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X-ray	&	Nobel	Prize	in	physics
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1901	Wilhelm	Röntgen	
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X-ray	&	Nobel	Prize	in	physics

1914	Max	von	Laue	
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X-ray	&	Nobel	Prize	in	physics
1915	William	Henry	Bragg
&	William	Lawrence	Bragg	
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X-ray	&	Nobel	Prize	in	physics
1924	Manne	Siegbahn	



Mössbauer effect (1958)
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R.	Mössbauer

R.	L.	Mössbauer,	Zeitschrift für Physik A	151,	124	(1958).
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Nuclear	Transition

1961	Rudolf	Mössbauer	



The	Red	Shift	in	an	Accelerated	
Nuclear	System	(1960)	
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no	absorption	
due	to	special-relativistic	shift

H.	J.	Hay	et	al.,	PRL	4,	165	(1960)

γ-Ray
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12Pound- Rebka
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no	absorption	
due	to	Gravitational	red shift

Earth’s	Gravity

R.	V.	Pound	and	G.	A.	Rebka,	Jr.,	PRL	4,	337	(1960)



Nuclear	Scattering	(1974) 13

solid

γ-Ray

solid

recoil-free

Drawbacks:
1. Low	brilliant	photon	source.
2. Lifetime	of	photon	source	is	limited.
3. Limited	species	of	nuclei	can	be	studied.



Nuclear	Scattering	(1974) 14

solid

Synchrotron	radiation

S.	L.	Ruby,	J.	Phys.	Colloques 35,	C6-209	(1974).

Advantages:
1. High	brilliant	photon	source.
2. More	species	of	nuclei	can	be	

studied.
3.	distinguish	pure	nuclear	
response.

S.	L.	Ruby

1. using synchrotron radiation.
2. watching time spectrum.



X-Ray	Free	Electron	Laser(XFEL)
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@	Spring	8,	Japan

@	DESY,	Germany
@	Stanford,	USA



FEL	Oscillator	(FELO)

K.-J.	Kim,	Y.	Shvyd’ko and	S.	Reiche,	PRL	100,	244802	(2008).
Y.	V.	Shvyd’ko	et	al.,	Nature	Phys.	6,	196	(2010)
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Figure 1 | Experimental set-up. A laser pulse (red) is focused into a gas cell, in which plasma waves accelerate electrons (yellow) to energies of several
hundred megaelectronvolts. The electron beam is collimated by a pair of quadrupole lenses. Plasma radiation and the laser beam are blocked by a 15 µm
aluminium foil. The electrons propagate through an undulator and emit soft-X-ray radiation into a narrow cone along the forward direction (blue). The
radiation is collected by a spherical gold mirror and characterized by a transmission grating in combination with an X-ray CCD camera. Stray light is
blocked by a slit in front of the grating. The pointing, divergence and spectrum of the electron beam are diagnosed by phosphor screens.
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Figure 2 | Effect of the magnetic lenses. a, Divergence of electrons traversing the magnetic lens assembly with energies of 190 MeV (red), 215 MeV
(yellow) and 240 MeV (blue). b, Simulated normalized on-axis flux of the fundamental undulator emission versus electron energy ⇠260 cm downstream
from the undulator exit (at the position of the detector). The narrow bandwidth of 9% FWHM is due to the energy-dependent electron-beam divergence
introduced by the magnetic lenses. c, Measured electron spectrum (blue) corresponding to the undulator spectrum of Fig. 3. The effective electron
spectrum (green) is determined by the product of the measured spectrum (blue) and the system response curve (red in b,c). It has a bandwidth of 6%
FWHM and a peak at 207 MeV.

In our experiment, the electron accelerator is driven by pulses
from a 20 TW (850mJ in 37 fs) laser system (see the Methods
section). Focused into a hydrogen-filled gas cell with a length of
15mm (Fig. 1), they produce stable electron beams showing a
quasi-monoenergetic energy spectrum with a stable peak in the
range of 200–220MeVand 7 pCof charge in thewhole spectrum.

For electron-beam transport from the plasma accelerator to
the undulator, we use a pair of miniature permanent-magnet
quadrupole lenses, which has proven to be a critical system
component for stable, reproducible operation of the undulator
source for two reasons. First, they reduce the angular shot-to-shot
fluctuations of the electron beamby an order ofmagnitude. Second,
the lenses also act as an effective energy-band-pass filter for the

undulator radiation and thus lower the photon-energy bandwidth
and fluctuations. These benefits arise from the chromaticity of the
lenses, which means that only electrons with a particular energy
are collimated, whereas the divergence of electrons with different
energies markedly increases (Fig. 2a). As each individual electron
emits its radiation in a narrow cone along its propagation direction,
the whole photon beam has the approximate size and divergence
of the emitting electron bunch. For that reason, it is possible to
control the on-axis photon fluxwith themagnetic lenses by focusing
the electron beam. In future applications, a small spot size on the
target can therefore be achieved even for hard X-ray beams without
the need for lossy optical focusing elements. For our set-up, a
slightly convergent electron beam at ⇠210MeV yields the highest
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Table-Top	Undulator

M.	Fuchs	et	al.,	Nature	Phys.	5,	826	(2009).	
J.	Breuer	et	al.,	Phys.	Rev.	Lett.	111,	134803	(2013)	

Laser-Plasma
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Optical	Laser

Nuclear,	X-ray	or	γ-ray
Quantum	Optics
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Optical	Laser

X-RAY
Laser

X-ray
Quantum	Optics



Mössbauer isotopes
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Mössbauer isotopes	studied with
synchrotron radiation

21

R.	Roḧlsberger,	Nuclear	Condensed	Matter	
Physics	with	Synchrotron	Radiation:	Basic	
Principles,	Methodology	and	Applications	
(Springer-Verlag,	Heidelberg,	2004).



57Fe	Nucleus
22

57Fe	nucleus

14.4	keV

𝜎" = 2464 kbarn 10)*+𝑚-Nuclear	
𝜎./ = 5.75 kbarnElectronic	 The	biggest	nuclear	cross	section	among	

Mössbauer isotopes!!



Nuclear	Forward	Scattering
Time	Spectrum
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R.	Röhlsberger,	Book,	Springer-Verlag (2004)



Detector

Nuclear	Forward	Scattering
Time	Spectrum
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B-field

Single	Photon

After	an	arbitrary
delay	time.

train	of	Synchrotron	radiation	pulses

Target

R.	Röhlsberger,	Book,	Springer-Verlag (2004)



Time	Spectrum	without	Hyperfine	field
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Detector

U.	van	Brück,	Hyperfine	Interact.	123,	483	(1999)
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Time	Spectrum	with	Hyperfine	field

Delay	Time	(ns)
U.	van	Brück,	Hyperfine	Interact.	123,	483	(1999)
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Transition	Currents

27Maxwell-Bloch	equations

W.-T.	Liao,	A.	Pálffy, C.	H.	Keitel,	PRL	109,	197403	(2012)

57Fe	nucleus

14.4	keV



Solution
J1:	Bessel	function	of	1st kind
Γ:	Spontaneous	Decay	Rate
α:	Resonant	Thickness

M.	D.	Crisp,	PRA.	1,	1604	(1970)
Yu.	Shvyd’ko,	et.	al,	PRB.	59,	9132	(1999)
W.-T.	Liao,	A.	Pálffy, C.	H.	Keitel,	PRL	109,	197403	(2012)



Targets
29

U.	van	Brück,	Hyperfine	Interact.	123,	483	(1999)
Yu.	Shvyd’ko,	et.	al,	PRL.	77,	3235	(1996)
Credit:		C.	McCammon

Stainless	Steel

Time	delay	(ns)

+	Few	Tesla +10	G
57FeBO3



Storage	of	nuclear	excitation

Y.	Shvyd’ko et	al.,	PRL	77,	3232	(1996)
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A.	Chumakov et	al.,	Nature	Phys.	14,	261	(2018)



32

A.	Chumakov et	al.,	Nature	Phys.	14,	261	(2018)
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A.	Chumakov et	al.,	Nature	Phys.	14,	261	(2018)

Nuclei	excited	by	XFEL
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A.	Chumakov et	al.,	Nature	Phys.	14,	261	(2018)
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Gravitational	Deflection	of	X-Ray	
Superradiance

35

W.-T.	Liao	and	S.	Ahrens,	Nature	Photonics	9,	169	(2015).

X-Ray

Einstein	Ring
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Using	XFEL	to	create	another	
laser(1.46nm)@LCLS	

37

Nina	Rohringer

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



FELs	have	poor	longitudinal	(spectral)	coherence	properties

Typical	pulse	profile	of	Self-Amplified	Spontaneous	Emission	(SASE)
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Bandwidth for w =1keV:  Dw = 6 eV
Coherence time: ~ 0.2 fs

Is	it	possible	to	use	FEL	to	create	an	x-ray	laser	based	on
an	inner-shell	transition	with	improved	coherence	properties?



Photo-ionization	laser	in	Neon	–
amplification	of	spontaneous	x-ray	emission

“Traditional”	laser	in	the	x-ray	regime
based	on	amplification	on	atomic	transitions

electron

impinging	x-ray	
“pump	“	photon

The	photoelectric	effect:

Duguay	and	Rentzepis	(1967).

population inversion

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



Auger	Decay,
Emission	of	an	electron

A	hole	in	the	innermost	electronic	shell
is	quite	instable

Radiative decay
Emission	of	a	photon	of	
characteristic	energy

in	98.5%	of	the	cases in	1,5	%	of	the	cases

Gas	cell filled with Neon



Chainreaction of	Stimulated	Emission	Processes

an	atomic	inner-shell	x-ray	
laser

Absorption	of	the	pumping	XFEL	beam

Amplification	of	the	characteristic,	irradiated	atomic	like	x-ray	light

Duguay	and	Rentzepis	(1967).
N.	Rohringer	& R.	London,	PRA	80,	013809	(2009)



1st realization	of	an	atomic	inner-shell	x-ray	laser
in	Sept.	2010	@	LCLS	

Atomic	inner-shell	x-ray	laser	at	1.46	nanometres pumped	by	an	x-ray	free-electron	laser,	
Rohringer	et	al.,	Nature 481,	488	(2012)



Gas	pressure:	500Torr
Interaction	length:	1.6	cm

Input:
LCLS	pump	at	960	eV
pulse	energy:	1.4	mJ (0.25	mJ on	target)
focus	diameter:	≈	4	micron
Pulse	duration:	 40	fs	

Dispersive	direction
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Transmitted	LCLS	pulse
960	eV		

Ne	K-a line	
849	eV

Single	shot	of	highest	intensity:	8×109 photons	in	Ne	K-a line

corresponding	to	1.1	µJ,	 GL	21-23

conversion	efficiency:
≈	4	x	10-3

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



Using	XFEL	to	create	another	
laser	(1.54Å)@SACLA	

44

Hitoki Yoneda

H.	Yoneda et	al.,	Nature 524,	446	(2015)



NCU	Quantum	Optics	Group

Welcome	to	JOIN	us!
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Thanks for your attention
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Quantum	Control	of	X-Ray	Photons	

48

W.-T.	Liao,	A.	Pálffy & C.	H.	Keitel,	Phys.	Rev.	Lett.	109,	197403	(2012)
W.-T.	Liao,	C.	H.	Keitel	&	A.	Pálffy,	Phys.	Rev.	Lett.	112,	057401	(2014)	

Adriana	Pálffy
MPIK,	Heidelberg

Christoph	H.	Keitel
MPIK,	Heidelberg



Coherent	Storage
49

Re[Current]

Im[Current]

Phase	and	Polarization	
are	Conserved!

W.-T.	Liao,	A.	Pálffy, C.	H.	Keitel,	PRL	109,	197403	(2012)



X-ray	Cavity	QED	with	nuclei
50

Ralf	Röhlsberger
DESY,	Hamburg

Kilian Heeg
MPIK,	Heidelberg

Jörg	Evers
MPIK,	Heidelberg

R.	Röhlsberger et	al.,	Science	328,	1248	(2010)
R.	Röhlsberger et	al.,	Nature 482,	199	(2012)
J.	Haber et	al.,	Nat.	Photon.	10,	445	(2016)
J.	Haber et	al.,	Nat.	Photon.	11,	720	(2017)
K.	Heeg	et	al.,	Phys.	Rev.	Lett.	114,	203601





Slow	light
52

K.	Heeg	et	al.,	Phys.	Rev.	Lett.	114,	203601



Placement	of	resonant	nuclei	in	a	
cavity	(waveguide)

k0

57Fe

1	nm	57Fe
4	nm	Pd

20	nm	Pd
30	nm	C

Cavity	layer	system	prepared	by	
physical	vapor	deposition

How	the	x-ray	cavity	looks	like

annimation	by	Ralf



Two resonant	layers in	a	cavity !
reflectivity

guided
field

annimation	by	Ralf



Slow	light
55

K.	Heeg	et	al.,	Phys.	Rev.	Lett.	114,	203601



Slow	light
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K.	Heeg	et	al.,	Phys.	Rev.	Lett.	114,	203601



X-ray	Spectral	control	via	mechanical	
motion

57

K.	Heeg et	al.,	Science	357,	375	(2017)



X-ray	Spectral	control	via	mechanical	
motion

58

K.	Heeg et	al.,	Science	357,	375	(2017)


