issue— a long probe pulse

‘W(t)> =c, (t)|He, 252p>+ch(t)|HIe+, 1sEp>dE

probe ~150eV ionizes lsi
\4

Cp i |Hez+, E'pEp>

For future experiments:

t=0 t = T (time delay) large t
/\ He* evolves /\\ He* evolves /\/\ He*
ener l
&Y i probe
v
profile is copied He2+ no change He2+

Onto He?* A/\\ A /\-\ A

detector

22



Summary of part Il.

Fano resonances can be measured in the time domain during their decay with
two designer’s attosecond pulses in the future.

How to make such measurements have been proposed.



Part lll. Control autoionization dynamics with an IR pulse
(photoelectron spectra; transient absorption spectra)

Existing experiments with attosecond pulses use

weak atto-XUV-pump + strong femto-IR-probe

Mostly with the two pulses overlap in time— look for sub-cycle modulations

1. Streaking of photoelectron spectra in the laser field— used to probe Auger
decays in time domain -- 1%t experiment by Krausz’s group
2. With attosecond pulse trains — probe two-path interference
ion spectra; electron spectra; and transient absorption spectra
-> for singly excited states
- for doubly excited states or autoionizing states
3. With single attosecond pulses
- decay lifetime as an additional time factor in the problem
- require high resolution spectroscopy



Autoionizing states are abundant in atoms and molecules
* Intense IR can strongly couple bright and dark states

* Such coupling can be probed with attosecond pulses — to
control the auto ionization dynamics

Existing experiments with attosecond pulses use

weak atto-XUV-pump + designer femto-IR-probe to enhance coupling effect

Model system: A three-level system: EIT in the time domain

65.40 eV
_ " 2p? 62.06 eV
IR
+ 2s2p 60.15 eV
— 24.59 eV
XUV




Electromagnetically induced transparency (EIT) - energy domain

transmission

Sr [5s5p — 4d5d — 4d5p]

1.0

N @
dressing field off

(b)
dressing field on

A

7
Theory /
05 s
’
Fl
i
i
7/
7
1
f
2
4,
L
.0 :
4 -2 o 2 4

probe laser detuning (cm! )

Boller, Imamoglu, & Harris,
Phys Rev Lett 66, 2593 (1991)

Rabi oscillation

EIT

resonance I

o §£ressing
probe

bound

ground

bound

dressing (AC field)

bound

I_
res. 1 — IIIII1II>

res.Z_r_""f'z">

probe

ground

Fleischhauer, Imamoglu,
& Marangos, Rev Mod Phys 77, 633 (2005)
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Three-level autoionizing system— the model

/XUVHR — strong coupling \

resonance My
IIIIIII> e'

L

Extract autoionization dynamics?

U

EIT-like effect in attosecond timescale
IR

r O Manipulate electron dynamics and

a -
resonance REESsE €

\ ground /

short light pulses
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Total wave function in configuration basis, general procedure

/

o

W) =c,(c)e™™

Total wave function
> lEXt[ +fCE
e ! [ +ch

~

~

Schrodinger Eq.
H(t)=H,+H,(t)

(dipole transitions only)

-

.

Coupled
Eqgs. ) Cb(

form

)
) analytical
)

(preliminary)

t
cr, (1) ﬁﬁﬁmﬁg {CEI (¢)

CE, (t)

c,(t)
Je,(t)
b (t )

numerical
solutions

~

numerical
solutions

(corrected)
\ {CEI ( t)

Cg, (t)/

\

Y

Madsen PRL 85, 42 (2000), Themelis JPB 37, 4281 (2004), ...
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Total wave function in configuration basis, more details

Rotating wave approximation (RWA)

Dipole matrix elements are constant of energy near resonances
Cont. states changes slowly => adiabatic elimination

Ilgnore 2"%-order transitions: <E,|D|b>=<E,|D|a>=<E,|D|E,>=0

s wWwnN e



Total wave function in configuration basis, more details

i e, (1)=-Fi

d d
Adiabatic elimination —CE1 (t) = —

)DElgCg (t)"' Vaca (t)"' (AEI - 5)( )CE1 (t)

(t)= Vbcb(t)-l_(AEz -0y _514)6152 (t)

dt dr (t)=0

. d ;
lzcb (t) = _FL (t)DbaCa

e, 0)= i) e, (f)_FX(f)Dag(l_L)ca(z)

9.

9a

(t)_[(é)( + 5L)+iKb:kb(t)

G- D1 e (-0 w1 o 0= 00,0

Retrieve

Cp, (t), Cp, (f) as iteration

30



Total wave function in eigenstate basis

g> + e Ex [ca (t)‘ a> +ch1 (t)‘ E, >a’E1
e o, (o) + fes, 0] ),

W) =c,(c)e™

configuration

| o
] basis

yi) = la)&|E)

Fano’s theory

: )
“P(t» =, (t)e_iEgt g> + e_iEthcg”)(th/Jg’)>dE (atomic)
. eige_nstate
- + e_’ELtfcg’,)(txZ/Jgf)>dE’ basis )




Experiment 1 — He, 2s2p('P)—2p?('S), Electron

Electron Energy (eV)

XUV - 100 as, weak
IR-780 nm, 9 fs, 7x101! W/cm?

]
{\3-: .'."l': TR I vl v g )
------ S 1 LY N T T Y
UQP YRy .”(f‘ug,-\a} 134 A
34 - 5 ’ _El, F LR i%m
E‘ !J}V"T""‘:?A‘Vl"b.\- 1‘2\' l\ T ’k T T : T 41
-10-5 0 5 10 15 20 25 30 35 40

Delay (fs)

Main feature is depletion
=> retrieves lifetime

Spectral resolution inadequate I

Normalized resonance peak

Electron energy (eV)

Gilbertson et al, Phys Rev Lett
105, 263003 (2010)

Expt. —=—

Coup.+W_+W,
02 Coup.+W, ==eeeen .
Coup. ++eeeees
1 1 1 1 1
-10 0 10 20 30 40
Delay (fs)
@) (108 ev)

357

overlap
35.6

355

354

-10 0 10 20 30 40 50
Delay (fs)

Chu, Zhao, & Lin, Phys Rev A 84, 033426 (2011)
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Experiment 2 — He, 2s2p(*P)—2p?(S), Absorption

Transient abs.

Photoabs. yield

yield (arb. units)

(arb. units)

1.00

0.75

0.50 R

0.25

1.00

0.75

0.50

0.25 [

0.00

IR: 800 nm, 42 fs, 1.4x1013 W/cm?
XUV: varying wy, 30 fs, weak

IR is longer than lifetime

Expt. & theory

Loh, Greene, & Leone,
Chem Phys 350, 7 (2008)

10 -05

a2 ™ .

05 1.0

0.0
XUV detuning (eV)

Based on Lambropoulos’
model in weak probe limit

| delay =0fs \

Present calculation

P=j:§(a))da)

EIT effect at

(overlap)

-1 -0.5 0 0.5 1
XUV detuning (eV)

Chu & Lin, Phys Rev A 85, 013409 (2012)
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Experiment 1 — He, 2s2p('P)—2p?(1S), measure photoelectrons
limitations: control of auto ionization not observed

1 T I d T ./ Ll

8k i n'ola'ser' . dL 10 -—'-—I_
_ delay (fs) = -4 ——— = — peak
Bl s L ) Foiee height
o (b) (c)
Lt {1 )
E 4 1 F ¥ & vl ]
s, 2
& Y
8
0 1 L : I | g
354 355 356 357 354 355 356 357 2
Electron energy (eV) .é
N
. o
Energy resolution = 0.7 eV £
[¢]
Z

He R
0’: Wb
2p? A
R| 7 W,
2s2p X
XUV
152 -

Coup.+W_+W,

0.2 Coup.+W, ==seee= -

Expt. —=— |

-10 0 10 20 30
Delay (fs)

Large tunneling + large detuning
Weak Rabi oscillation
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Next Goal: Nonlinear quantum optics of atomic gases in attosecond time domain

1. Enhance IR coupling with little ionization-near resonance IR
2. Transient absorption spectroscopy
3. Include medium effect




Photoabsorption (extend Gaarde et al 2012)

Consider dipole oscillation Energy(a>bsorbed:
> dﬂ { 0~
H(t)=HAtom —ﬂ(t)E(f) > AU =£wE(t)7dt=—£ C()S(C())da)

Response function:

Cross section
absorption probability per unity energy

o) = 47Z’0!CU1§(CU)
« E(w)

~

S(a)) _ Imlﬁ(w)ﬁ*(w)J < Srelatedto o S

Beer’s law
T(w)=T,(w)exp|- polw)L ]
ult)=eu (¢)+e u, (t)+cc.

where

uX<r>=Dag(l+i)cz<f>cg<f>-iFX<r>jgg\cg<fr

(1) Docs ek )
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Experiment 2 — Ar, 3s3p°4p(1P)—3s3p®4d('S), measure XUV transmission

Measurements

Simulations
updated
by Zhang

Present
calculation

Transmission signal
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>
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w
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)
£
S 5 Wang et al
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MA, : : 1.0
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1
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B
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w
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é 04
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260" " -
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Laser ionization
27
>
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40

30
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Proposed scheme in Helium

Use of IR for controlling autoionization dynamics

He, 2s2p(*P)—2s%(1S), A-type coupling
1. Tune laser to 540 nm for good resonance condition
2. Use lower state 2s? to avoid laser ionization (tunneling)
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Electron energy [eV]

Long laser pulse — EIT condition
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Electron energy [eV]

Electron energy [eV]

General features- similarity in e and photon spectra
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IR intensity dependence (for t, = 15 fs)

Electron profile [1/eV]

Electron profile [1/eV]

Electron emission
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IR detuning dependence (for t, = 15 fs)

Electron profile [1/eV]

Electron profile [1/eV]
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Summary of part Il

By choosing IR properly, the auto ionization
dynamics of doubly excited states or
autoionizing states can be controlled, and
probed with the XUV-IR time delays.

Transient absorption spectroscopy appears to be
the better method for such experiments.



Part IV: shaping the XUV pulses with IR
Propagation in a medium— weak XUV SAP + strong dressing laser

Laser
1012-1013 W/cm?

dense
/\ B helium » )
1
gas I
> — >

weak attosecond XUV = ?
XUV
2s2
~2eV{ p .............) 17fs
strong
9fs coupling laser
Weak —— .............) 5.3fs
2s?

XUV pulse 1 fs

1s?
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Maxwell equation for XUV propagation

moving frame t'=t-—— polari|zation
C
time domain 2 ! _%azEX(r’Z’t,)= 1 82PX(r,Z,t')
(Iooselylfoc)ﬂsec;) , C dzot' 0280 ot'?
dipole moment
I
L) p )
0z ce, ot
E)= R E e i O=u e e

aFX(Z,t')= _p auX(Z’t,)+ia)XuX(z,t')

0z ce, ot'

Prop. of envelope in time domain
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Helium gas — 25 torr, 300 K, L =2 mm
XUV -60.15eV, 1fs, 1019 W/cm?2
Laser — 540 nm, 9 fs & 1 ps, various intensities & delays

Transmission enhancement
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Bound-state population (at end of laser) in propagation

Probability
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Helium gas — 25 torr, 300 K, L =2 mm
XUV -60.15eV, 1fs, 1019 W/cm?2

Laser — 540 nm, 9 fs & 1 ps, delay = 0, various intensities
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Transmission yield Helium gas — 25 torr, 300 K, L =2 mm
XUV -60.15 eV, 1 fs, 10° W/cm?

Laser —540 nm, 9 fs & 1 ps, various intensities & delays
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Gas density Helium gas — various pressures, 300 K, L=2 mm

XUV intensity (a.u.)
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In both cases, the enhancement peaks are persistent in increasing densities
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Temporal profiles of XUV and laser Helium gas — 25 torr, 300 K, L =2 mm
XUV - 60.15 eV, 1 fs, 1010 W/cm?

Laser — 540 nm, 9 fs, 4.5 TW/cm?, various delays
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Summary of part IV—
1. Can Use IR to control and reshape the XUV pulses in the energy or time domain in
a gas medium

2. Experimental verification will be of interest

3. Generalize to few-level systems



Part V. Summary and Comments

1. With attosecond pulses, the electronic motion can be modified. The

broad-band nature of AS pulses means that we do not really “control” electrons.

2. No clear means exists yet on how to probe the electronic wave packet yet

3. Still, the number of laboratories with AS pulses are growing quickly. Experimental data
using XUV+IR are coming out more often. Experiments may want to turn to focus
on using IR to modify the atomic medium, and probe with attosecond XUV pulses.
EIT-type nonlinear optics in the time domain may be explored.

4. The field is still new, but challenge to theory and experiment are severe since we
are lack of simple concepts for attosecond physics for atoms and molecules. Simple
models are needed in order to be able to explore the large parameter spaces for
such measurements.

Credit: the works described here are solely from Dr. Wei-Chun Chu since 2010
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