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Overview

Neon under intense 908 eV radiation
Density matrix equations for the double continuum

Results on Auger kinetic energy spectrum and ionization
yields
The experimental aspect
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lonization scheme
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Some history

Rabi flopping of the Auger spectra has been studied in Ne(1s~! — 3p)

excitation (Resonant Auger State)
'Resonant Auger effect at high x-ray intensity’,
Nina Rohringer and Robin Santra (PRA 77, 053404, 2008)
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excitation (Resonant Auger State)
'Resonant Auger effect at high x-ray intensity’,
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The Auger-electron undergoes Rabi flopping

Auger kinetic spectra exhibited modifications depending on the x-ray
Intensity (pulse length 2 fs)
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Some history

Rabi flopping of the Auger spectra has been studied in Ne(1s~! — 3p)
excitation (Resonant Auger State)

'Resonant Auger effect at high x-ray intensity’,

Nina Rohringer and Robin Santra (PRA 77, 053404, 2008)

The Auger-electron undergoes Rabi flopping

Auger kinetic spectra exhibited modifications depending on the x-ray
Intensity (pulse length 2 fs)

Can be done something similar to normal Auger line and how?
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Neon under intense x-ray radiation

Photoionization step

Ne 1322522196 — Ne™ 1812822]96 + e,
p

Ne+ (1s-1)
> Ep=Eg+w - Ec
yg Eo ~ 870 eV
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Neon under intense x-ray radiation

Photoionization step
Ne(1s%2s*2p%) — Ne™ (1s*25°2p%) + &

Normal Auger .
Normal Auger transition (~ 0.27¢V ~ 2.3 s)
Ne™ (1s'2s%2p%) — Ne+2(1322322p4) -+ @

o
e > Ep
Ne+ (1s-1)
Ea=804.5eV
N
/ Yq Eo ~ 870 eV
E~ 62 eV
Ne+2 (2p-2)
Ne
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Neon under intense x-ray radiation

Photoionization step

Ne+2(1s-3p) Ne(1822822p6) e Ne+(1812822p6) 4= @y

Ner@sH Normal Auger transition (~ 0.27¢V ~ 2.3 fs)
a~805|+ _
. Ne™ (1s'2s%2p%) — Ne+2(1322322p4) + eq
Ne+2 .
< Core-resonant Auger transition
yg—->>E Ne™ (1s'2s%2p°) — Ne+2(1s22322p4) + eq
p
. 2 1 24 4 —
- 12 [ [ — Ne™?(1s'25°2p%)(3p)) + e,
' w (D08 eV
/ Eor~ 870 eV
e
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Neon under intense x-ray radiation

Ne+2(1s-3p)

Ea ~ 805

|+
e}

Ne+2

/

Photoionization step

Ne+ (1s-1) Ne(1s°2s°2p%) — Ne™ (1s'2s*2p°) + -

\£

Normal Auger transition (~ 0.27¢V ~ 2.3 s)
Ne™ (1s'2s%2p%) — Ne+2(1322322p4) -+ @

Core-resonant Auger transition

Je Ne™ (1s'2s%2p°) — Ne+2(1s22322p4) + eq

0 (908 eV — Ne+2(1312322p4)(3p)) I @

Eo ~ 870 eV

Rabi K-shell excitation 1s-3p

Ne
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Excited Ne™(1s7! — 3p) states
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Excited Net?(1s~! — 3p) states

la"y | By (eV) C=Ne+2(1312322p4,2L)
1 | 907.75 C°D(3p*) Py
2 | 907.90 C1?P(3pt)3P
3 | 908.06 C°D(3p*)'F3
4 | 908.48 C)*P(3p*)°D3
5 | 908.51 C)*D(3p')°D5
6 | 908.49 C)*P(3p*)' Dy
7 | 908.78 [C1°D(3p*)! Dy
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Excited Net?(1s~! — 3p) states

d') | E, (V) Net2(1s12s?) Gfaa (x1072)

907.75 | (2p*,'D)?D(3ph)'P, 2.3338
2 | 907.90 | (2p*°P)*P(3p')’P: 0.20991
3 @89 (2p*, 1 D)?D(3p') F3 8.1881
4 | 908.48 | (2p*,°>P)*P(3p')°Ds3 0.13141
5 | 908.51 | (2p*,'D)*D(3p*)3Ds 0.23322
6 | 908.49 | (2p*°P)*P(3p')Dy 4.4888
7 | 908.78 | (2p*,! D) D(3ph) D, 1.2714
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The density matrix equations for the double continuum
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The atomic states involved

* Neon ground state
@), BY
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The atomic states involved

* Neon ground state
@), BY
* K-shell hole Neon

1) = |4 ki), E;=EY ¢
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The atomic states involved

* Neon ground state
G, E9)
* K-shell hole Neon
1) =li;k;), E;=E% +¢
» Coupled Ne™ states (ground and excited)
14) = |a;ka,Kia), Ea=EY Yeq+ein
4y = |dike Kiar)y  Ea =B dep +ein
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The atomic states involved

* Neon ground state
G, E9)
* K-shell hole Neon
1) =li;k;), E;=E% +¢
» Coupled Ne™ states (ground and excited)
14) = |a;ka,Kia), Ea=EY Yeq+ein
4y = |dike Kiar)y  Ea =B dep +ein

» The (dissipative) environment for Ne™

Ne™ — |R) = Ne+1(1322322p5) + wr, Fluorescence

DCU

x!—!!ark spll!!lng 0! xuger spec!ra unaer m!ense X-ray raala!lon - p!’!



The atomic states involved

* Neon ground state
G, E9)
* K-shell hole Neon
1) =li;k;), E;=E% +¢
» Coupled Ne™ states (ground and excited)
14) = |a;ka,Kia), Ea=EY Yeq+ein
4y = |dike Kiar)y  Ea =B dep +ein

» The (dissipative) environment for Ne™
Net — |R) = Ne™(15%25%2p°) + wr, Fluorescence
» The dissipative environment for Ne ™2
Net2(1s™t —3p) — |F1) = Ne™>(1s°25°2p>), Auger decay )

— |F) = Ne™(1s'2s2p*)  photoionization
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Full Density Matrix Equations (28)

Pgg(t) = 2Im Z:DGIPIGa
T
pii(kist) = 2Im|Drgpgr] + 2Im ZSVIAPAI
/)
+ 2Im %:DIRPRI
paa(Ka,Kirt) = 2Im[Varpral +2Im[Daaparal

Pa’a’ (Ka, ki, t) —2Im[Daarparal +2Im z:VAfFl Py A

1

+ 2Im iDA’FQ PFy A’
2

iPaa’ (Ka, ki, t) = Eaapaa +Daa(parar —paa)+ Varpra

— g:PAFl Vr oA — %épAFQ Dp, A
1 2

-Stark splitting of Auger spectra under intense x-ray radiation — p.9/2
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Approximations and steps involved

* Integration over the angle variables of Auger and photoelectron (not an
approximation)
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Approximations and steps involved

* Integration over the angle variables of Auger and photoelectron (not an
approximation)

» Slowly variable approximation py; — ppie™™,  nw ~ Ey
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Approximations and steps involved

* Integration over the angle variables of Auger and photoelectron (not an
approximation)

» Slowly variable approximation py; — ppie™™,  nw ~ Ey
* Rotating wave approximation (RWA)
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Approximations and steps involved

* Integration over the angle variables of Auger and photoelectron (not an
approximation)

» Slowly variable approximation py; — ppie™™,  nw ~ Ey
* Rotating wave approximation (RWA)
* Elimination of the continuum

» Keeping terms up to the first order to the electric field (not restrictive)
(I <6 x 10 W/cm?)
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Approximations and steps involved

* Integration over the angle variables of Auger and photoelectron (not an
approximation)

» Slowly variable approximation py; — ppie™™,  nw ~ Ey
* Rotating wave approximation (RWA)
* Elimination of the continuum

» Keeping terms up to the first order to the electric field (not restrictive)
(I <6 x 10 W/cm?)

* no interaction between Auger and photo-electrons are allowed (far from
lonization thresholds)
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DME In terms of ~,(¢), v« (t), s, I'ey and Rabi Qg (%)

Ggg(t)
Gii (€4,
daa(gia Ea,

t)
t)
é'a’a’ (8i7 €a, t)
ié‘aa/ (81', Ea, t)

Z'O"gz' (81', t)
ié‘ia(si, €a, t)
io.-ia,’ (Eia €a, t)
iO.'ga(grL', Ea, t)

ié'ga/ (87;, Ea, t)

—Y999gg9>
—I'joi +1Im [Q;go'gi] ;
—Im [QZ,/CLO-CLCLI} —|_ 21m [VCL’LO-ZCL] 9

—Ya!Ta’a’ +IM [QZ’aO—aa’] 3

Nt Q.
(Eaa’ +w — nya )Uaa’ + —== (Ua’a’ — UCLCL) + VaiOia’s

2 2
(Byi +w — 422 ; & )ogi — %ng Tgg
(Fia i&)aia + %Qfgaga — %QZ’aJia’ — Via 0
(Bia/ +w — il J;%/ )Tiar + %Q:go-ga’ 1Qa,afffm,
(Ega +w — i%)aga - %QZ/agga' — Via0gi,
(Egar + 2w — i@)aga/ — %Qaa/aga. DCU
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DME In terms of ~,(¢), v« (t), s, I'ey and Rabi Qg (%)

Ggg(t)
Gii (€4,
daa(gia Ea,

t)
t)
é'a’a’ (8i7 €a, t)
ié‘aa/ (81', Ea, t)

Z'O"gz' (81', t)
ié‘ia(si, €a, t)
io.-ia,’ (Eia €a, t)
iO.'ga(grL', Ea, t)

ié'ga/ (87;, Ea, t)

—Y999gg9>
—I'joi +1Im [Q;go'gi] ;
—Im [QZ,/CLO-CLCLI} —|_ 21m [VCL’LO-ZCL] 9

—Ya!Ta’a’ +IM [QZ’aO—aa’] 3

Nt Q.
(Eaa’ +w — nya )Uaa’ + —== (Ua’a’ — UCLCL) + VaiOia’s

Y 1
(Ega T w— Z%)Jga - _QZ’aaga’ - Viaagia

Vg + Va 1
(Ega/ _|_ 2w - Z%)O - §Qaa/0-ga.
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Coarse-grained DME for the Auger-electron

Ogg = —V9%gg;
Gii(€a,t) = =104 + V9049,
baaleart) = —Im[Qyoas] +Im [AQF - 7)) o
6aar(Eart) = —Taoga +Im|[Qyoga],
i0qa’ (Ea,t) = Saaa’ - %(Ua’a’ — Oaa) + QZ/ (Qj/ - Q;)%.

Integrated over the energies of the photoionized electron (k;).

All derivatives of the coherences that include the photoelectron state
were set to zero (adiabatic approximation) .

+00
S(ea) = / dt|0aa(€a,t) + 64q(€a,t)]

— 0

Po(t) = / deacan(Eart), P (t) = / de0 g (2a, b),
DCU
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Auger spectrum analytical formula

For long pulses

Fia 1 — 5@’/Qa’ 1+ 5a’/Qa’
S(ea) = —| = 5 + = J-
47 (EOJ L 5&0) _ 5a/ _QQa/ )2 e % (EOJ _ 5((10) _ 5a/_gQa/ )2 + FT%
DCU
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Auger spectrum analytical formula

For long pulses

I 1 — 5@’/Qa’ 1+ 5a’/Qa’
S(Ea) = [ = ) + ~ 2 ]
oo e -G (ea—e) = 2
5((10) Normal Auger energy
DCU
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Auger spectrum analytical formula

For long pulses

Ty 1 = 3ar /Qur 1+ 0ar /Qu
S(ea) = [ 5 z T ) !
0 6.,-Q., I3 0 6.,4+Q , r?
T g — e — B2 4 B (ea— ) - SfBap g
£(0) Normal Auger energy
Q. = Et) - (a|d|a’) Rabi dipole
DCU
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Auger spectrum analytical formula

For long pulses

I 1 — 5(1’/Qa’ 1+ 5a’/Qa’
S(Ea) — [ = + = ]
0 8t —Qyr r? 0 8,0+, 2
47T (Ea_gé)_ a2a)2+T’L (Ea_gé)_ a_ga)Q_FTz
5((10) Normal Auger energy
Qy = E(t) - (ald|a’) Rabi dipole
0o = Eq + Sqg +w—E  — Sy detuning
DCU
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Auger spectrum analytical formula

For long pulses

['q 1 — 04 /4 1 o/
Slea) = 7 [(5a L0 5a//_25—2a/ P %2 + — g(go)iia'ﬁ#p . FT%].
8((10) Normal Auger energy
Qu = E(t) - (ald]a) Rabi dipole
0o/ = Eo+ Sa +w—Eg  — Sy detuning
Qg = \/(52, + 4]Q, |2 Generalized Rabi coupling
DCU
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Auger spectrum analytical formula

For long pulses

I 1— 68, /Qy 1+ 6, /Qy

Slea) = 7 [(5a L0 5a//_25—2a/ P %2 + — Eéo)i @)2 . FT%].

8((10) Normal Auger energy

Qu = E(t) - (ald]a) Rabi dipole

0o/ = Eo+ Sa +w—Eg  — Sy detuning

Qg = \/(52, + 4]Q, |2 Generalized Rabi coupling

* As a rule of thumb, the following ratios matter:
O /1], 1Qar]/Ti
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Auger spectrum analytical formula

For long pulses

I 1— 68, /Qy 1+ 6, /Qy

Slea) = 7 [(5a L0 5a//_25—2a/ P %2 + — Eéo)i @)2 . FT%].

8((10) Normal Auger energy

Qu = E(t) - (ald]a) Rabi dipole

0o/ = Eo+ Sa +w—Eg  — Sy detuning

Qg = \/(52, + 4]Q, |2 Generalized Rabi coupling

* As a rule of thumb, the following ratios matter:
O /1], 1Qar]/Ti
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Results for Neon under 48.8 fs pulse
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!!—!!ar! sph!!lng o! xuger spec!ra unaer m!ense X-ray raala!lon - p!!’!



Core resonant Auger kinetic spectra

— 1.0x10° Wienf|

0.0006—

0.0005— T

0.0004— —

0.0003— T

dP/dE(1/eV)

0.0002— -

0.0001— -

800 ' ' 805 | ' ' 810
Auger kinetic energy (eV)
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Core resonant Auger kinetic spectra

— 1.0x10° Wienf|

0.0006—

0.0005— T

1 Qe =03~Ty

0.0004— —

1 Qg =0.88 ~ 3I'; eV

0.0003— T
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0.0002— -

0.0001— -
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Auger kinetic energy (eV)
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Core resonant Auger kinetic spectra

dP/dE(1/eV)

0.0006—

0.0005—

0.0004—

0.0003—

0.0002—

0.0001—

— 1.0x1d° wient

— 3.51 x 10° Wrent ||

1 Qe =03~Ty

1 Qg =0.88 ~ 3I'; eV

9 Qg = 1.66 ~ 6I; eV

805
Auger kinetic energy (eV)

810
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Core resonant Auger kinetic spectra

— 1.0x1d° wient
0.0006— — 3.51 x 1d° Wrent ||
— 1.0x 10" wWient |
0.0005— n
- 1 Q¢ =0.3 ~ Fi
% 0.0004— n
$ 1 0y = 0.88 ~ 3T; eV
T 0.0003- B
o ¢t Qq =1.66 ~ 6I'; eV
0.0002— P
t Qq =2.79 ~ 10T; eV
0.0001— n
00 ' ' 8:)5 ' ' 810

Auger kinetic energy (eV)
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Core resonant Auger kinetic spectra

— 1.0x1d° wrent
0.0006— — 3.51 x 1d° Wrent ||
— 1.0x 10" wWient |
0.0005— — 3.51x 10" wien'|
~ { Qa=03~Ty
> 0.0004- B
S 1 Qq = 0.88 ~ 3T; eV
T 0.0003- 7
3 Y Qo = 1.66 ~ 6T; eV
0.0002 _o Qg = 2.79 ~ 10T, eV
0.0001~ T Qg =5.25 ~ 20I'; eV
900 ' 805 ' 810

Auger kinetic energy (eV)
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Core-resonant Auger kinetic spectra 905 eV (6, = 3 eV)

Gaussian, 905 eV, 48.8 fs

T I T T T T T T T T
08~ T
i | * Normal Auger line
0.6 —
N
o
ol
2
<‘:0.4— —
0.2 —
o I L L L IA L L L L
800 805 810
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Core-resonant Auger kinetic spectra 905 eV (6, = 3 eV)

Gaussian, 905 eV, 48.8 fs

I
0.8 |=— 10”°wicnt N -
[ 0w | * Normal Auger line

o 1 Splitting starts to appear
S
§0.4— -

0.2 J\\ —

0 I 860 I I I JEES . I I I 810
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Core-resonant Auger kinetic spectra 905 eV (6, = 3 eV)

Gaussian, 905 eV, 48.8 fs

I
0.8~ |— 10°wren? .
— 10°wren? .
- | 351016 wien? 1 * Normal Auger line
0.6 — el on
- | | ° Splitting starts to appear
50'4_ * Asymmetric structure,
i | however present
0.2 T k 1
0 I 8:)0 S . 805 . I I 810
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Core-resonant Auger kinetic spectra 905 eV (6, = 3 eV)

Gaussian, 905 eV, 48.8 fs

I i i i i In
0.8~ |— 10°wren? .
— 10°wren? .
i i.oilvfﬂldezW/cmz I * Normal Augel‘ line
0.6 — el on
c | M | © Splitting starts to appear
T ou / | * Asymmetric structure,
_ however present
02 b\ { 4 ¢ and grows
0 I SBA 805 . I 810
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Core-resonant Auger kinetic spectra 905 eV (6, = 3 eV)

Gaussian, 905 eV, 48.8 fs

I T T T T In T
08 |— 10" wrent N .
- 1016W/cng2 , ||| .
i i.o?}\:”ldzwmm ,'l * Normal Augel‘ line
| |0 W ! |
90'6 251 110" W M ;| * Splitting starts to appear
© I :
T ou / ;! * Asymmetric structure,
N however present
1
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\

800 805 810
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lonization yields

0.1k

lon yield

0.01-

* On resonance,

T

0.001:

0.0001 1 I Lol I ool
10 10 10"

pulse peak intensity (W/czm

1 018
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lonization yields

15
O'lE
2 oo * On resonance,
I | » On/Off resonance
0.001 7 -- Ne? 904 eV E
P --Ne® 904ev
1 | Lol | Lol |
0'00?_‘615 10 10" 18

10
pulse peak intensity (W/czm
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lonization yields

'F ' ' ' AR
0.1 /,’/// //// =
2 oo’ . | < Onresonance,
5 : L7 --Ne'® 904eV |
: - Ne? 904ev * On/Off resonance
I 7« Off resonance
1 | ool | ool | L
T 10" 10" 10"

pulse peak intensity (W/czm
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Time dependence of Ne, Ne™, Ne*?, Net?(1s~! — 3p)
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Core-resonant Auger kinetic spectra 908 eV (I',, = 0.16 eV

Gaussian, 908 eV, 48.8 fs

excited state decays (~ 0.16 €V)
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Core-resonant Auger kinetic spectra 908 eV (I',, = 0.16 eV

Gaussian, 908 eV, 48.8 fs
excited state decays (~ 0.16 €V)
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Closer to experimental situation

DCU collaborators John Costello and Thomas (Mossy) Kelly are
contributing on this part.
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Closer to experimental situation

DCU collaborators John Costello and Thomas (Mossy) Kelly are
contributing on this part.

Field undergoes fluctuations
AES Is affected from the volume effect
All excited states of Ne*?(1s~! — 3p) should be included

The stochastic field fluctuations, will add it's bandwidth to
the AES

Volume integration of the AES is needed
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Stochastic Pulse for 48.8 fs, xfel bandwidth = 4 eV
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Stochastic Pulse for 48.8 fs, xfel bandwidth = 4 eV
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