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Quantum Dissipative Dynamics: 3 points of interest Q

1) real-time real-space TDDFT with absorbing 9
boundary condition
Kohn-Sham approach: effective 1-body problem (non-interacting electrons in D D
one effective potential)
Gics (6] = Do) + Diclp@] with Oalp(e)] = [ 25
- ' : TLDA TPW
Perdew-Wang functional: ch [p(r)] — ch [p(r)]
-2
TDLDA (adiabatic): (_ 2p + Uks[p(r,t)] + Vext) On(r,t) = ih0spn(r,t)

Me

= Vpsp + Vias coupling with laser field

coupling with lons = nuclei + core electrons depends on position of ions
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Real-space on a 3D grid
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Real-time propagation ...

Explicit real-time propagation (not in frequency domain)

Solve ih0ypn(r,t) = Uks @n(r,t) by time discretisation

tdt
on(r,t+dt) =T exp (—zh/ dt’UKS(t')> ©on(r, 1)
¢

time propagator

dt ~ . dt -
— exp [—ih5V(t + dt)] exp [—z’hdt T] exp [—ihEV(t)] on(r,1)

TV splitting

Wopperer, Dinh, Reinhard, Suraud, Phys. Rep. 562 (2015) 1
Dinh, Vincendon, Coppens, Suraud, Reinhard, Computer Phys. Comm. 270 (2022) 108155




Quantum Dissipative Dynamics: 3 points of interest Q

2) Ehrenfest dynamics of the ions |
d2
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Quantum Dissipative Dynamics: 3 points of interest Q

3) Extension of the dynamic: aims to develop/study
dissipative methods

— https://www.lpt.ups-tlse.fr/qdd/index.php?article6/papers

Relaxation Time Approximation (RTA): exponential relaxation to instantaneous equilibrium state

P.-G. Reinhard, E. Suraud, Annals of Physics, Volume 354, (2015), pages 183-202

Stochastic (STDHF): Monte-Carlo-like exploration of the dynamical correlations by a perturbative

residual 2-body coupling
E. Suraud, P-G. Reinhard, New J. Phys. 16, 063066 (2014)

Average Stochastic (ASTDHF): Consideration of the monte-Carlo trajectories as a mixed state

(common mean-field fluctuations)
L. Lacombe, P. M. Dinh, P.-G. Reinhard, E. Suraud, J. Phys. B 49, 245101 (2016)


https://www.lpt.ups-tlse.fr/qdd/index.php?article6/papers
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Hands-on activity 0: compilation, execution




Hands-on activity 0: compilation, execution

— download archive for the TIMES school demonstration:
https://qgit.irsamc.ups-tise.fr/iheraud/TIMES QDD DEMO/archive/TIMES school Hamburg.zip

source subfolder

src/qdd/ -
src/auxiliary/ tools source subfolder )
doc/ (PES, measure points) cuda/cu*.F90

/

TIMES/ ~ User manual Makefiles/

\
bin/ \ Makefile

Demonstration inputs

files and scripts

F CLI program, Makefile for the compilation (gfortran, ifort, nvfortran)

Fortran


https://git.irsamc.ups-tlse.fr/jheraud/TIMES_QDD_DEMO/archive/TIMES_school_Hamburg.zip

Hands-on activity 0: Makefile: options for the executable target

look at src/qdd/Makefile L4# Makefile MKL_ PATH = $(MKLROOT)
* gfortran e GNU Fortran compiler) #FFTW PATH =

choose your tal’get ; * ifort “he Intel Fortran compiler) $ (HOME) /Developer/fftw-3.3.8

* nvfortran (the Nvidia Fortran compiler)

COMPILER = nvfortran OMP = NO

DYNOMP = NO

FFT TYPE: FFT solvers

Available options: LINK STATIC = NO

* FETW

* MKL ### DEBUG: enable debugging

1 FFT TYPE = MKL DEBUG = NO
of _
oneAPI

FORTRAN

NO QDD _INFO = YES
- v : options: FINDIFF NO
FO RT R A N ¢ % LINUX NUMEROV
- * MAC RAREGAS
execute “make” command FSIC = NO

e EXTENDED
find the qdd executable STOCHASTIC
in bin/




Hands-on activity O: flow

-—— general initializations (grid, pseudopotentials, ...)

static branch

" initialize s.p. states

@
N read s.p. states from static save file

® <+—— static iterations

N

~ terminate static, optionally save on static save—file

[dynamic branch

initialize with static state from actual static run
’ (static branch must have been run before)
Qo— o—

\ initialize with static state from static save-file

(static branch was not run before)

continue from dynamic save file
(static branch was not run before)

-—— dynamical propagation
I optionally with dissipative step (RTA)

terminate dynamic, optionally save on dynamics save-file



Hands-on activity 1:

ground-state calculation of Na,*

input files:
for005 Q
|
for005.na9p \ é >
for005ion.nadp D D

imaginary time scheme
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Hands-on activity 1: Input files Na "

&GLOBAL
f0r005 forOOSnagp nelect=8,nion=9, numspin=2,
nspdw=4,
dx=0.8, kxbox=72, kstate=8,
b2occ=0.0,deocc=0.0,

‘na9p’

ifsicp=2,ipsptyp=0,

&END

for005ion.na9p

&STATIC
.5212

.5412 .5211
.5412 .5211
.5211 .5412
.3592 .1428
L1427 .3592

occmix=1D0,

e0dmp=1.1,

epswf=1.8,

epsoro=1.0e-8,
ismax=1000,

ifhamdiag=0,

.3593 .1427
2.1428 .3593
6.92613E-05 -5.51499E-05 -6.

isaves=10, tstat=.false.,

&END

&DYNAMIC
dt1=0.1,

| itmax=0,

&END

coordinates (a,) atomic number



Hands-on activity 1: execution, ground state of Na,4

terminal;

|s the RSAVE file created?
|s ismax sufficiently large?

::> ./qdd_gfortran what happen if dx change?

+
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Hands-on activity 1: importance of grid spacing

€HOMO [CV]

FExinnomo [eV]
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Hands-on activity 2: optical response of Na9+

— see: Kimmel, S., Reinhard, PG. & Brack, M. Structure and optic response of the Nag * and
Nass * clusters. Eur. Phys. J. D 9, 149-152 (1999). https://doi.org/10.1007/s100530050416
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Hands-on activity 2: optical response of Na,4

&DYNAMIC

for005.na9%p irest=0,isaved=1000,

itmax=20000,

dt1=0.1, (multiple of Ry-1) time propagation

CSTATIC parameters

occmix=1D0,

e0dmp=1.1,

nabsorb=4, .
absorbing boundary

jesc=10, -
] conditions parameters

epswf=1.8,
epsoro=1.0e-8, jdip=10,
jdiporb=10, jgquad=10,

jinfo=10, jdip=10, output observables
printing parameters

’

ifhamdiag=0,

isaves=10, tstat=.false., jenergy=10, jstinf=10,

&END

jnorms=10, jquad=10,

centfx=0.005,
centfy=0.005,
centfz=0.005,
&END

initial boost

0i(F,0) — ePoost T (7.0) 47




Hands-on activity 2: optical response of Na,*

Boost excitation — dipole moment in time — Fourier transform — optical response

N 1.6 T T T T
D(t) — E :<90n(r7t)|r|90n(rvt)> ; 1.4 Nag+ 7
n=1 =
= 1.2 ¢ .
: I Qo
— use spectr2.fin src/auxiliairy § | |
S
cd src/auxiliary/ E 0.8 &
gfortran spectr2.f -o spectr? JC)J
cp spectr2 <your folder> 8_ 06 B —
cp run_ spectr.sh <your folder> n
cd <your folder> (]L_) 0.4 7
./run_spectr.sh ;
gnuplot plot spectr2.plt 8 0.2 3
O 1 J L | 1

0 0.1 0.2 0.3 0.4
Freq. [Ry]

0.5



Hands-on activity 2: propagator and time step

What is the influence of time step? (keep T

max)

‘dt1’ = 0.1 Ry’ —  dt=0.00484 fs = 4.84 as !!

|s the exponential propagator more robust?
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Hands-on activity 3: laser dynamics

20



Hands-on activity 3: input files for a laser dynamics

for005.na9p

Vext (I‘, ; Wiass EOv ‘Tpulsm PDlas f(')) -

€ E() f(f) ‘T COS (Cu'hl,;(f . f(] = %‘J’pulh‘(‘

pulse

0 else
1}nﬂsv

m

) - (.Dlas)

; t—t
sin? (ﬂ' “) for t—to € [0, 2T pulse)

&DYNAMIC

irest=0, isaved=1000,

itmax=20000,
dtl=0.1, (multiple of Ry-1)

nabsorb=4,

jesc=10,

jdip=10,
jdiporb=10, jgquad=10,

jinfo=10, jdip=10,

jenergy=10, jstinf=10,
jnorms=10, jquad=10,

itft=3, deltat=24.0, tnode=0,
elx=0.0, ely=0.0, elz=1.0,
omega=0.189, e0=0.005,

&END

time propagation
parameters

absorbing boundary
conditions parameters

output observables
printing parameters

laser parameters
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Hands-on activity 3: laser frequency - on/off-resonance

. | | | I l (Ioffreslonanc;e) I
By sweeping the laser w S | I” Na " (on resonance)
frequency, observe the Sost | f w
resonance frequencies. 5, | ‘IHHHHHHH Um,u.l'lhhuu TOTIUALAAL Jﬂ“ |
g LA 'M' A T
Y=
% -0.5 ‘ ‘
— ho_ = 2.57eV 5 .| W
_ o7 I I I | I (ioffreslonange) I__
— ho,_ =169eV 0.6 | (on resonance) —— -
0.5
Total electronic emission ‘g z:
(ionisation): °
0.2
N
2 0.1
N - Z ’QOn(I‘ t 0 L ) ] ) L L ] | |
n—=1 0 10 20 30 40 50 60 70 80 90 100

time (fs)



Hands-on activity 4. PhotoElectron Spectra (PES) of Na*
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Hands-on activity 4: PES of Nag+

_ T 5 e Photoelectron spectra (PES):
X . . . .
s S amaMmEMR N store kin. energy of w.f. at measuring points just
‘ before mask
\ \
7/
/ /
[ 4 \
VR / P.
i A Uin |1
SLULINIERS | - 1 duwt
e R S 4oEa imar Gi(Tmy Ekin) = dte™" i(rm, t)
i * | T vV 27
\ \ UL,
N = /
] ] , Ekm E \V Ekzn | @1 T s Ekzn, I

PES measuring point 1
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Hands-on activity 4: PES of Na,*

&DYNAMIC — use analyze-MP.f and
irest=0,isaved=1000, . g s
analyze-PES.f in src/auxiliairy

itmax=20000,
dt1=0.1, (multiple of Ry-1) cd src/auxiliary/
gfortran analyze-MP.f -o analyze-MP

nabsorb=4, gfortran analyze-PES.f -o analyze-PES

jesc=10,
cp analyze-PES <your folder>

jdip=10, cd <your folder>

>
>
>
:> cp analyze-MP <your folder>
>
>
>

./analyze-MP

jdiporb=10, jgquad=10,

jinfo=10, jdip=10, < na%p

jenergy=10,jstinf=10, ::> ./analyze-PES
jnorms=10, jquad=10, < na9p

::> gnuplot plot PES.plt

4

itft=3, deltat=36.0,tnode=0.025,
elx=0.0, ely=0.0, elz=1.0,
omega=0.7, e0=0.107,

&END




Photon-Electron Spectrum (arb. unit.)

Hands-on activity 4: PES of Na,*

Exin (Ry)
0 0.5 1 1.5 2 2.5 3 3.5
1 3 T T T T T T 3
E N
!
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: ’ ||' Il/‘,
'
| {
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[ |
| n | ‘
| e | /
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X

— use analyze-MP.f and
analyze-PES.f in src/auxiliairy
cd src/auxiliary/

gfortran analyze-MP.f -o analyze-MP

gfortran analyze-PES.f -o analyze-PES

cp analyze-PES <your folder>

cd <your folder>

>
>
>
::> cp analyze-MP <your folder>
>
>
>

./analyze-MP
< na9p
::> ./analyze-PES
< na9p
::> gnuplot plot PES.plt

— Multi-Photon Absorption
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Hands-on activity 5: lon dynamics of Na,*
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Hands-on activity 5: lon dynamics of Na,*

6.4
&DYNAMIC
—6:3
irest=0,1isaved=1000, for005nagp P 6.2
itmax=20000, 26.1
dt1=0.1, £
= O
nabsorb=4, c 5.9
: = o
jesc=10, =538
— 5.7 i a | %
ionmdtyp=2, L 1
modionstep=20, parameters of ion dynamics X -
. . + . -
jpos=20, & printing parameters S
jvel=20, of output observables g 0 ]
Jjposcm=20, E-o_5 1
Q
] ion=20, © J
Jjgoemion ,8— 1
0 o0.9 e i
jdip=10, jdiporb=10, jquad=10, — h(D — 2 3 eV 0.8 1
.. B e ) B laser ) 0.7 r 1
jinfo=10, jdip=10, jenergy=10, S 06
jstinf=10, jnorms=10, jquad=10, S o5 | |
0.
itft=3, deltat=24.0, tnode=0, g 0.4 - -
elx=0.0, ely=0.0, elz=1.0, 2031 1
0.2 -
omega=0.17, e0=0.012, 0.1+ |
&END 0

0 100 200 300 400 500 28
time [fs]




Hands-on activity 6:Pump - prob dynamics of Na9+
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Hands-on activity 6: Pump - prob dynamics of Nay*

6.4
— 6.3

)
2,.6.2

e Pump: h“)pump =23eV

S
o
=

ionic r.m.s.

itft=3, deltat=48.0, tnode=0.025,
elx=0.0, ely=0.0, elz=1.0, ~— 5.8
omega=0.17, e0=0.014,

e Prob: ho =2.3¢eV
prob

Dipole moment (z) [ao]
o

e0 2=0.0034, omega2=0.169,
deltat2=48.0, 0.7
e?2x=0.0, e2y=0.0, e2z=1.0, .
tstart2=200.0, a

c

\

T

sation
S: O ©
£ [o)]
T T

I 1

o o
=N
T T

L

0 100 200 300 400 500 30
time [fs]



Hands-on activity 6: Pump - prob dynamics of Na,"

Q
R3/2

Mie plasmon frequency wp] X

hwpump — prob — 2.3eV

e Pump:
o extracts 0.7 electron =
o triggers an ionic breathing mode
o Larger.m.s. give more resonant with
2.3 eV than small ones

e Probe:
o play with delay between pump and probe
o more ionisation means resonant response
o delay < ionic dynamics

—
(=]
©
—_—

r—

ipo

le moment (z) [ag

6.4

6.3 -
6.2 -

5:7

1_

o -
nu o u

0
0 100 200 300 400 500 31

off-resonance
response

on-resonance
response

time [fs]



Enjoy the QDD
code



Other systems
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Other systems
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