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More about keV photons

nucleus

high brilliance & excited state
spatial coherence T

ground state
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target
Direct laser—nucleus interaction: photoexcitation
© resonant x-rays available by today's .
x-ray light sources
e small transition widths e
e small size of nuclei 1

e screening from electrons 6 —o—



Secondary nuclear excitation

nucleus
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Secondary nuclear processes, like NEEC
. (Nuclear Excitation by Electron Capture)
L become possible:
L—&— E—6&— ® time-reversed process of internal

conversion (IC)

L 1 ® resonant process
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Test case: isomer triggering of ™Mo

Idea of isomer triggering

Depopulate long-lived isomeric state by excitation to a triggering level
which is linked to freely radiating states.

T

17/2* 2429.80 keV
Ey‘ \E2 triggering level e IS - T: theoretically predicted
+ t=6.85h IS . .
2112 - \ 2424.95 ke e T - F: experimentally confirmed
132" F 16190 ke e transition energy: 4.85(8) keV
intermediate state . -7
decay cascade e level width of T: ~ 107" eV
X Gs e isomer production:
5/2

0 keV N
ground state 23Nb(p,n) 33™Mo reactions



Results - Direct photoexcitation

Parameter

LCLS

SACLA European XFEL XFELO
Emax (eV) 10300 19600 24800 25000
BW 2x1073 2.2x1073 8x10~* 1.6x1077
Toutse (fs) 100 100 100 1000
Teon (fs) 2 10 0.2 1000
Ppeak (W) 4x10%° 10%° 2x10%° 4.1x10°
lpeak (W/cm?)  3.9x10Y7  9.8x10'° 2.0x10" 4.0x10%
ler (W/cm?) 5.2x10° 1.2x10° 6.5x10° 6.7x10"
Ptrig 1.9x107%  1.7x107%° 2.4x107% 45%x1071




Results - Direct photoexcitation

Parameter LCLS SACLA European XFEL XFELO

Emax (eV) 10300 19600 24800 25000
2x1073 2.2x1073

Toutse (fs) 100 100 100 1000

Teon (fs) 2 10 0.2 1000

Ppeak (W) 4x10%° 10%° 2x10%° 4.1x10°

lpeak (W/cm?)  3.9x10Y7  9.8x10'°

Ptrig 1.9x107%  1.7x107%° 2.4x107% 45%x1071

Mg

r laser

/efF = /peak



Results - Direct photoexcitation

Parameter LCLS SACLA European XFEL XFELO
Emax (V) 10300 19600 24800 25000
BW 2x1073 2.2x1073 8x107* 1.6x1077
Toutse (fs) 100 100 100 1000
Teon (s) p) 10 0.2 1000
Ppeak (W) 4x10% 10% 2x10% 4.1x10°
lpeak (W/cm?)  3.9x10Y  9.8x10'° 2.0x10" 4.0x10'

ltr (W/cm?) 5.2x10° 1.2x10° 6.5x10° 6.7x10"

Prig = " population of triggering level after a single pulse”



XFEL-induced plasma

Peculiarities:
e direct production of inner shell holes
e x—rays penetrate deep into material
e rapid heating (100 fs)

Our estimates:

Mean ion charge number

photoionization

Tee o Tee o

radiative decay Auger decay

n.=1.33e24 cm?

e T, estimate from deposited laser energy

e FLYCHK: calculation of charge state
distribution and n. (rate equation model)

molybdenum
niobium

0
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FLYCHK - H. K. Chung et al., High En. Density Phys. 1, 3 (2005)




NEEC cross section [b]
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Results - NEEC in a stationary plasma

NEEC cross section [b]
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NEEC cross section [b]

10000 . . . . let35
capture into L shell —— o0t
capture into M shell —— s excitation rate (T,~3300V) E===
- capture into N shell = - charge state distribution (T—350¢V) ———
1000 1, \\ e imﬁ? %5’5‘:‘1} E— T : harge state distribution (T,~350cV) - 103
—350eV ——— <3 =
N 3 0 —
g = let02
100 N ] £ 4 025
d tess3 2 2
10 < S 1et00 [ 4 02
lesd2 5 =
1 g -2 4 015
. 102 b
e g
0.1 g % 4 o1
o
+ - g et b
0.01 lerd g g 1 005
4 H
0.001 ! ! le+29 10-06 0
0 1000 2000 3000 4000 N IR N NN

X XX o X XX XXX SN STNININN
. Y G e G e e Y ) e
Kin. electron energy [eV] e e
Charge state before capture

)\q

neec

. = q
=3 / dE 0peed (E)pe(E, Te) Anece zq:P" e

J. Gunst, Yu. A. Litvinov, C. H. Keitel, A. Pélffy, PRL 112, 082501 (2014)

uoHNqLSIP 9)e)S ASIRYY)



Results - NEEC in a stationary plasma
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Results

NEEC cross section [b]
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Results - NEEC in an expanding plasma

Hydrodynamic model:

x10~°
. . T T T T
e quasi-neutral expansion = 6 Te = 2006V ]
—
o uniform (but decreasing) electron and = b
8
. . E i
ion density : .
. . 0
® atomic processes included w104
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J. Gunst, Y. Wu, N. Kumar C. H. Keitel, A. P3lffy, Physics of Plasmas 22, 112706 (2015)



105 1 BmMo triggering: 4.85 keV

o NEEC >> photoexcitation

Excited isomers after a single pulse

le-10

le-12 -

o 5Fe nucleus: 14.4 keV
lﬁlﬁ?ﬂﬂ 350 400 450 500 550 600 650 phOtoeXCItatlon >> NEEC

Plasma temperature [eV]

Why?
® intrinsic cross sections: Ophoto VS. Oneec
® initial plasma conditions

® match between electron distribution and NEEC
resonance condition

e interaction times: Tpulse VS. Theec
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Now: MeV photons
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Now: MeV photons

MeV photons

)

QUASIADIABATIC REGIME

PHOTOEXCITATION ~ RESIDUAL INTERACTION

creates particle-hole pairs redistributes energy over more
particle-hole pairs
after each photon absorption, the nucleus has time to equilibrate



Excitation far from yrast

Energy

photoexcitation

-~y @

CN hundreds of MeV
above yrast!

Probability

heavy ion collisions

—
p—

Angular momentum



Competing channels

)

PHOTOEXCITATION RESIDUAL INTERACTION

creates particle-hole pairs redistributes energy over more
particle-hole pairs
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PHOTOEXCITATION NEUTRON EVAPORATION

creates particle-hole pairs after several absorbed photons
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single nucleons reach the continuum after several absorbed photons
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Competing channels

a neutron or a proton

PARTICLE EMISSION NEUTRON EVAPORATION

single nucleons reach the continuum after several absorbed photons



Results - Quasiadiabatic regime
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A. Palffy and H. A. Weidenmdiller, Phys. Rev. Lett. 112, 192502 (2014)



Time-dependent approach

Occupation probability for only dipole absorption and induced dipole emission

A=100, photon energy 5 MeV
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Time-dependent approach

Dipole absorption and induced dipole emission + neutron evaporation (T + first 3 daughters)

A=100, photon energy 5 MeV, NT4;, =5 MeV
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Time-dependent approach

Dipole absorption and induced dipole emission + neutron evaporation (T + first 3 daughters)

+ fission
A=100, photon energy 5 MeV, NT4;, =5 MeV
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Conclusions

keV photons
® resonant nuclear photoexcitation with an XFEL
e high intensity leads to plasma formation and secondary excitation channels
e secondary processes can dominate direct laser-nucleus interaction

(%Mo triggering)

— Phys. Rev. Lett. 112, 082501 (2014) -
— Physics of Plasmas 22, 112706 (2015) —
MeV photons
e nuclear excitation with a multi-MeV zs coherent laser pulse
e far from yrast and far from stability

e proton-rich nuclei due to strong neutron evaporation

— Phys. Rev. Lett. 112, 192502 (2014) —
— Phys. Rev. C 92, 044619 (2015) —



Thank you for your attention!



