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A laser pulse and a hydrogen atom

v∼
eE0

mω



  

The story dates back

PRL 95, 043601 (2005) PRL 97, 043601 (2006)



  

i ℏ Ψ̇=[cα⋅( p+e A)+V +mc2β]Ψ



  

i ℏ Ψ̇=[cα⋅( p+e A)+V +mc2β]Ψ

H=H 0+H I

H I=cαz A

H 0=cα⋅p+V +mc2
β

Ψ∈C4



  

i ℏ Ψ̇=[cα⋅( p+e A)+V +mc2β]Ψ

H=H 0+H I

H I=cαz A

H 0=cα⋅p+V +mc2
β

Ψ∈C4

α=(0 σ
σ 0 ) ,σx=(0 1

1 0) ,σ y=(0 −i
i 0 ) ,σ y=(1 0

0 −1)
β=(I 2 0

0 −I2
)



  

i ℏ Ψ̇=[cα⋅( p+e A)+V +mc2β]Ψ
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H 0 ψa=εa ψaCodes for

Expand: Ψ(t )=Σaca ψa

ODE: i ċ=[Diag(ε1 ,ε2 , ...)+H ' ]c

H 'a ,b=c ⟨ψa|αz A|ψb⟩

How hard can it be?
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The Dirac sea

mc2
β



  

The Dirac sea isn't calm
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The Dirac sea isn't calm

PRA 79, 043418 (2009)



  

2mc2 energy spliting (stiffness):
Magnus propagator

Crank Nicolson, Runge Kutta, etc.: 

Error ~ Ψ
(n)

τ
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n ,‖H‖∼2mc2 , τ<
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2mc2
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2mc2 energy spliting (stiffness):
Magnus propagator

Ψ(t+τ)≈exp [−i ℏH (t+τ/2) τ]Ψ(t )

Crank Nicolson, Runge Kutta, etc.: 

Error ~ Ψ
(n)

τ
n
∼H n

τ
n ,‖H‖∼2mc2 , τ<

1

2mc2

Problem: Requires diagonalization

Magnus (2nd order):



  

Interaction:
Separating space and time

A (t−x /c)

H 'a ,b=c ⟨ψa|αz A|ψb⟩

Dipole approximation (not valid)



  

Interaction:
Separating space and time
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Interaction:
Separating space and time

A≈Σnanexp[2πni /T (t−x /c)]

Fourier

PRA 93, 053411 (2016)
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ntrunc 1
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For the TDSE:

1st order will do:)

Førre, Simonsen, PRA 90, 053411 (2014)

Alas...

A (t−x /c)≈Σn=0
ntruncT n(t )X n(x)

H 'a ,b=c ΣnT n(t )⟨ψa|α z X n(x)|ψb ⟩



  

ω=2 a.u. ~ 33 eV
E

0
=30 a.u. ~ 3∙1019 W/cm2 

PRA 79, 043418 (2009)



  

2013: Enter Tor Kjellsson



  

                                  Tor's implementation:

                              
                                  Roughest calculation: 1536 CPUs running for several days. 
                                  Only 29% overhead!

Number of states:    1902594
Non-zero elements: 386597830910 (3.02 TB memory)
Reduced elements :    3907655071 (30.5 GB memory)

5th order in x, l
max

=30, 500 splines per symmetry 

(r
max

=150 a.u.), dt=10-3 a.u.

Much effort spent om optimizing memory usage! 



  

                                  Tor's implementation:

                              
                                  Roughest calculation: 1536 CPUs running for several days. 
                                  Only 29% overhead!

Number of states:    1902594
Non-zero elements: 386597830910 (3.02 TB memory)
Reduced elements :    3907655071 (30.5 GB memory)

αz x
n , n=0,1,2,3



  

2mc2 energy spliting (stiffness):
Magnus propagator, revisited

Ψ(t+τ)≈exp [−i ℏH (t+τ/2) τ]Ψ(t )

Problem: Requires diagonalization

Solution: Exponentiate approximately within a Krylov subspace:

Km=Span {H k
Ψ , k=0,. .. ,m}

m∼50≪2⋅106



  



  

How come neither 1st nor 2nd order will do?



  

Implicit inclusion of diamagnetic term

Ψ=(ΨF

ΨG) ΨF∼cΨGPostitive energy:

V ΨF+cσ⋅(e A+ p)ΨG=i ℏ Ψ̇F

cσ⋅(e A+ p)ΨF+(V−2mc2
)ΨG=i ℏ Ψ̇G



  

Implicit inclusion of diamagnetic term

Ψ=(ΨF

ΨG) ΨF∼cΨGPostitive energy:

V ΨF+cσ⋅(e A+ p)ΨG=i ℏ Ψ̇F

cσ⋅(e A+ p)ΨF+(V−2mc2
)ΨG=i ℏ Ψ̇G

2mc2 dominates: ΨG≈
1

2mc2 σ⋅(e A+ p)ΨF



  

Implicit inclusion of diamagnetic term

Ψ=(ΨF

ΨG) ΨF∼cΨGPostitive energy:

V ΨF+cσ⋅(e A+ p)ΨG=i ℏ Ψ̇F

cσ⋅(e A+ p)ΨF+(V−2mc2
)ΨG=i ℏ Ψ̇G

2mc2 dominates: ΨG≈
1

2mc2 σ⋅(e A+ p)ΨF

so that

[ p2

2m
+V +

e
m

p⋅A+
e2

2m
A2

+
e ℏ

2m
σ⋅B]ΨF=i ℏ Ψ̇F



  

Implicit inclusion of diamagnetic term

[ p2

2m
+V +

e
m

p⋅A+
e2

2m
A2

+
e ℏ

2m
σ⋅B]ΨF=i ℏ Ψ̇F

With A≈A (t )−
x
c
A ' (t ) (1st order expansion)



  

Implicit inclusion of diamagnetic term

[ p2

2m
+V +

e
m

p⋅A+
e2

2m
A2

+
e ℏ

2m
σ⋅B]ΨF=i ℏ Ψ̇F

With A≈A (t )−
x
c
A ' (t )

get A2
=[ A (t )]2−

2
c
x A (t )A ' (t )+

x2

c2 [ A ' (t )]2

(1st order expansion)



  

Implicit inclusion of diamagnetic term

[ p2

2m
+V +

e
m

p⋅A+
e2

2m
A2

+
e ℏ

2m
σ⋅B]ΨF=i ℏ Ψ̇F

With A≈A (t )−
x
c
A ' (t )

get

Should effectively cancel 2nd order term

Førre, Simonsen, PRA 90, 053411 (2014)

(1st order expansion)

A2
=[ A (t )]2−

2
c
x A (t )A ' (t )+

x2

c2 [ A ' (t )]2
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Implicit inclusion of diamagnetic term

With A≈A (t )−
x
c
A ' (t )

get

Should effectively cancel 2nd order term

Førre, Simonsen, PRA 90, 053411 (2014)

Must include higher orders of x

Smarter: Use propagation gauge for TDDE

Førre, Simonsen, PRA 93, 013423 (2016)

A2
=[ A (t )]2−

2
c
x A (t )A ' (t )+

x2

c2 [ A ' (t )]2



  

Relativistic?
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Relativistic?

Slightly



  

Slight shift downwards: How come?

Initiall guess: Increased relativistic intertia

m→
m

√1−(v /c)2
,Model: v=

e
m

A (t )

TDSE (dipole approx.)



  

Slight shift downwards: How come?

Initiall guess: Increased relativistic intertia

m→
m

√1−(v /c)2
,Model: v=

e
m

A (t )

TDSE (dipole approx.)



  

What's next?

Push things forward within the propagation gauge

Study photoelectron spectra

High Z: Rel. structure vs. rel. dynamics

Study spin-dynamics;
TDPE vs. TDDE e ℏ

2m
σ⋅B(t )



  

Gratulerar!Gratulerar!



  



  



  


	Lysbilete 1
	Lysbilete 2
	Lysbilete 3
	Lysbilete 4
	Lysbilete 5
	Lysbilete 6
	Lysbilete 7
	Lysbilete 8
	Lysbilete 9
	Lysbilete 10
	Lysbilete 11
	Lysbilete 12
	Lysbilete 13
	Lysbilete 14
	Lysbilete 15
	Lysbilete 16
	Lysbilete 17
	Lysbilete 18
	Lysbilete 19
	Lysbilete 20
	Lysbilete 21
	Lysbilete 22
	Lysbilete 23
	Lysbilete 24
	Lysbilete 25
	Lysbilete 26
	Lysbilete 27
	Lysbilete 28
	Lysbilete 29
	Lysbilete 30
	Lysbilete 31
	Lysbilete 32
	Lysbilete 33
	Lysbilete 34
	Lysbilete 35
	Lysbilete 36
	Lysbilete 37
	Lysbilete 38
	Lysbilete 39
	Lysbilete 40
	Lysbilete 41
	Lysbilete 42
	Lysbilete 43
	Lysbilete 44
	Lysbilete 45
	Lysbilete 46
	Lysbilete 47
	Lysbilete 48
	Lysbilete 49
	Lysbilete 50

