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UBACACESA Introduction

| ) S LR U
i We consider now the electron initially bound to one atom

co~iesy For the hydrogen atom:
2

V()=

Potential energy in MKS
Areyr

1 . .
=—= Potential energy in a.u.
r

The electric force felt by the electron in the first Bohr's orbit is
2 e {5><10“% electric field in MKS

—eE,=-VW| =—" f¢=E=—"0-= T
= Ame,al drea’ |1 electric field in a.u.

lonization condition

It is desirable to have a laser electric field

of the same order of the Coulomb electric field

3.5x10%

a 2 ¢ _ 5454ay.  Butwe observe ionization for | >10" %
8z
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ek Photoelectric Effect §

| SR S LB O

_ A. Einstein, Annalen der Physik 322, 132 (1905 ,

o instein, Annalen der Physi ( )
Einstein (1879-1955)

A Mher einen
s die Ersengunyg ind Verseandlung des Licktay
7 \ Electrons ejGC!Bd Letrefendon hearistischen Gemiehinpunks;
\ from the surface / won A, Binstoin
Lwmtbos den Uwarstincher Voretellengen, welchie sich die
¢ Physiber ther dis Gase mi asdern pondreshle Keiper o
Ritdel Babwa, wed der Mazwellschen Thesew der slebem.

o losssn Revaw laalodd

wrasrad e lios Procsws ou wiesiasnt

Kiax = hv —W.

A About a heuristic point of view
concerning the production and
transformation of light ;

Sodium metal I

How long do photoelectrons take to exit the metal plate?

Physicists assumed the effect was instantaneous

Departamento de Fisica M |,.i hO" |
UBAECCASA Multipheten 1

' e 1930:Maria-Goeppert Mayer performed her
:‘}'I PhD in Gottingen, with Max Born as her PhD
—, . supervisor, predicting the possibility that 2-
photon absorption might be possible.
However, light sources allowing to validate this
prediction were unavailable at the time.

¥ ™

In 1963 she became the 2" female Nobel
Laureate in physics, for her work on the nuclear \
shell model. Maria-Goeppert Mayer

| o anieon s (Sl 3 - 125N eV e iole

Conclusion: stema can P Agostini et al., Phys. Rev. Lett. 42, 1127 (1979)
absorb more than the
Above-Threshold lonization

minimum required number
e 6-photon ionization:

Energy spectra of electrons produced by
s multiphoton ionization of xenon atoms,

for two photon energies.Triangles: w =

)l PN
|\ s
cides /\ T 1.17 eV; Circles: w = 2.34 eV;
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ipatmerefsis  Multipheten lenizatien (ATI)

UBAEXACIAS A -
l\\;?— When lasers are weak and frequencies high, the distortion of the atomic
::'\.”..:1 potential due to the external electric field is negligible.
- V(z)
=(E+
o= (E+ )h
Ef = ho - Ip Einstein’s formula Above threshold lonization
E, single ionization
=—- IP -
—— ho
.’gﬂf’l:)*l“lﬂ stare - I
P E. =nfo- |
f P
Extension of Einstein's formula

s o0 Qver the Barrier lonization

(Al E When lasers are strong and/or frequencies low, the distortion of the

[ i atomic potential due to the external electric field is appreciable.

CONITCE
EE—— In the length gauge, the total potential energy is given

by the atomic potential energy added to the potential
energy given by the external laser field

" a2
& V() =—S—+eE(t)z (MKS)
N 47[80
+
\:‘"3 3 =—£+ E(t)z (a.u.)

£ r

V(z) The value of the maximum of V(z) is:
1
Zmax Zmax ==
— E

V(2pa) =~ [E®| 2




Departamento de Fisics Qyer the Barrier lonization (cont.)
UBAEXACIAS A e

t A ' = The atom will ionize if the electron energy is higher than the potential

Ol barrier: )
<2JE| = [E[>E, =(%"j

CONICE)
i —IPZ—Z\E =

For the hydrogen atom

l,=1 = Ec=5=3.1><101°X
m
= I = 'a2=1.37><10“ WZ
16 cm

This provides a good idea about the importance of ionization:
If | > |_ => atomic ionization is important

If | <I_=> atomic ionization is small (but appreciable).

Conclusion: Another mechanism for atomic ionization

Departamento de Fisica ) H s g
VBABOLBSA Tunn eling lonization
( A D & The electron can cross through the
o potential barrier by tunnel effect.
CONICE
e ]}9 The ease (or difficulty) for the electron to
=5 tunnel can be defined as the classical time
N that the electron takes to tunnel through
= = the barrier.
= "tunneling distance"
""" "tunneling speed"
V(z) According to the Virial theorem, the
~ _ E)z kinetic energy is minus the total energy:
s 21
~ 2 _ P
-1 fc 5 smyvi =1, = v, = _me
'|p L The tunneling distance is approximately
N I
~7,|Ep|=-1, = z,=—"
ol
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Departamento de Fisica  ~ ATl izatian (cam
e Tunneling lonization (cont.)
Therefore, the tunneling time is:

=
o Lz LE| L

P tun:Vtun: /_2|p = |E0|

The adiabaticity or Keldysh parameter is defined as the ratio of
the tunneling time over half a laser cycle:

_ "tunneling time” _ t,, l
“half cycle"” — T/2’

A e [E

Ify <1 => tunneling regime

bepartamentode Fsica PHOTOIONIZATION MECHANISMS
UBAEXACIAS A ( gg.nt.)

~<og,
CONICET
£

»

i )?\
i
-
L}

L}

.
B ot b =
4
4
4

3
==

Eﬁ slata

How long does it take for an
atom to ionize?

Low intensities: multiphoton regime High intensities: tunneling regime
>0 (<1

Tunneling time?

6/24/2024



Departs de Fisi : lac . "
e Theories and Approximations

| ) S LR U

coNicE Semiclassical Model
T, Born Approximation R-Matrix
Floquet Theory Coulomb-Volkov Approximation

Time-Dependent Schrodinger Equation

Impulse Coulomb-Volkov Approximation Simple Man’s Model
Strong-Field ApproximationQuantum Orbit Theory
Back-propagation method Lewenstein’s Model
Semiclassical Two-Step Model Quantum Trajectory Monte Carlo

Time-Dependent Density Functional Theory

Three-Step Model
Coulomb-Corrected Strong-Field Approximation

meazsa  Simple Man’s Medel

L A U = For the tunneling regime (y < I), we suppose that the ionization is

; ,_A . .
Ol produced in the following way:
CONICE
¥ ™
* At t = t, the electron is tunneled out through the barrier. The

ionization rate is given by a semiclassical estimation due to Amosov,
Delone, and Krainov (ADK) J. Opt. Soc.Am. B 8, 1207 (1991):

W_(s_ej” 22 A+ aezr T exp| 22
7)) 3n°2n -1 2n" -)n"|E(1)| 3n°|E(t)|

where n" = Z/‘ /21, (n" =1 for atomic hydrogen)

* Right after tunneling (which is considered to be instantaneous at t = t,),
the electron appears with zero speed at the origin.

* After the ionization (t > t,), the electron behaves classically driven by the
external electric field and the atomic Coulomb potential is neglected
(Strong Field Approximation).

6/24/2024



opartamento deFisics - Simple Man’s Model (cont.)
UBAEXACIAS A : N :

| ) S LR U

- oy Tunneling formulas
Shssaniy 0.5 PWecm2 2 PWcm2 4 PWcm-2
101 — b v v

He
+ Solid lines: exact
+ Dashed lines: formulas

c 1021 ]
K=l
Rl o B
g :
2104 : -
5 : L i
0 01 0.2 0.3 0.4 0.5

Electric field (a.u.)

C.). Joachain, N.J. Kylstra and R.M. Potvliege, Atoms in
Intense Laser Fields, (Cambridge University Press, 2012)

opartamento de i Simple Man’s Model (cont.)
UBAEXACIAS A - N :

S L..- As an example we will apply the Simple Man’s Model to the case of
Ol an atom in a linearly polarized sinusoidal field

CONICE)
i E =Z2E,sinwt; Z: polarization direction
We use atomic units

Lorentz Force: Z(t) =-E,sin ot
, E, . -E,
2(t)y=—coswt +Vv,,;, With v, =——Ccosawt,
w @

z(t) = a, Sin wt + Vv, (t —1,) — ¢, SiN it

= E,? v E
Kinetic energy: T, (t) =1 2%(t) = > 0 cos® wt + —£ 4V, —2COS wt
w 2 w
t+T 2 2 V2

1 1 ! ! E Vdrift drift
time average: (T,;,)= = I T, (tHdt' = 4—00)2+7 =U, -
t
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Departamento de Fisica Simple Man’s Madel (eoant.
JUBAEXACIAS A ple Man's Model (cont.)

LAk What do we measure at the detector?

ol

CONIEEY o The detector is at a distance considered infinite in relation to the
£ 3

atomic dimensions.

* The laser pulse adiabatically switches off =» the electron does not
oscillate any more and only the drift velocity stays on:

V2

<Tkin> - ;ﬁ

What is the maximum kinetic energy of the electron that we can expect?
We must find the ionization times so that |vy,| is maximized.

Departamento de Fsics  Simaple Man’s Model (eoant.
UBAEXACIAS A E“p“ Man’s Medel (cont.)
_ -0

&’: Vi = 7cos wt, possesses extremes (max and min) for
bl oty = jz, ty=]T/2,thatis, every half cycle

2 2
_ E
= drift — 0 - — 2U )
2 20

max

= <Tkin (t)>max =2U p

T T
-8 jonization times for max <Tm>

EO
The electric field is zero when
—~~ l l <Tkin>max = ZUp
=0

N
w ,
Therefore, there cannot be tunneling
-E ionization and <T,, >, . cannot be

classically reached.

—

0 2 3

()
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JUBAGXACIasS A s

| ) S LR U

- We will develop the S-matr"ix theory and will aRply it to the

coxicey problem of the laser-atom interaction.We consider an atom

¢+ in the Single-Active Electron (SAE) approximation under the
influence of a linearly polarized electric field.

%=

= - mNE e = =

dysh-Faisal-Reiss Theory

We suppose an interaction Hamiltonian H,, delimited in

time, we mean, it starts and finishes : |im H. =0
t—>o0

H=H,+H,,

iz % =H,® (with no interaction) (1)

i 88—\? =HY (with interaction) (2)

(’J‘

( {

Departamento de Fisica !'(Lg_:\ g d ys h - F@J §§§J = R
UBAEXACIaS A .

o P (t) is solution of Eq. (2) with the following boundary
CONIEEY - conditions

iss Theory (cont.)

lim ¥ (1) = @, ()

since H, . is not initially acting.

int

The transition amplitude from one initial state (without
interaction) to a final state (without interaction) is(®; - ®,):

e (+)
Ty =lim (@, (OO ®)
{—>+o0
To eliminate the asymptotic limits we make use of integration by parts:

b b
[ox F(09'0) = (gL, - [ax f'(x)g(x)

6/24/2024



oepartamento de Fsis [ eldysh-Eaisal-Reiss Theory (cent,
UBAEXACIaS A ) ySh=-Falsal-REiss | heory (_\,Q-_Cn'}

| ) S LR U

- Tdt<CD (t)“}’(*)(t)> (@, O¥O ) jdt<<1>[(t)‘\1/§”(t)>

PO oo)> Idt<<bf(t)‘\l’f+’(t)>

; (—0)

= (@ ()| ¥ () - < ( (-0)

(@ ()| ¥ () =5, + jdt D, (t) <+>(t) WO ZRIG

= H\y“) (t) THoo (1)

(@, ()| ¥ () = &, —%jdt[d) ®|(H = H) ¥ ) |

ww)]

<CI)f(oo)“I’i(+)(°0) =5, _hL'[dt[ CI) (t)‘ int

Departamento 6e Fisica [ eldysh-Eaisal-Reiss Theeo con
ety A ory (cont.)

o T, = lim (@, (0] #10) = (@, ()] ¥ )

CONITCE

e T, =+ [ dt(@, ]eF-EQ)| ¥ )

For the case of ionization: (@, = ®,)

The quantum mechanics equations of motion are invariant under time inversion:
(@, »>®) T=lm(¥OO®,0) NImPOO=,()
—>—00 —>+00
On equal footing
==+ [dt(¥P®)]er-E®)|D,1))

So far, everything is exact:
@, ; (1) is exactly known (eigenfunction of the atomic Hamiltonian).

W (t) is not known (eigenfunction of the full Hamiltonian).

In this way, to compute T;c some kind of approximation is necessary.

6/24/2024
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Departamento de Fisica Kﬁ!gy5h= Eaisal-Reiss Th cory (C‘.Q nt, )
UBAEXACIAS A . Y F,

| ) S LR U

I) First Born Approximation: Perturbative method
The exact wave function is replaced by the non-distorted solution of the

oy
O free Hamiltonian H,.Thus, the laser field is neglected in the final channel.

CONICE POSt:
- ¥ ™

T, ==t [ dt(®, [eF-EQ[¥O0) = T, = | dt(o, @)eF-Eq)@,0)
Prior:

Ty ==+ [d(¥POW]eF-EQ|0,0) = T, :-ﬁdt(cpf ()T E@)|@; (1))

Tif :Tfi
and therefore the probabilities are the same in the prior and post forms
iK.F
o Lt € ~
(Df (t) :CDE(I‘,t) =€ tW DC(Z,k,t)
For the case of the Hydrogen atom: D,.(Z, |Z’t) =N, (k)R (_i 2.1, —ikr — ilZ.F)

24

N; (k) =e?T'(L+iZ); Z isthe ion charge

This is a good approximation for weak external electric fields: H,,, << H,,.

Departamento de Fisica Kﬁ!gy5h= Eaisal-Reiss Theory (co nt.)
UBAEXACIaS A . P 2

[ A DB

2) Strong Field Approximation (SFA):

- The exact wave function is replaced by the solution of the Schrodinger
:;'\.”:.:.l equation in the laser field (Volkov function) neglecting the atomic
PR potential
+00 R
Prior: Ty =—1 [ dt(z{""(0)]er-E(®)|®,())

For the case of the Hydrogen atom:
ik . F B
- gt € D™ (K 7.)
Volkov state: V-(rt)=e "t ——_eP ™
xi (1Y) (27)"
- S ot o t - 2
D (K,F,t)=A®t)-F—K [ dt' A(t) -1 | dt'[A(t')]

A(t): vector potential

This is a good approximation for strong external electric fields: H,,, >> H,,.

6/24/2024
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oepartamento 6e Fsics [ e lelysh-Faisal-Reiss Theory (cont.)
UBAEXACIAS A . Y .

L a2 3) Coulomb-Volkov Approximation (CVA): not perturbative method
(- The exact wave function is replaced by a compromise of the two former
COXIETT approximations.
¥ ™
We consider the interaction of the active electron with the external laser
field and the core potential in a non-perturbative way yet approximated.
We replace the exact solution by the Coulomb-Volkov wave function.

posi T, = [ (0, ©]er-EW] 2 ()

Prior: Ti= _% I it <Z$CV)7(t)|e F- E(t)|®i(t)>

s T # Ty
and therefore the probabilities are not the same in the prior and post forms
Coulomb-Volkov state: . () (F,t) = @, (F, t)e‘Df('z’F’t)
= 7,Y"(F,t)D,(Z,K,0)

This is a good approximation for intermediate external electric fields: H,,, ~ H,,.

oepartamento 6e Fsics [ e lelysh-Faisal-Reiss Theory (cont.)
UBAEXACIAS A . P .

| ) S LR U

O
CONICE Z

¥ ™

D,(Z.K,t)———1
L) o x V(Y

CV - SFA

4) Eikonal-Volkov distorted wave Approximation (EVA): not
perturbative method.
It corresponds to the inclusion of the Coulomb phase accumulated in
straight trajectories, neglecting the deflection on the core field.

DC(Z,E,t)wexp[i%ln(ﬁ-?+kr)}

This is a good approximation for strong external electric fields
but it is more elaborated than the first Born approximation.

6/24/2024
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moaa Analytical Selution of the

CONICET
¢ | Lewenstein model:

It solves the TDSE within the SFA and many other assumptions.
The result is rather simple and for sinusoidal pulses is analytical.

We will arrive to the same result of the Lewenstein model starting
from the continuum distorted wave SFA:

T, =i dt(Z/O®E®]D,0)

T = —ijth(t)d*(IZ + ﬂ(t)) exp[—iS(t,z)] pulse starts at 0 and ends at ¢
0

d"(V) =(V|z|i) atomic dipole element

. |[K+Ae ')]2

S(t,7) = jdt ' +1, classical action (see Volkov states)
t

DepartamentodeFisica  Amalytical Selutien ef the SFA (cont.)
AUBAEXAC(AS A

| SRRV, S LB O

\.'c i
CONTCET
3 D3

We define S(t,7) = S(t) —S(7) , where

2 2 H
S(t):{%+ 2E° (£+sm2a)tj+ K.E cos wt + Ipt}

0*\2 Ao @

6/24/2024
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Departamento de Fisica . 4=bs SE
tpme s Analytical Selution of the SFA
(A D E | suppose a flattop pulse with adiabatic switch on and switch off
o ] o
sl F(t) = F,cos(wt)Z = A(t) =—2sin(wt)2

S(t,7) = S(z) = S(t)
S(t) =at+bcos(at)+csin(2et)

a = '(_) t 1,. } [f',.

b =.ak.. P
L '.1~ ;

¢ 5. Uy = (Fof&w)?

Sit)—at=S(t+ jT)—a(t+jT)
=>St+jT)=S@t)+aT

Periodicity properties:

7= 2mfu d[F+Att+i1)] = d[F+ Ap)]

&

Departamento de Fisica A_n_ ajy tical @@ ! an @,f the § FA
UBAEXACIAS A
pulse with N cycles 7 = NT

(

| ) S LR U

o« T, =—i exp[—iS(r)]NJ'T dtE(t)d" (K + A(t)) exp[iS (t)]
N-1 (J+1)T
= —iexp[-iS(D)IY, j dtE(t)d" (K + A(t)) exp[iS (t)]

performing the transformation # = '+ 7T

T, =—iexp[- IS(T)]Ze'aJT j dUE@)d" (K + At)) exp[iS (t)]

j=0
1— elaNT giaNT/2 (e—laNT/Z _ giaNT/2 )
iajT __ _
Geometrical sum ze - iaT eiaT/2 (e—iale _ eiale)
N-1
Z r= in(aNT /2
= _ eia(N—l)T/Z M

sin(aT /2)

6/24/2024
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Departamento e Fsia A malvtical Salution of the SEA
Uaoama e Analytical Selution of the SFA

[ A0 E _ _ v SIN(ANT /2) - -
oy T. = —iexpl—iS (r)leN-DT/2 I (K
:?::'. ¢ =1 explHIS ()] sin(aT /2) (k)
e G L
I(K)= [ dUE(t)d" (K +A(t)) exp[iS(t)]
jiT

The important physical magnitude is the probability:

2
i _, 12| Equation of the
d_l:_)':‘ . ‘2 = SIn(aNT /2) ‘](k)‘ diffraction
dk ! sin (aT / 2) grating in the
\ . F(K) time domain
_ B N
/ S Intracycle factor

Intercycle factor

Departamento de Fisica  Amalytical Solution of the SFA (cont.)
UBAEXACIaS A ) . '
Intercycle interference

[l A DE aT Generalized
A T . .y
Ol max:—:—[g+Up+Ip]=7rn = | &,=nhw—1,-U_ | Einstein’s

CONTCE w formula

Multiphoton or AT Uncertainty Principle:

N=2
N=20
N=1000 2 N

Jo8 ; ‘ : Aer=2TT _op=h

; Iff ;' " N o

& ; [ : ‘

' I i I ‘ Aet~h

“ cm re
Energla ded electin (au )

. 2
ID SMM: F, = 0.05 (I = 8.8 x 103 W/cm?), {S'”(NaT /2)} Y o)
N> n

® =005 =911 nm), I,=05 sin(aT /2)

B(k .
® Energy conservation

6/24/2024
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Departamento de Fisica A malytical Solution of the SEA (’g@_ng.)

e i B —

UBAEXACIAS A .

t a ¢ =/ Inorder to calculate the time Lot . .
("™ integral we use the Saddle-Point 1(k)= J.th(t)d (k + A(t)) exp[iS (t)]
coNicsr Approximation: 0

¥ ™

Stationary phase or steepest descent method [Arfken, Mathematical Methods for
Physicists, Academic Press, Inc (1985) pg. 428]:

1(5) = [ 9(2) explsf (]2 = Y27 9Ua) XIS (2)
¢ |sf "(z,)]

df (z,) _,

dz
In our case:
g(z) = E(Y)d" (V(t)
sf (z) =iS(t)

. _.823(t)_.§ﬂ o V) e R

sf (zo)_l—atz _Iat{ 5 +Ip} iv(t) p i[k + A(t)]E(t)

2y =lgp;

Departamento de Fisica  Amalytical Solution of the SFA (cont.)
UBAEXACIAS A - '

1/2
CirdliD B . 27E(t) . .
=, To=—i) o224 d7(k + A(tg,)) exp[iS (te )]
, e if — - SP SP
. > \k+A(tsp>}
K+ At
lonization times: os (t)l = [ ( SP)J =0 SPA
o o, 2 '
—k+A(ty) =0 SMM

The electron escapes the atom with initial null velocity: v(ts) = 0

Sinusoidal ﬁeld: Urst cell Blacttic Neld = Vecior potantisl
E(t) = —E, cos(wt) PEREDE PR 2ol
= F\ ' / 0 R =
B i 2 4N XN /X
A(t) = —Lsin(wt) 'v« Y - ol A\ / — g
¢ g el AN R
g ¢ A \ L \ 4,2
tr(1) _ i sint _a)_k & ! \/: ‘ \\/ ) é;"
@ 0 : -.: =
- - . - |
0 Lijpul 2 3
tlfz) = 2—” t(l) Intracycle Time {ophcal cycle)
) Mlerfarernse

6/24/2024
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Departamento de Fisia  Amalytical Solution of the SFA (cont.)
UBAEKACIAS A\ '

Lo o 2nEg i _
o 10 =iy ZZEe) b g (4 A expliS te)]
CONTCE) sp |k + A(tSP
o @
Oy U2 0N SiS®) | Ais?) S—:S(tr )+S(t”)
I(K)=T (k)(e te ) N B

R L L AS =S(t") - S(t”)

_ U2 iS 2 2

=T (k )e e te The accumulated action between
the two ionization times is AS.

= 2I'"?(K)e' cosA—ZS

. 2
% =Ty ‘2 = 4T (K) [—sm (NaT /2)} cos’ (Ej

sin(aT /2) 2
| %) G
intercycle intracycle

UBAEXACIAS A

| ) S LR U

Departamento de Fisica  Amalytical Solution of the SFA (cont.)

Semiclassical Trajectories

g -, gy _
Ol i /\/\/\/\ u=aot,
CONICE .
TR o £ i
¥ . =
™ -
D|
=
= |
‘a;‘ u=0.05
o=
u=0.01
L = L7 SRR Ju=-001
t; t fll)
Time (a.u.)

6/24/2024
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Departamento de Fisica  Amalytical Solution of the SF
UBAEXACIAS A .

Bl l‘; We now analyze the intracycle factor:

Ol

mnie F(K) =cos?[ 23| Time double-sli
2 experiment

where  AS: accumulated action between t® and t*

ID SMM: F, = 0.05 (I = 8.8x10'*W/cm?), = 0.05 (= 911 nm),|, = 0.5

intracycle interference

intracycle + intercycle interferencej

! ; ; ; 0.0 0.1 - 3 O.Nasl\)
0.0 0.1 0.2 0.3 0.4 0.5
E (a.u.) Frustrated

E (a.u.) orders

Departamento de Frsica _Analy—t*ieal Solution of the SEA (eor

AUBAEXAC1AS A\ SPA: Doubly-differential momentum distributions F, = 0. 0675
L A D E © =0.05, 1,=0.5

O

CoNIeE : intracycle]

¥

Ill.

k, (a.u)

6/24/2024
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Departamento de Fsica

Analytical Solution of the SFA (cont.)
How does the photoelectron spectrum change with wavelength?
2D interferograms

UBAEXACIAS A

| ) S LR U

O LU g,k

CONICE @ In)
[

Departamento de Fsica

Above Threshold lenization Results (cont.)

UBASXACIAS A
i A0 &6 Hydrogen F =0.065 ©=0.19 ©=1005 31cyc
O
S ] o | =3 ]
CONICE S -
_— S1E-3 4
¥ . w
3
A
1E-9
0.0 0.5 E (a'u.) 1.0

I=1.5x 10"*W/cm?
A =230 nm

* ATI peaks
E, =nha)—lp -U
2
— EO
p 40)2

p

u

* 2d:iso-energy
circles

k?=kZ2+k?

k®+k*=2E,

6/24/2024



Departamento de Fisica Above Threshold lenization Results (sont.)
UBABXACIAS A

T T i T
= s lonization of Xe using 10 ns long,
G.Ax10'" W,
Ao 1064 nm laser pulses
.{ 3 7 “, \‘ A
g it og 2.4x10% W/em?
i ¢4, i N Measured ATl spectra as a function
N R T J\/,, of intensity show a suppression of
g | * weovwen | the lowest order AT| peak.
A
: Py : =
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* rescattering proceses
TDSE considers =1+ depletion of the ground state
* excited bound states
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Coulomb potential > Formation of the bouquet

SFA is accurate for short-range potentials (negative ions)
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Photodetachment of negative ions

Reichle et al, PRA 68,063404 (2003)

baser wduced point sources

Two-slit interference:

n: minimum number of
photons to reach the
continuum

I initial state angular
momentum

Dominant angular momentum
near threshold:

n+l is even - s-wave
n+lis odd > p-wave

Wigner threshold law

Classical trajectories (negative ions): wiggling around straight lines

)
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Control of sub-cycle interference patterns
with a sculpted laser field
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Two-color Laser Experiment & Theory:
Single ionization of He

measurements
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the intercycle peaks.
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o 30¢ (a) Measured ion momentum
I \i. . ,1 e 1L J\a spectra of He* along the laser
148 UL ‘I - 252 ‘AJ‘\ " polarization direction for ¢ = 0
L - \ = 20 ¥ \ (blue) and = (red). The thin
E E 15- W vertical lines mark the position of
- 200
3 i
a 4

‘9/.\} ™
Ay = 800 nm“%x, =400

L =1,= 104 Wjcm? %

10, / '*

5 ," \ (b) Same as (a) but for ¢ = m/2.
" i% 1 0% 0 05 1 14 2The blue shaded dots mark the
Py au] sub-cycle interference patterns.

N,

05 0 0.3 \;;\TT‘Q

(c) Intercycle and sub-cycle
interference fringes extracted from
the measured ion momentum
spectra as a function of the
longitudinal momentum p, and the
relative phase ¢.

(d) Same as (c) but calculated
using the TDSE. The upper half of
the diagram (p, > 0) shows the
simulated spectrum for a single-
cycle pulse, the lower half (p, < 0)
for a multi-cycle pulse.

() Comparison of normalized
spectra for ¢ = w/2, calculated
using the TDSE for a multi-cycle
pulse (gray line) and single-cycle
pulse (red line) with the measured
spectrum (blue line).
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s Experiment MPI in Heidelberg:
o Single ionization of Ar
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Phys. Rev. A (2015, in press)
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Photeionization by two-color lasers
Experiment MPI in Heidelberg:
Single ionization of Ar
I, = 10% W/cm?, A, = 800 nm
I, = 101 W/cm?, A, = 400 nm

Phase = 0 rad
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