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US Strategic Defense Initiative (1984-1993)

Project Excalibur: Nuclear-explosion pumped XRL for ballistic missile defense

Americat
Gréat Chocolate Binge

Laser arms
pocut at tarqets

When bomt
explodes radia tian &
energizes (aser M5 ()
cavsing Thew Zo / /
fire Ny

o sts
Fach arm CONGI%
of /00's 70 /6005
of fine (4sing ol

William J. Broad,

“Teller’s War, The top-secret story

behind the star wars deception”
(Simon & Schuster, New York, 1992)

D. M. Ritson, Nature 328, 487 (1987) .
N. Bloembergen et al., Rev. Mod. Phys. 59,1 (1987%'7 Milliarden $ (1985-1991)
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X-ray lasers pumped by nuclear explosion
List of (presumably) performed experiment from 1978 to 1988

CodeName __Date _____ |Resut

Diablo Hawk Sep. 13, 1978 Test apparatus fails

Dauphin Nov. 14, 1980 1st probable x-ray laser, though some experts say evidence is
sketchy

Cabra March 26, 1983 Sensors fail

Romano De. 16, 1983 1st hard X-ray laser evidence

Correo Aug. 2, 1984 Laser fails

Cottage March 23, 1985 1st focusing attempt

Goldstone Dec. 28, 1985 1st good measure of brightness shows basic laser is dimmer than
previously believed

Labquark Sept. 30, 1986 More focusing tests

Delamar Apr. 18, 1987 1st fear that focusing has failed

Kenville Feb. 15, 1988 1st high-quality data on basic laser

Wiliam J. Broad, “Teller’s War, The top-sectret story behind the star wars deception” (Simon & Schuster, New York, 1992) page3



Pumping power requirements for x-ray lasers

2
Population inversion: ANz(N, —N —") _ . 87
REERe P I(z)=1(0)-e
N Ap\? g2
Gain coefficeint: g=CTAN= A Nry—N;— E2,N2,92
SmAv \ g1 A=
Einstein A coefficient: A, <N :
AV, A
Naturally broadened transition (rad. decay): A VIA”I 2
B Eq N,
5 5 1,N1,092
m—) gIAN)\-ENz)\- EO
Required pump power density to compensate for level depletion:
he s
) P:NZAZITOCNz)\

Pumping power to maintain a specific gain: [ Pox g}\ -5 ]

pesy. J.dJ. Rocca, Rev. Scient. Instr. 70, 3799 (1999).
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Pumping power requirements for x-ray lasers

Pump power to achieve a given gain g scales as:

(P ]
> 5

Px—ray _ A‘optical _ (800 nm) _ 3 3 x 1014

I)optical A’x—ray 1 nm

Optical Laser; 10 W  m®  X-ray Laser: 1015 W

Electric power production in Germany 2022 : (Source Statistisches Bundesamt).
500 TWh =5 X104 Wh
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Mechanisms for population inversion on x-ray transitions

Recombination or collisional pump

Recombination m lonization limit

or collisional
pump —

Excited states

Lasing
transition

Fast
radiative
decay

Create hot plasma, of high ionization degree
Electron temperatures: ~ keV
Densities: 1027 - 10%2 cm-3
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1st atomic XUV Laser at Novette Laser in 1984
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Soft x-ray laser by electron impact excitation
1st experimental realization at LLNL in 1984: Ne-like Se laser 20 nm (60 eV, 20 nm)

Transverse pumping:

2p° 3p
Lasin —g}g;% e Pump Energy 1 kJ
2p° 3s —— 35//22%% :JJ=_% Line focus: 0.02 x 1.12 cm
L — &3/221/2 J=2 Pump wavelength: 532 nm
. e.Ve) =1 Duration: 450 ps
e Intensities on target: 5 x10'3 W/cm?2
Exploiding foil target
Strong
'r:aadsi;tive collisional Optical laser light
decay excitation
2p6 ........
Ne-likeion = | |mPlasma®po g e—

Electron temperature: T= 1 keV
Density: N=1 x 10?2 cm™

X-ray laser light

DESY.  D. Matthews et al., Phys. Rev. Lett. 54, 11 (1985). | Page 8



Table-top XUV lasers in Ne-like Ar at 46.9 nm (26 eV)

Coherent average power is comparable to synchrotron beam line

(By courtesy of J.J. Rocca,
Colorado State University)

Discharge current pulse: High average power: up to 3 mW
37 kA, duration 70 ns High pulse energy: 0.1 mJ - 0.8 mJ @4 Hz
Narrow spectral bandwidth: AA/A= 3 x10°

Beam divergence: 0 =4.5 mrad

B. Benware et al. Phys.Rev.Lett. 81, 5804, (1998)
pesy. C. Macchietto Opt. Lett. 24, 1115, (1999) Page 9



Gain-saturated table-top soft X-ray Lasers

Wavelength region from 7.3 nm to 47 nm

50 -
45 1 ©'-.‘.Ar (46.9 nm) (O Saturated
40 ) " Neon Like * Seeded
= 7 LV
g 30 + ©. Cr (28.5 nm)
= (By courtesy of J.J. Rocca,
B 257 Colorado State University)
S Mo (18.9)
° 20 - ) Nickel Like
> Ru
§ s % @...Pd Ag ¢4
_: ©®® ......... S: S.b Te | Cs La
9-9.@. Ba (8.8 nm)
10 - @e.. @ ;- )
5
0 | | | | | [ I I | | I I I ]
6 8 10 12 14 16 18 20 22 24 26 28 30 32 34
lon Charge (2)
Review Articles:

J. J. Rocca, ‘Table-top soft x-ray lasers’, Rev. Scient. Instr. 70, 3799 (1999).
pesy. . Suckewer and P. Jaegle, Laser Phys. Lett. 6, No. 6, 411-436 (2009) Page 10



1st theoretical concept of an atomic inner-shell X-ray laser

Population inversion by inner-shell photoionization

1st X-ray laser proposed back in 1967:
Duguay & Rentzepis, escsee

Appl. Phys. Lett. 10, 350 (1967).
Ultrafast ionization of

inner-shell electrons

1t realization in the optical regime (blue laser):
Silfvast et al., Opt. Lett. 8, 551 (1983).

Fast, powerful x-ray pump required to beat Auger decay !

DESY. Page 11



Evolution of accelerator-based x-ray sources over time

T T 11T T T
Free Electron Laser

Synchrotron radiation
sources of the:

ESRF 2nd improvement
3rd generation [ ESRF 1st improvement

ESRF design values

x 1027

2nd generation —

Brillance

B rrrrrrn

L

10" =

i

—101°

106

1900 1950 2000
DESY. year
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Self Amplified Spontaneous Emission (SASE)

SASE XFELs have limited temporal coherence

0.002 : :

0.0015

T
|

Achievable intensities through focusing:
10" W/cm2 @ 1 nm
1022 W/cm2 @ 0,1 nm

0.001 N

bandwidth @ 1keV photon energy: Ao = 6-9 eV
0.0005 1 Coherence time: 0.3-0.5fs
Pulse Energy: 1 mJ (for 20 fs pulse duration)

Intensity [a.u.]

T

0 1 A ! I
0 10 20 30 40 50 60 70

Time [fs]

0 90
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A new era of coherent, bright x-ray sources

[ o | Ac First proposal to build an
Pl NN | | XFEL at SLAC (USA)

FLASH (Germany) — first FEL

operating in the XUV and soft

X-ray region — begins user
operation

0 O @ | icisusA) —firsthard XFEL
-V.E"" — begins user operation

FERMI FERMI@Elettra (Italy)
begins user operation

PAL 2 POHANG ACCELERATOR | PAL-XFEL (South Korea)

:SACLA (Japan) begins ’ P.N RIKEN SPring-B

user operation Rlks

—
LABORATORY begins user operation |
European XFEL (Germany) European
' begins user operation XFEL
Completion of the DCLS
VUVFI)zELl(China) B PAUL SCHERRER INSTITUT

begins user operation | i

SXFEL (China) expected
to begin user operation

LCLS-II (USA) expected
to begin operation

Photon energy
0 Vuv

[0 Soft X-ray
[J Hard X-ray

|. Georgescu, Nat Rev Phys 2, 345 (2020).

' SHINE (China) expected
to begin operation
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1st realization of an atomic
Inner-shell x-ray laser




Photo-ionization inner-shell x-ray laser, Neon

2F’ooooo
2fs 25
XFEL pump i
at 1 keV 15—
2ptaness Auger decay XFEL pump
2s at 1 keV

photo-ionization Lasing transition

1s \ eo000
Inner-core 2p 2p ceeee_
160 fs zij: 2s +—
1

@ 850 eV

1S o 0
Spontaneous Inner-core
emission hoto-ionization
Focused P
XFEL beam

Atomic x-ray laser
I[(z,t)=1(0,1)- plsetnz (Superfluorescence)

mem

/

DESY. N. Rohringer & R. London, PRA 80, 013809 (2009)

Atomic gas volume
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Experiment at the LCLS XFEL @ SLAC, Sept. 2010

LCLS
beam

Hutch 1 (AMO)

Gas cell filled

w}th neon (400-600 Torr)

/
]

| o———

]

focusing A
chamber C

MO high-field
hamber

Hutch 2 (SXR)

ccoly

grating

Chamber for
spectrometer
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8 X 10° photons in Ne K-a line in a single shot
1,1 uJ of energy in K-a line, corresponding to gain-length product of 21-23

Ne K-a.line  Transmitted LCLS pulse
849 eV l 960 eV l

Direction of slit

Dispersive direction

Input:
LCLS pump at 960 eV

I(z,1)=1(0,1)- """

g(Z’ t) = nU (Z’ t)astim - nL (Z’t)gabs

conversion efficiency:
=4 x 103

pulse energy: 1.4 mJ (0.25 mJ on target) Gas pressure: 500Torr
focus diameter: = 4 micron Interaction length: 1.6 cm

Pulse duration: 40 fs

pesy. Rohringer et al., Nature 481, 488 (2012)
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Integrated spectrum for three sample shots

Stable spectrum, but high pulse-energy fluctuations from pulse to pulse

1.2e+06
1e+06

£ 800000
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o

Q

o)

2 600000
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Q

S 400000
200000

0

I .

" FWHM 2 eV
i (instrumental resolution)

R —

run 239, shot 18 ——
run 239, shot 32 ——
run 239, shot 45 ——

FWHM
10 eV

820 840 860

Rohringer et al., Nature 481, 488 (2012)
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Pumping-power dependence of Ne K-a transition
High gain-length products of 19-21 @ 0,25 mJ FEL pulse energy

1x10°

1x10°

1x108

1x107

1x10°

Number of transmitted photons

100000

10000

Saturation of the amplification,
> 10" detected photons per pulse

E (every point corresponds 01|
F to an average over 10 shots) g
3 = 1()1() |
S
] s 109}
i <
? Z (single-shot measurements)
AN T S T T o8 | | | .
0 0.05 0.1 . 0.15 0.2 0.25 0.3 0.35 1 0.08 0.16 0.24 0.32 0.40
Incoming XFEL pulse energy [m.J] Incoming XFEL pulse energy [mJ]
1st experiment, Sept. 2010 2nd experiment, Aug. 2011

Rohringer et al., Nature 481, 488 (2012)
Weninger et al., Phys. Rev. Lett. 111, 233902 (2013).
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Maxwell-Bloch approach for open quantum system

lonisation of ground state creates inner-shell holes in ionic density matrix

Spatio-temporal evolution of — 7 18]
ground-state population and ionic densit matrix: ~ photo- 7
3po(7.2) lonization 152p
o\ ¢, 2 ~ : : — VvV
5 = —0150p(7,2)Po(7,2) — G2y (7,2)Po(7,2) 2p°
dP1515(T, 2 , o . . . ME(T.z Ne Ne'
p13£ 2) = G15Jp(T.2)po(T,2) — [isp1s1s(T,2) + {iplszp(r,z)p Ez ‘ )+c.c.}
Ip1sap(t,2) Ty MéE(1,2)
P = pls’p ,2) —i(P1s15(T,2) — p”p’p 2)) D) ’

Macroscopic polarization: &2 = 2nZ152pP1s2p

1D Maxwell equations (slow varying envelope, paraxial wave approximation)

0& N 106 uoa)2
dz ¢ dt 2k

(solved in moving frame of propagating pump light)

dJp(7.2)

P +S 57— = —Po(t.2)n 015+ 62) Jp(7.2)

pesy.  Weninger and Rohringer, PRA 90, 063828 (2014).
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The build-up of transform-limited pulses

Gaussian pulse, 40 fs, 2 x 102 photons; Length: 16 mm, Density: 1.6 x 10'° cm-3

7))
S 1.e12 ]
@) ]
< 1.e08 Saturated §
Y— : : ]
O1e04f |~ gain region :
o) =~ Linear )
g 1.e00 . gain region | 1
S 0.28 ; ! — 30
Z ! :
0.96 . no spectral;
gain narrowing 1=
< 0.24 ! : 0
2 | =
£ 022 transform | 20§
5 limited 5
© 0.201 15‘0
g pulses @
& 0.18¢ g
10
0.16¢
0145 2 4 6 8 10 12 14 16

Propagation distance z [mm]

DESY. Weninger and Rohringer, PRA 90, 063828 (2014). Page 23



Prediction: phase-stable pulses of fs duration

Temporal structure of SASE pump Pulse
: Temporal structure of emitted XRL

T15 XFEL
c —
= E 15
10 .
- e Example of 3 emission bursts
% : 8 10
5 5 | ’ S
: 2]
: 5 2
0 l“JHH'Hs | ©
0 10 20 30 40 50 | :
retarded time [fs] % 10 20 3'0. 20 50
Temporal structure of emitted XRL refaraed time [is)
: _ XRL phase
T 15 . 5 ' I2'4
= normalized 815 1.6
Q 10 : 2 10.8 Emission bursts
= © 10 10.0 are phase stable
» 5 5 S -0.8
© ©
( :
. ©
" [ 3 o
— o
o

0 10 20 30 40 50 Al
retarded time [fs] 0 10 20 30 40 50

retarded time [fs]
DESY. | Presentation Title | Name Surname, Date (Edit by "Insert > Header and Footer") Page 24
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Recent results: Stimulated K-o emission

Interference pattern points to emission of 2 phase stable fs pulses of fs separation

Spatial profile: several transverse modes
5910 — T

5300

Energy (eV)

5890

5910

5900

5890

Energy (eV)

5910

5900

Energy (eV)

5890

5910

5800

Energy (eV)

5890

cut 250

5880

N "‘WM Ul WWF

0 100 200

300
Spatial Position (pixel)

Experiment at SACLA, Nov. 2017

400 500

DESY.

5400
3600

1800

0
1600

800

900

450

0
2000

1000

Y. Zhang et al., PNAS 119, 2119616119 (2022). >

Mn 1s?!

Taug,=0.8 f5

FEL SASE
Pump 6,6 keV

Woump=0.6 KeV

K,
w,=5.885 KeV

1,545 FEL SASE

Dump 5,9 keV

Ka,
;=59 KeV
T,=2.7fs

Ground state

Undulators for
Seed Pulse Pump Pulse

—

» |
Beam direction KB mirror Sample  S-XES
analyzer
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3D model in paraxial symmetry for a 2-band electronic system

Field in paraxial approximation, in retarded time, in Rabi frequency units

\ [ \ D(I‘,t) _ Z (Dg—l-)(r)t)ei(koz—wot)es + Dg—)(r7t>e—i(koz—w0t)e:> :
( — 1 s
} } QF) (r,t) = dgD{F) (r, t 4+ z/c) /(heo)
0 1 (& P \|qw _ _Ha® 413 er (n7O) 0 ) 4 ()
Dz kg \a2 T oy2 )| T Tt T g A e (M e g
Atomic gain mediurg: two set of levels, rotatmg-wave approximation
€1 a—pee = (Q(+)Tegs P( ) Q( peg Tée’)s)
€2
€ 9 (1) _ (+) (+) (+) ()= (+)
e ot . Peg Qs (pee’Te'gs - Teglspgg > + fs pee'Te'gs
- ) _ -
9 ) — i) (T( ) pre — p ,T(,)> f(—i-)*T( )pee
Té;‘) _ deges a(;pge s ge's gg es
° d _ (+) +) (+) +)x (+) ) (=) T7(+)
0 o Peg’ = I(Q( Teed eyt — U 0T, >+f( Tied ney) + T P Toghhs
g1
92 g Noise correlation properties:
gnN,

pesy.  A. Benediktovitch, S. Chuchurka et al., arXiv:2303.00853 (submitted to PRA)

FE (1) £577 (V) = S1eo) (t + 2/ — t/ — 2//€) S(space) (r — ¥') Jes.
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Transverse field properties
Shot-to-shot fluctuations of emission characteristics

DESY.
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Spatio-temporal field properties

Temporal field envelope versus x
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Amplified spontaneous x-ray emission (X-ray superfluorescence)

Photoionization K-a laser — from 1st demonstration to chemical analysis

DESY.

Ne 849 eV (gas)

Ne'* 1s

i~

K-shell 850 eV
ionization 1.45 nm

Auger decay
2.3 fs

ground state

Ne Ne'* Ne2+

Rohringer et al.,
Nature 481, 488 (2012).

Scheme first proposed by
Duguay and Rentzepis,

Appl. Phys. Lett. 10, 350 (1967).

Emission in forward direction,
up to e?" amplification of
spontaneous K-o. emission

Cu 8,04 keV (solid)

100:..” T

Fl—1extoowen?| Kol
L | ——2.1x10" W/em?
L 2.7x10" W/em?

—3.3x10" W/em?
| ——4.3x10" W/em?

Ko2

Ka laser intensity [arb. unit]

8,000 8.010 8,020‘ ;,050 8,040 8,05:018,060 8;,070
hv[eV]
Yoneda et al.,
Nature 524, 446 (2015).

Hard x-ray laser,
seeded by 2-color FEL
operation

Si L lines 70-100 eV (solid)
M. Beye et al.,
Nature 501, 191 (2013)

Mn 5,9 keV (liquid)

—— MnCl,
—— KMnO,

Stimulated Emission

Intensity (arb. units)

Simulation (preliminary)

N wl‘

5885 5890 5895 5900 5905
Emission Energy (eV)

Kroll et al.,

Manuscript in prep. (2016),.

Stimulated emission for
Chemical analysis under
single FEL pulse
exposure
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Stimulated Emission Spectroscopy
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DESY.

Importance of Metals in Biological Systems

NiFe Hoase FeMoS Nitrogenase Mn4Ca Water oxidase FeCu Cyt c oxidase

2H* = H, N, — NHj 2H,0 — O, + 4H* O, + 4H*—2H,0
Respiration Catalyze thermodynamically demanding
Photosynthesis reactions under physiological conditions with
Nitrogen fixation minimized driving force!

RNA synthesis, Detoxification...

Holy Grail:
Characterization of the Catalytic Pathways and Intermediates

Slide with courtesy to U. Bergmann 31 Page 31
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Structure — Function Relationship

o‘& o

Coherent diffractive
imaging:

Molecular structure in reciprocal
space

Structure (atomic positions)
doesn’t give us the complete
picture.

Consider for example:

Pure electronic excitation transfer,
energy transfer to reaction centers

Change of valence electron
distribution (chemistry) during
catalytic reaction

X-ray spectroscopy
a complementary tool to

x-ray diffraction
to tackle these questions

Page 32



Amplification of x-ray emission signal
Single-shot high-resolution spectroscopy

AN NS
0 Tyr161
Asp170 ==

P N\

crystal XFEL S1
crystal XFEL S2 -
visible
RRT ~
SR RT damaged ; laser LCLS
X-ray pulses

XES PSD

Intensity

Probing the electronic structure of the Mn,CaOg
cluster in the oxygen-evolving complex of PS Il

J. Kern et al, Sciencexpress, 14 February 2013, science.1234273 . s

6480 6485 6490 6495 6500
DESY. Energy (eV)



Towards stimulated emission spectroscopy

X-ray emission reveals chemically relevant information

—

— Mn(I)O

Level Diagram
—KMn(VI)O,
Valence
levels \
KB2 5, KB” Ko, / Spin/oxidation state of
’ = transition metals
3p 3
, :
KB13, KB 5 |
. = KB "
p /\ 13 ]
Kay 2 \
1s Y Vv v Valence orbitals:
) — ligand type, structure, covalency,
Kp KB, 5 ligand protonation, etc.

PRI S RS S SR S NS S S T [ S S S S NS S S
Relative Energy [eV] 35

For reviews see: Glatzel & UB, Coord. Chem. Rev., 249, 65-95, (2005)
Pollock & DeBeer, Accounts of Chemical Research (2015)

U. Bergmann et al., J. Synchr. Rad. 8, 199 (2001) Slide with courtesy to U. Bergmann
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K-a lasing of Mn-salt aqueous solutions

1020 W/cm? on target creates population inversion on K-a transition

2D Detector

Schematic Setup
Bragg

Reflection .
Sample injector

Superfluorescence: :
Directed, pulsed K-a | | Incident, focused
emission  XFEL beam

Si(111) Analyzer =102°W/::;né ——— |

Samples: MnCl, solution (5 and 1 molar), KMnO, (0.4 molar)
Collect 100% of emission in forward direction

Use flat analyzer crystal — high efficiency

Experiment @ CXI instrument (LCLS), July 2015

=150 nm focus
~ 10" ph/pulse
= 50 fs pulse duration
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Gain Curve for the 5.9 keV Ko, emission
Exponential amplification over 4 orders of magnitude

107
106
10°

104

Number of photons in emission line

08 "3"‘ Single-shot emission strength
K As a function of incoming FEL
L) ®e
102 ',’. A pulse energy
101
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5

Pulse energy [mJ]

Kroll et al., Phys. Rev. Lett. 120, 133203 (2018). Page 36



Observation of strong lasing in Mn at 5.9 keV Ko,
Strong gain up to 10 detected Mn Ko photons

Single shot spectrum

1.0

Stimulated emission —— MnCl,
x10* — NaMnO,

Ka, line | 8F :
narrower - 41 4A
than natural | ; :

o
o
T

0s 5 m MnCl, solution

o
i

% width —~ 00 O 5556 888 5800

S 0.6 1 ‘§ 08 L

o g | Spontaneous emission
M ©

= 04l | ; 04 |-

= IS 0.0 Simulations

Ka, line strongly
0.2 suppressed

0.0 N ~ bl . |I‘E i

— | L] 1
5890 5895 5900 5905 5885 5890 5895 5900 5905
Photon energy [eV] Emission Energy (eV)
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Chemical Sensitivity
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Stimulated K-8 emission in Mn salts — 2 colour FEL operation

Statistical evidence of stimulated K- emission
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X-ray Laser Oscillator (XLO)




Scheme of X-ray Laser Oscillator (XLO)
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Current experimental setup at CXI

Time of flight — about 35 ns

e

XLO v1.2, LCLS-CXI, November 15, 2022
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Numerical simulations — number of photons

Number of emitted photons at the Cu Ka4
line as a fct. of target thickness for
different pump-pulse energy
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Evolution of transverse pulse properties
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Slide with courtesy to

Seeding x-ray superfluorescence for improved gain A Halavanau
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Summary and Outlook

XFELs open novel opportunities of nonlinear x-ray science

Inner-shell x-ray lasing
- Superfluorescence creates sub-fs transform limited x-ray pulses of high intensity
- Application in stimulated emission x-ray spectroscopy

- Source development: X-ray Laser Oscillator

Open PhD position (theory) and PostDoc position (experiment)
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