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Background Introduction

» Atomic ionization: the first step of strong-field phenomena -
* above-threshold ionization (ATI),
* high harmonic generation (HHG),
* nonsequential double ionization (NSDI),
* attosecond pulse generation, and atto-timing.

* Many key features still not under control: e.g., where in the focus was the
atom irradiated? when was the electron emitted?

* Complementing and competing theories and models are actively engaged,
working to deal with open questions and new discoveries.

* SFA, TDSE, TDNE, semi-classical tunneling, ..., SENE
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Existing theoretical approaches

(1) Numerically solve the time-dependent Schrodinger equation (TDSE):

Accurate, when ab initio it Time consuming

Includes all quantum effects Resource-demanding
Hard to interpret

(2) Assume tunneling to initiate classical trajectories:

Use approx. tunneling formulas,
which are questionable under
some conditions

Fast, includes quantum via
tunneling formula Ansatz

(3) Rely on completely classical trajectories, solving for electron ensembles (TDNE):

Fast, easy to implement Excludes most quantum features,

Easy to interpret especially quantum tunneling

tunneling # approx. tunneling formulas!
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‘Plasma Perspectives’ in High Fields

Very early explicit mention of plasma concepts in NSDI: P.
Corkum, PRL 71, 1994 (1993) -- the evolution of an electron
can be described by classical mechanics after it tunnels out
of an atom (just the Simpleman viewpoint, 1987).

Open question: how far can the classical approach be trusted?
Does it really work for any interesting effect (e.g., for
momentum distributions of all kinds)?

Answer: 1t works better than you might expect if you are an

atomic physicist. True QM effects (e.g., tunneling, particle
interference) appear to be consistently minor or absent.

Related question: are NSDI effects ‘robust’, 1.e., showing up in
purely classical modeling?
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Early classical model / dynamical + complete
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Atom (at first, just 1-d)
Aligned-electron approximation
Soft Coulomb “Rochester” potential

Field (only linear!)

8 half-cycles of 1onization (2-4-2)

A =780nm (N=13, N*=39)

Intensity range I ~ 10'#—101> watts/cm?
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Why is QM an ‘Impossible” DAE Task?
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Challenge:
nw, and e is energetic
small grid size + covers a large spatial range
(Bohr radius, a) D (>1000 a,)

1000 grid points per dimension per electron

Need 108 grid points to store a 3d 2-e wavefunction.
Memory requirement: 1000 Terabytes
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The ‘Basic’ Equations Again
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Classical vs Quantum Dynamics

Classical* Quantum®

=50 0 50

The first (only) comparison of TDNE vs. TDSE for
exactly the same conditions (atom potential, pulse
length, wavelength, intensity) supports the 1dea that
NSDI dynamics is largely classical (see next).

*R. Panfili, J.H. Eberly and S.L. Haan, Opt. Express 8, 431(2001 ).
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Classical vs Quantum Dynamics in Real Time
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Snapshots from movie — 1d classical NSDI
formulation (only 25000 electron pairs)

3.000 cycles 3.125 cycles 3.250 cycles 3.375 cycles 3.500 cycles
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Classical Dynamics, Two Electrons in Real Time
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Energy vs. Time, Electrons in Motion,
with Trajectory Classification
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Z and Non-Z Are Enough to Fit Data
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Expts. from -- a. neon - Moshammer PRL (2000); b. helium - Th. Weber PRL (2000);
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Theor. interp. from P.J. Ho, R. Panfili, S.L. Haan, JHE, PRL (2005).
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‘S-matrix’ vs Classical Calculations of 2-e
Longitudinal Momentum Distributions
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C. F. de Morisson Faria, et al. PRA 70, 043406 (2004)
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Moshammer et al., JPB 36, L113 (2003).
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Classical Calculation vs Ar Experiments:

Longitudinal Momentum Distributions
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Expt. Data: Moshammer et al., PRA 65, 035401 (2002);
K. Zrost et al., JPB 39, S371 (2006).
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TDNE Goes Beyond Existing Alternatives (3e)

1= 0.000c

P.J. Ho and JHE, PRL 97, 083001 (2006)
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Snapshots of an Atto-Event (3e)
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Classical 4-e Atom vs. Ne Experiments

Longitudinal Momentum Distributions Transverse Momentum Distributions
Experimental Data Classical Theory Experimental Data Classical Theory
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Expt. data are taken from K. Zrost et al., JPB 39, S371 (2006).
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Finally, a New Approach — Dodging the TDSE Difficulty,
and Now Including Elliptical Polarization

A combination of TDSE and TDNE called SENE is possible following a new approach
(Xu Wang, Justin Tian, J.H. Eberly, unpublished)

- * Let’s try SENE
’ (TDSE + TDNE)

>

N,
N\,

* Electron release by
SE (tunneling?)

4
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TDNE
* Use NE as soon as

TDSE . possible
-------- >

™ * The efficiency and
\ clarity of classical
‘ traj’s maintained
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Extend the virtual detector (VD) idea

Feuerstein and Thumm, JPB 36, 707 (2003). Detection was the end of their story.
Molecule
Absorption pu— dissociation — Absorption
region - s region
N -’
VD1 VD2

At each time step, each VD records the probability flux going through it, as well as the
corresponding momentum.

W(F, 1) = A(F, 1) expli(F,0)

rr th r . T . T r
J(7,1) =ﬂ[‘l’(7‘d,t)V‘P (7,0) =W (7, ) VW (7, 1)]

k(r,,0) = V(r,,0)) = M}I(}Ed’t)z
| A(r,,1) |

Particle momentum distribution can be recovered from the recorded information.

No Fourier transform needed. No large numerical grid needed.

S UNIVERSITY of
@ ROCHESTER ETH — November 1 R 2012




The SENE approach (1)

1024x1024 dL=0.1 a.u.
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* VD technique extended to 2D
elliptical polarization included

e Detection initiates classical traj’s

* Actual # of VDs = 800

e Starts from a numerically found
guantum ground state

Vir)=- 21 2

r+a
Ar: a=0.67 a.u.

He: a=0.28 a.u.

* results converge as R>10 a.u.
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The SENE approach (ll)
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Momentum tilt angles

Elliptical polarization: € = 0.78
Pulse duration: 7 fs

Py (@u)
Shvetsov-Shilovski et al.,
PRA 85, 023428 (2012)
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Title angle vs. intensity

Pfeiffer et al., Nat. Phys. 8, 76 (2012).
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Can we read out multi-electron effects from the data?

* First we need to separate out single-electron effects.

* The SENE approach does the job!

Possible question: Why do ‘multi-electron’ effects only appear in the over-

barrier regime?
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Extending the Intensity Above ‘Saturation’

Fully correlated TDNE calculations
suggest a step-wise diminution of
the Coulomb contribution to the tilt

theta(degree)

angle. 5 o
04.5 5 5.5 6 6.5 7
The TDNE points agree (crudely) (pu/em*2)
with experimental data for lower 40
intensity, and agree very well with ] W
the integration of Simpleman and 5= G
Coulomb forces (by the Shv-Shl S -
formulas). . ]
05 , Ls , 25
I (PW/cm”2)
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Intensity Dependence Above Saturation
A Series of Drops in Tilt Angle for Ar?
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Summary

* A long overview tried to justify continued attention to the TDNE approach for semi-
guantitative results, in addition to qualitative insights.

*Comparisons with experiment were extended to the momentum ‘tilt’ angle with
TDNE above the ‘saturation’ intensity, with a new effect noted.

*A new approach (SENE) for atomic ionization was also described, with first results.
* The new approach supplements quantum wavefunctions with classical trajectories,
where electron release is by the Schrédinger equation (without approximate

tunneling formulas, leaving an Intriguing question: does ‘tunneling’ actually occur?)

* SENE is NOT limited to 1e. Ongoing project: 2e, effects of quantum e-e correlations
prior to ionization

Thank you!
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