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- Motivation

S. Coleman: "Every child knows..."
2
Pwexp{—h/dX\/Zm[V(X)—E]} @

Question: V(x) — V/(t, x) ?

Here: V(x) plus field &(t) Qvé S

m pre-acceleration A
m potential deformation
m energy mixing — Franz-Keldysh effect /\ ’th

E — E + hw (Floquet ansatz)

W. Franz, Z. Naturforsch. 13 A, 484 (1958);
L. V. Keldysh, Sov. Phys. JETP 34, 788 (1958).

m what else?
Adiabatic versus non-adiabatic: .

Bittiker-Landauer “traversal” time

T=ym [ dx //2V(x) ~ E]

PN
M. Biittiker and R. Landauer, PRL 49, 1739 (1982). '1;:; @é&iﬁ%&%ﬁﬁ DRCE:E:F": \ - -ZDR
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Dynamically Assisted Tunneling
Potential barrier V/(x) plus time-dependent electric field &(t)

Kramers-Henneberger displacement mx(t) = q€(t)

Energy mixing x(t + i%) displacement (“pushing out”) x(t)
Dra(E) ~ 2 / ¢l (E=En)t—VEm[x(t+1)—x(1)

Low-energy + opaque-barrier approximation
C. Kohlfiirst, F. Queisser and R.S., Phys. Rev. Research 3, 033153 (2021).

— instanton picture v/ w Y s ™ DR
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.Triangular Barrier — Quantum Ratchets

Steep incidence

A

Mainly energy mixing at front end

Dera(E) ~ P2 / At i(E—En)e—vImVox(e+7T)
Gradual incidence

e

Mainly displacement at rear end

dt
Yira (E) = w%/ ol (E—Ein)t+v2mVox(t)

— quantum ratchets ¥ o e a=DR
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" Rough Scaling Analysis

Bittiker-Landauer “traversal” time

E
Xout

m
- M o2m/h) ~1
5 / O\ s =g ~ OWm/n) ~ 1w
Xln

Length System Energy  Field Strength
wm optical lattices peV n.a.

solids meV 10° V/m
nm

atoms eV 1019 V/m
pm nuclear fusion keV 101 V/m
fm a-decay MeV 1018 V/m

Relativistic: Sauter-Schwinger € it = mec®/(geh) ~ 1.3 x 108 V/m
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Dynamically Assisted Nuclear Fusion
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F. Queisser and R.S., Phys. Rev. C 100, 041601(R) (2019).
ID+3T — 3He+{n+ 17.6 MeV
Ip+ 2B — 3 x4He + 8.7 MeV o

Assistance by XFEL field/pulse N

Ac(t) = Ao/ cosh?(wt) re
Exponent (instanton) vs pre-factor. ..
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.Analytical Model S

Q>
19 I ﬁ\ W

Two-body Lagrangian with Coulomb (+nuclear) field and XFEL
my

L12—7f1+7f2 V(lri = r2]) + (qiF1 + qoi2) - A(t)
Center-of-mass and relative coordinates with reduced mass
L— = V(Ir-|) + gesrt— - A(t)

Approximate scaling symmetry — dimension-less parameters

B s 2m (@i )\’  GefA  GeffA E 4meqc
n=2mErg = — ) = = —
E \4meg mwre mc w qgigo
WKB tunneling exponent P ~ exp{—m,/n}

Sca||ng Ep+B <~ 20ED+T ' TECHNISCHE DRESDEN 'A\ - —
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Numerical Simulations
1D-Schrédinger solver for D+T fusion with w = 1 keV and 10'® V/m
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. . = 2 Y
— scaling behavior B Qe
0.5 00675 0.85 1.025 1.1
C. Kohlfiirst, F. Queisser and R.S., Phys. Rev. Research 3, 033153 (2021). t[as]
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Resonance Effects

Ax(t) = Ao cos(wt) — resonances at £ = nw (Floquet channels)

D. Ryndyk, C. Kohlfiirst, F. Queisser, R.S., Phys. Rev. Research 6, 023056 (2024).
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- Sauter-Schwinger Effect

F. Sauter, Z. Phys. 69, 742 (1931); J. S. Schwinger, Phys. Rev. 82, 664 (1951);...
Schrodinger equation (non-relativistic)

inl Ui V2 + Vi ~ E Py
N _ ~> = —
ot 2m 2m

Dirac equation (relativistic)
Y (ihd, + qAL) W = mcV ~ E =V £4/c?p? + m?c*

Positive and negative energy levels — Dirac sea — holes = positrons

Electric field: tilt V/(x) = g€x Ceit = mc3/(gh) =~ 1.3 x 108V /m
— tunneling from Dirac sea
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- Matter from Light -

C.Kohlfiirst, N.Ahmadiniaz, J.Oertel, R.S., Phys. Rev. Lett. 129, 241801 (2022).
Sauter-Schwinger (non-perturbative) Breit-Wheeler (perturbative)

bed

I\

Colliding laser pulses (Maxwell equations v transversal fields v)
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Quantum Simulators

N. Szpak, R. S., Phys. Rev. A 84 (R), 050101 (2011); New J. Phys. 14, 035001 (2012).

Fermions in bi-chromatic 1D-lattice (e.g., optical)
Continuum limit — Dirac equation with meg(t) 1!

“’ (/ﬁ@u + C]Aiff) V= meffCeff\U

" The same equations have the same solutions.”
Lower band filled — Dirac sea

Lattice deformation —> Eerr(t)

Lattice gap — 2mefrc2 o <K 2mec?

Hopping rate Al ttice — Ceff <K C
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Cf. M.F.Linder, A.Lorke, R.S., Phys. Rev. B 97, 035203 (2018).
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Summary and Outlook

Dynamically assisted tunneling

C. Kohlfiirst, F. Queisser and R.S., Phys. Rev. Research 3, 033153 (2021);
D. Ryndyk, C. Kohlfirst, F. Queisser, R.S., Phys. Rev. Research 6, 023056 (2024).

Rl B

Dynamically assisted nuclear fusion r. Queisser and R:S., Phys. Rev. C 100, 041601(R) (2019).
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Dynamically assisted Sauter-Schwinger effect — quantum simulators
C.Kohlfiirst, N.Ahmadiniaz, J.Oertel, R.S., Phys. Rev. Lett. 129, 241801 (2022).
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