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Strong Coulomb field in highly charged ions 

Self Energy

Nuclear size

Vacuum 
Polarization

Dirac theory 2p3/2

2p1/2

1s1/2

2s1/2

QED corrections
DE  ~ Z4/n3

Z: nuclear charge
n: principal quantum number 

Important for s-states

2s Lamb shift

1s Lamb shift
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• Strong electric field
à Quantum Electrodynamic 

effects enhanced

~ 50 eV in uranium

~ 500 eV in uranium
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Hydrogen

Strong Coulomb field in highly charged ions 

Hydrogen
DEQED » 10-6 eV

Z·a » 10-2
Perturbative in a

and Za

H-like Uranium
DEQED » 500 eV

Z·a » 1
Non-perturbative 

in Za

Self Energy

Nuclear size

Vacuum 
Polarization
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• Strong electric field
à Quantum Electrodynamic effects 

enhanced
• Non-perturbative theory required

Non-perturbative in Za but perturbative in a
a2 not fully tested
a3 not predictedTin



Spectroscopy of few electrons heavy charged ions

H-like ions (1 el.)
E1

1s2s 1S0

1s2p 1P1

1s2s 3S1

1s2 1S0

1s2p 3P2

1s2p 3P0
1s2p 3P1

Lyman a2

2s

1s

2p3/2

2p1/2

Lyman a1

He-like ions (2 el.)

High-precision measurements
of different (and simple!) systems

Stringent theory test 

13 June 2024 PSAS 2024, M. Trassinelli – INSP 6

E1
1s22p 2P3/2
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Li-like ions (3 el.)



Spectroscopy of few electrons heavy charged ions

Dirac theory 2p3/2

2p1/2

1s1/2

2s1/2
2s Lamb shift

1s Lamb shift
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~4.5 keV in uranium

~ 73 keV in uranium

• No lasers for such an energies!

• Heavy highly charged ions 
are difficult to produce

~ 50 eV in uranium
Two-loop QED ~ 0.2 eV

~ 500 eV in uranium
Two-loop QED ~ 1.3 eV



Spectroscopy of few electrons heavy charged ions

Dirac theory 2p3/2

2p1/2

1s1/2

2s1/2
2s Lamb shift

1s Lamb shift
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~ 50 eV in uranium
Two-loop QED ~ 0.2 eV

~ 500 eV in uranium
Two-loop QED ~ 1.3 eV

Most stringent tests (before 2021):

But too many electrons!
Many-electrons and 1-electron QED terms all together

A. Gumberidze et al.,PRL 94, 223001 (2005)

1s Lamb shift of H-like U: 
460.2 ± 4.6 eV

2s Lamb shift of Li-lke U:
41.485 ± 0.015 eV

@ Livermore SuperEBIT
Beiersdorfer et al., Phys. Rev. Lett. 95, 233003 (2005)
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Highly charged ion production and storage

Stripping
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0.3 – 15 MeV/u
U92+

up to
1000 MeV/u

U92+

Al, Cu targetC target
N2 target

1.4 MeV/u
U28+

11.4 MeV/u
U73+

Ion source U4+

CRYRING

ESR
10 – 500 MeV/u U92+

U charge state



ESR storage ring 
at GSI

10

Experimental
Storage 
Ring 

Circumference: 108 m
Injection energy: 400 MeV/u

Ion energy: from 4 to 400 MeV/u
Revolution frequency: 1 Mhz

Stored ions: ~108
Pressure = 10-10–11 mbar
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ESR storage ring 
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Experimental
Storage 
Ring 

Circumference: 108 m
Injection energy: 400 MeV/u

Ion energy: from 4 to 400 MeV/u
Revolution frequency: 1 Mhz

Stored ions: ~108
Pressure = 10-10–11 mbar
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X-ray spectroscopy of few electrons heavy charged ions
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Experimental
Storage 
Ring 

• Ions cooled by the high intensity electron beam
• Ion velocity determined by the electron velocity



X-ray spectroscopy of few electrons heavy charged ions
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Experimental
Storage 
Ring 

0.90 0.93 0.96 0.99 1.02 1.05 1.08 1.11
0.0

0.2

0.4

0.6

0.8

1.0

 

 

be
am

 in
ten

sity
 (a

rb.
 un

its)

f / f0

 uncooled beam
 electron cooled beam

Dp/p ~ 10-5

• Ions cooled by the high intensity electron beam
• Ion velocity determined by the electron velocity

Cooling force



Experimental
Storage 
Ring 

Lamb shift of H-like Uranium
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[1] A. Gumberidze et al.,PRL 94, 223001 (2005)
[2] V.A. Yerokhin et al., Eur. Phys. J. D 25, 203-238 (2003) 
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ESR bending
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Particle
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X-ray
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U92+ + e� ! U91+
1s Lamb shift of H-like U: 

460.2 ± 4.6 eV [1]
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Lamb shift of H-like Uranium
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[1] A. Gumberidze et al.,PRL 94, 223001 (2005)
[2] V.A. Yerokhin et al., Eur. Phys. J. D 25, 203-238 (2003) 

U92+

U92+

U91+

ESR bending
magnets

Particle
detector

Detector

X-ray

Electro
n beam

2p3/2

1s1/2

Lya1

Target

K-REC

EC

<latexit sha1_base64="dAVSEnmEEGmx1SlM/nEjAxc0Y44=">AAACAnicbVDLSsNAFJ34rPUVdSVuBosgFEtSio9d0Y3LCqYttGmZTCft0MkkzEyEEoIbf8WNC0Xc+hXu/BsnbRbaemDgcM693DnHixiVyrK+jaXlldW19cJGcXNre2fX3NtvyjAWmDg4ZKFoe0gSRjlxFFWMtCNBUOAx0vLGN5nfeiBC0pDfq0lE3AANOfUpRkpLffPQ6SVX1XIKy5D0zmBXhTBT7HLaN0tWxZoCLhI7JyWQo9E3v7qDEMcB4QozJGXHtiLlJkgoihlJi91YkgjhMRqSjqYcBUS6yTRCCk+0MoB+KPTjCk7V3xsJCqScBJ6eDJAayXkvE//zOrHyL92E8ihWhOPZIT9mUAfN+oADKghWbKIJwoLqv0I8QgJhpVsr6hLs+ciLpFmt2OeV2l2tVL/O6yiAI3AMToENLkAd3IIGcAAGj+AZvII348l4Md6Nj9nokpHvHIA/MD5/AKGHlQk=</latexit>

U92+ + e� ! U91+
1s Lamb shift of H-like U: 

460.2 ± 4.6 eV [1] Theory:   463.8 ± 0.5 eV [2]



Lamb shift of H-like Uranium
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U92+

U92+

U91+

ESR bending
magnets

Particle
detector

Detector

X-ray

Electro
n beam

2p3/2

1s1/2

Lya1

Target

K-REC

EC

<latexit sha1_base64="dAVSEnmEEGmx1SlM/nEjAxc0Y44=">AAACAnicbVDLSsNAFJ34rPUVdSVuBosgFEtSio9d0Y3LCqYttGmZTCft0MkkzEyEEoIbf8WNC0Xc+hXu/BsnbRbaemDgcM693DnHixiVyrK+jaXlldW19cJGcXNre2fX3NtvyjAWmDg4ZKFoe0gSRjlxFFWMtCNBUOAx0vLGN5nfeiBC0pDfq0lE3AANOfUpRkpLffPQ6SVX1XIKy5D0zmBXhTBT7HLaN0tWxZoCLhI7JyWQo9E3v7qDEMcB4QozJGXHtiLlJkgoihlJi91YkgjhMRqSjqYcBUS6yTRCCk+0MoB+KPTjCk7V3xsJCqScBJ6eDJAayXkvE//zOrHyL92E8ihWhOPZIT9mUAfN+oADKghWbKIJwoLqv0I8QgJhpVsr6hLs+ciLpFmt2OeV2l2tVL/O6yiAI3AMToENLkAd3IIGcAAGj+AZvII348l4Md6Nj9nokpHvHIA/MD5/AKGHlQk=</latexit>

U92+ + e� ! U91+
1s Lamb shift of H-like U: 

460.2 ± 4.6 eV [1] Theory:   463.8 ± 0.5 eV [2]

Two-loop QED 

~1.3 eV

Good… but not enough



Lamb shift of H-like Uranium

Accuracy limitations

Detector resolution

Resolution:
400 eV at 60 keV

Ge detector
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Lamb shift of H-like Uranium

Accuracy limitations

Detector resolution

Doppler systematic effect

Resolution:
400 eV at 60 keV

Ge detector
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-

= c: light speed

new systematic uncertainties…
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Lamb shift of H-like Uranium

Accuracy limitations

Detector resolution

Doppler systematic effect

Resolution:
400 eV at 60 keV

Ge detector

Relativistic Doppler shift
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Crystal spectroscopy: the FOCAL experiment (2012)

Final result too much affected by Doppler systematic effects…

Gassner et al., New J. Phys. 20, 073033 (2018)
Gassner et al., X-Ray Spectrom. 49, 204-208 (2020)

Resolution: 
~60 eV at 60 keV

New recent developments

c
vβ ;

2β1

1γ =
-

= c: light speed
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Lamb shift of H-like Uranium

Accuracy limitations

Detector resolution

Doppler systematic effect

Resolution:
400 eV at 60 keV

Ge detector

Relativistic Doppler shift
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Crystal spectroscopy: the FOCAL experiment (2012)

Resolution: 
~60 eV at 60 keV

Thermal bath
(T < 100mK)

Weak thermal link

Thermometer

X-ray photon

Absorber Resolution: 
~60 eV at 60 keV

Pfäfflein et al., Atoms 11, 5 (2023)
Kröger et al., Atoms 11, 22 (2023)

New recent developments

c
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1γ =
-

= c: light speed
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Resisitive and magnetic Microcalorimeters



X-ray spectroscopy of few electrons heavy charged ions

H-like ions (1 el.)

Lyman a2

2s
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He-like ions (2 el.)
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1s2p 3P1
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E1
1s22p 2P3/2

1s22s 2S1/2

1s22p 2P1/2

Li-like ions (3 el.)



He-like heavy charged ions

He-like ions (2 el.)

Radiative 
QED

Electron-electron interaction

Non-radiative 
QED

E1

M1
2E1

M1E1

E1

M2

1s2s 1S0

1s2p 1P1

1s2s 3S1

1s2 1S0

1s2p 3P2
1s2p 3P0
1s2p 3P1

… more electronsà more ingredients
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Intra-shell transition measurement

4.5 keV in He-like U
à X-ray spectroscopy 
from Bragg reflection
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Production at ESR@GSI/FAIR
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ESR storage ring
107–108 stored 
and cooled  ions
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43.55 Me/u

r ~ 1012 part./cm3



Production at ESR@GSI/FAIR
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U91+ + N2 è U90+ + N+ + …

Electron capture

• Low ion velocity
• Low-Z target

Single electron capture 
in n = 2-5 levels

Efficient population of the 
He-like 1s2p 3P2 state!

90˚
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Bragg spectrometer
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Intra-shell transition measurement
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But Doppler effect still well present…
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Bragg spectrometer
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43.55 Me/u

r ~ 1012 part./cm3

à Systematic uncertainties

<latexit sha1_base64="r3zHun97alC3+HyMQ3BNxzs7BQs="></latexit>

�(Eion)� = Elab�
3|� � cos(✓)|��



Heavy He-like U

Doppler tuned intra-shell transition 
spectroscopy

E1
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1s2p 1P1

1s2s 3S1
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Eion ~ 4510 eV
Ion beam: 43.55 Mev/u
b = 0.30

Elab ~ 4310 eV

Unknown E
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à Same Bragg angle than Zn Ka line in 
second order reflection, for which
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Heavy He-like U

Doppler tuned intra-shell transition 
spectroscopy

Heavy Li-like U (reference)
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E1
1s22p 2P3/2

1s22s 2S1/2

1s22p 2P1/2

Eion ~ 4510 eV
Ion beam: 43.55 Mev/u
b = 0.30

Eion = 4459.37 ± 0.21 eV
Ion beam: 32.60 Mev/u
b = 0.26

Elab ~ 4310 eV

Reference E0Unknown E

Beiersdorfer et al., Phys. Rev. A 53, 4000 (1996)
Measured at  Livermore SuperEBIT

13 June 2024 PSAS 2024, M. Trassinelli – INSP 28

4460 4480 4500 4520 4540 4560

200

400

600

800

1000

1200

1400

U88+ U87+

U89+

U86+

co
un

ts

x-ray energy (eV)



Heavy He-like U

Doppler tuned intra-shell transition 
spectroscopy
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Strong reduction of main systematic errors
and in particular…

Heavy Li-like U (reference)
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2007 experiment at ESR

Ion beam

Gas jet

X-ray CCD Rowland circle R= 800 mm

Ge crystal
Reflection from (220) plane

57 cm
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2007 experiment at ESR

Energy
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He-like uranium 1s2p 3P2 - 1s2s 3S1
• Counts: ~ 300

• Acquisition time: 24.6 hours

Li-like uranium 1s22p 2P3/2 - 1s22s 2S1/2
• Counts: ~160

• Acquisition time: 4.6 hours
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2007 experimental result
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2007 exp.

1s2p 3P2 - 1s2s 3S1 transition   

Energy of the intra-shell transition:

4509.71 ± 0.99 eV [1] 

[1] MT et al., Eur. Phys. Lett. 87, 63001 (2009)

Theory from Ref. [2]
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2007 experimental result
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2007 exp.

1s2p 3P2 - 1s2s 3S1 transition   

Energy of the intra-shell transition:

4509.71 ± 0.99 eV [1] 

[1] MT et al., Eur. Phys. Lett. 87, 63001 (2009)
[2] Artemyev et al., Phys. Rev. A 71, 062104 (2005)

Two-electron QED = 
0.76 eV [2]

Two-loop QED = 
0.20 eV [2]

Theory from Ref. [2]
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Good… but not enough!



2007 experimental result

Very bad crystal employed in the spectrometer!!

Ge (220) X-ray crystal reflection map

FWHM = 5.1 eV

àLow resolution

àLow reflectivity
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14 years later… the 2021 set-up

Crystal 
support

ESR ion 
beam

X-ray CCDs

Twin Bragg 
spectrometers

Gas jet

X-ray tube for 
stationary 
reference line

• Double spectrometer
à Higher luminosity
à Better control of systematics

Phase-0
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14 years later… the 2021 set-up

Phase-0

• Double spectrometer

• Larger bending radius
à Higher resolution

1438 mm
(2007 exp: 575 mm)
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14 years later… the 2021 set-up

• Double spectrometer

• Larger bending radius

• New crystals
CYLINDRICALLY BENT GERMANIUM CRYSTALS FOR

SPECTROSCOPY OF INTRA-SHELL TRANSITIONS IN U90+

O. Wehrhan1,2, I. Uschmann1,2, H. Marschner2, E. Förster1,2, and H.F. Beyer3

1Helmholtz-Institut Jena, Jena, Germany; 2Institut für Optik und Quantenelektronik, Friedrich-Schiller-Universität,
Jena, Germany; 3GSI Helmholtzzentrum, Darmstadt, Germany

Quantum electrodynamic and relativistic effects in the
strong field of a very heavy nucleus can be studied in highly
charged two-electron ions by an accurate spectroscopy of
the respective n=2!2 transitions. For U90+ the wave-
length of the corresponding x rays is near 2.7 Å and can be
accomodated by a Ge (220) crystal employed in a Johann
spectrometer. A preliminary experiment of this type has al-
ready been conducted using stored highly charged uranium
ions in the ESR storage ring at GSI [1]. The accuracy of the
experiment was limited by an asymmetry observed in the
x-ray line shape. A culprit for that could be imperfections
of the analyzer crystal used. Indeed the x-ray topography
taken of the crystal after the experiment revealed strong in-
homogeneities. Therefore a continuation of the experiment
is only meaningful with much improved crystals.

Crystal

Substrate

Glass Form

Glue

Figure 1: Method of bending a crystal to a cylindrical form.
The polished crystal is wrung to a cylindrical glass form
of high-quality finish which predetermines the geometrical
form. After gluing the crystal with its rear side to another
glass form the front glass form is detached.

Consequently, a total of four high-quality cylindrically
bent crystals of dimension 50⇥25⇥0.12 mm3 and a radius
of curvature of 2 m have been produced and characterized.
The method of bending employed, is schematically illus-
trated in figure 1. The prepared and polished crystal slab
is wrung to a cylindrical glass body with a highly accurate
cylindrical finish that defines the geometrical shape of the
crystal. After gluing the crystal with it’s rear side to an-
other glass substrate, the crystal is shaped to the required
size of it’s large surface and thereafter detached from the
front glass form.

There is still one degree of freedom, that is the choice of
the crystal’s azimuthal rotation. The latter has been opti-
mized such as to minimize possible influences of Umweg
excitations. For that purpose calculations of multiple
diffractions have been carried out with the aid of the XOP
software [2]. It turned out that in the interesting region

of Bragg angles Umweg excitation can be widely avoided.
Only when in use with the calibration source in second or-
der of diffraction it can not be totally diminished.

Figure 2: One of the crystal specimens shown as an opti-
cal photography (top) and as an x-ray topography (bottom)
obtained with Cu-K↵ radiation in a von-Hàmos geometry.

As a final quality test x-ray topographies were taken with
Cu-K↵ radiation in a von-Hàmos and in a Rowland geom-
etry. In figure 2 both, an optical photography and the result
of a von-Hàmos topography is displayed revealing a single
spot in the lower left corner of the crystal due to an isolated
adhesive imperfection. Otherwise the crystal is free of dis-
tortions in the central part that is going to be used in the
spectrometer. The curved Ge crystals are mounted and pre-
aligned in crystal modules which will be part of the crystal
spectrometers to be assembled. Subsequently, a number
of test measurements with prototype spectrometers will be
performed.

References
[1] M. Trassinelli et al., European Physics Letters 87 (2009)

63001.

[2] M. Sanchez del Rio: XOP, X-ray Oriented Programs, ESRF
Grenoble.

à No more aberrations
à Higher luminosity
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14 years later… the 2021 set-up

• Double spectrometer

• Larger bending radius

• New crystals

• New detectors

2 x 2048 x 2048 x 13,5 µm pixels

2 x

2007 exp: 
1024x256x26 µm2 pixels

à 8 x higher luminosity

Phase-0
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14 years later… the 2021 set-up
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He-like U

Relativist Doppler tuning
with He- and Li-like U and Be-like

Li-like U (Reference)

E1

M1
2E1

M1E1

E1

M2

1s2s 1S0

1s2p 1P1

1s2s 3S1

1s2 1S0

1s2p 3P2
1s2p 3P0
1s2p 3P1

E1
1s22p 2P3/2

1s22s 2S1/2

1s22p 2P1/2

Eion ~ 4510 eV
Ion beam: 41.03 Mev/u
b = 0.287

Eion = 4459.37 ± 0.21 eV [1]
Ion beam: 30.16 Mev/u
b = 0.248

Elab ~ 4319 eV

[1] P. Beiersdorfer et al., Phys. Rev. Lett. 71, 3939 (1993),  P. Beiersdorfer, Nucl. Instrum. Meth. B 99, 114 (1995)

Reference E0Unknown E

Same energy in the laboratory frame
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He-like U

Relativist Doppler tuning
with He- and Li-like U and Be-like

Li-like U (Reference)

E1

M1
2E1

M1E1

E1

M2

1s2s 1S0

1s2p 1P1

1s2s 3S1

1s2 1S0

1s2p 3P2
1s2p 3P0
1s2p 3P1

E1
1s22p 2P3/2

1s22s 2S1/2

1s22p 2P1/2

Eion ~ 4510 eV
Ion beam: 41.03 Mev/u
b = 0.287

Elab ~ 4319 eV

Eion = 4459.37 ± 0.21 eV [1]
Ion beam: 30.16 Mev/u
b = 0.248

[1] P. Beiersdorfer et al., Phys. Rev. Lett. 71, 3939 (1993),  P. Beiersdorfer, Nucl. Instrum. Meth. B 99, 114 (1995)

Reference E0Unknown E

Same energy in the laboratory frame

Eion = 4501.72.37 ± 0.21 eV [1]
Ion beam: 39.29 Mev/u
b = 0.282

Be-like U (2nd reference)

E1

1s22s2 1S0

1s22s2p 1P1
1s22s2p 3P2

1s22s2p 3P0
1s22s2p 3P1
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2021 beam time

Beam time acquisition:

(out of ~400h beam time)

Li-like U à ~ 11h à 1400 photons
(~2 photon per cycle. 1’)

He-like U à ~ 84h à 1800 photons per arm
(1 photon every 3 cycles, 3’)

Be-like U à ~ 24h à ~700 photons

13 June 2024 PSAS 2024, M. Trassinelli – INSP 42

No beam

Injection of H-like U with 296 MeV

Injection of Li-like U with 60 MeV

Injection of He-like U with 296 MeV

Injection of Li-like U with 296 MeV



2021 beam time

Beam time acquisition:

(out of ~400h beam time)
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Stability of the spectrometer

0.015 eV

Li-like U à ~ 11h à 1400 photons
(~2 photon per cycle. 1’)

He-like U à ~ 84h à 1800 photons per arm
(1 photon every 3 cycles, 3’)

Be-like U à ~ 24h à ~700 photons

Stability check using 
Ka zinc line reflection 
(at the second order)
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No beam

Injection of H-like U with 296 MeV

Injection of Li-like U with 60 MeV

Injection of He-like U with 296 MeV

Injection of Li-like U with 296 MeV



Double reference measurement method

X-ray tube 
generator

Zinc target
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Zn Ka

Double reference measurement method

X-ray tube 
generator

Zinc target

Bragg law of diffraction

n: diffraction order
2d: crystal planes spacing

<latexit sha1_base64="U98S8wy12cvckCGNRhW4YoTz7dI=">AAACEnicbVA9SwNBEN2LXzF+RS1tFoOgTbgLQW2EEBEsIyQq5ELY28wlS/b2jt05MRz5DTb+FRsLRWyt7Pw3bmIKvx4MPN6bYWZekEhh0HU/nNzc/MLiUn65sLK6tr5R3Ny6NHGqObR4LGN9HTADUihooUAJ14kGFgUSroLh6cS/ugFtRKyaOEqgE7G+EqHgDK3ULR4o6oeacZoNKB/TM3pCKz3qG2H15gCQdX2EW8zq426x5JbdKehf4s1IiczQ6Bbf/V7M0wgUcsmMaXtugp2MaRRcwrjgpwYSxoesD21LFYvAdLLpS2O6Z5UeDWNtSyGdqt8nMhYZM4oC2xkxHJjf3kT8z2unGB53MqGSFEHxr0VhKinGdJIP7QkNHOXIEsa1sLdSPmA2IbQpFmwI3u+X/5LLStk7LFcvqqVafRZHnuyQXbJPPHJEauScNEiLcHJHHsgTeXbunUfnxXn9as05s5lt8gPO2yekPpxB</latexit>

n
hc

E
= 2d sin⇥B

Bragg angle QB

x

y

x-axis à dispersion axis (prop. to E)

xy
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Double reference measurement method

Ge crystal

X-ray CCDIon beam

Gas-jet

xy

Bragg angle QB Bragg law of diffraction

n: diffraction order
2d: crystal planes spacing

<latexit sha1_base64="U98S8wy12cvckCGNRhW4YoTz7dI=">AAACEnicbVA9SwNBEN2LXzF+RS1tFoOgTbgLQW2EEBEsIyQq5ELY28wlS/b2jt05MRz5DTb+FRsLRWyt7Pw3bmIKvx4MPN6bYWZekEhh0HU/nNzc/MLiUn65sLK6tr5R3Ny6NHGqObR4LGN9HTADUihooUAJ14kGFgUSroLh6cS/ugFtRKyaOEqgE7G+EqHgDK3ULR4o6oeacZoNKB/TM3pCKz3qG2H15gCQdX2EW8zq426x5JbdKehf4s1IiczQ6Bbf/V7M0wgUcsmMaXtugp2MaRRcwrjgpwYSxoesD21LFYvAdLLpS2O6Z5UeDWNtSyGdqt8nMhYZM4oC2xkxHJjf3kT8z2unGB53MqGSFEHxr0VhKinGdJIP7QkNHOXIEsa1sLdSPmA2IbQpFmwI3u+X/5LLStk7LFcvqqVafRZHnuyQXbJPPHJEauScNEiLcHJHHsgTeXbunUfnxXn9as05s5lt8gPO2yekPpxB</latexit>

n
hc

E
= 2d sin⇥B

He-like U
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Double reference measurement method

Ge crystal

X-ray CCDIon beam

Gas-jet

xy

Relativistic Doppler shift

c
vβ ;

2β1

1γ =
-

= c: light speed

Bragg angle QB

Observation 
angle q

Bragg law of diffraction

n: diffraction order
2d: crystal planes spacing
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n
hc

E
= 2d sin⇥B

x

y

x-axis à dispersion axis (prop. to E)

He-like U
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He-like U
Moving ref.

Li-like U
Stationary ref.

Zn Ka fluorecence
Moving ref.
Be-like U

Spectral line positions
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Spectral line positions

He-like U
Moving ref.

Li-like U
Moving ref.
Be-like U

Stationary ref.
Zn Ka fluorecence
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Projection on the dispersion axis

He-like U

Li-like U

Be-like U

Zn Ka

• Fit using Nested_fit code (Bayesian methods) [1,2]

• Poisson likelihood
adapted for very low count rate (here the background ~ 0 counts/ch)

• 2D analysis
F(x,y) = f[x – (a + b y)]  + bg

[1] MT, Proceedings 33, 14 (2019)
[2] https://github.com/martinit18/nested_fit

https://github.com/martinit18/nested_fit


Spectral line positions

He-like U
Moving ref.

Li-like U
Moving ref.
Be-like U
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Stationary ref.
Zn Ka fluorecence

• Fit using Nested_fit code (Bayesian methods) [1,2]

• Poisson likelihood
adapted for very low count rate (here the background ~ 0 counts/ch)

• 2D analysis
F(x,y) = f[x – (a + b y)]  + bg

• Modelling tests of the line profile by Bayesian methods
f[x]: single convolution between a Gaussian and a flat profile [3]
No satellites!

Projection on the dispersion axis

He-like U

Li-like U

Be-like U

Zn Ka

[1] MT, Proceedings 33, 14 (2019)
[2] https://github.com/martinit18/nested_fit
[3] MT, Atoms 11, 64 (2023)

https://github.com/martinit18/nested_fit


Spectral line positions

He-like U
Moving ref.

Li-like U
Moving ref.
Be-like U

From [4]
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• Fit using Nested_fit code (Bayesian methods) [1,2]

• Poisson likelihood
adapted for very low count rate (here the background ~ 0 counts/ch)

• 2D analysis
F(x,y) = f[x – (a + b y)]  + bg

• Modelling tests of the line profile by Bayesian methods
f[x]: single convolution between a Gaussian and a flat profile [3]
No satellites!

[1] MT, Proceedings 33, 14 (2019)
[2] https://github.com/martinit18/nested_fit
[3] MT, Atoms 11, 64 (2023)
[2] Weber et al., Phys. Rev. ST AB 18, 034403 (2015)

https://github.com/martinit18/nested_fit


He-like U
Moving ref.

Li-like U
Stationary ref.

Zn Ka fluorecence
Moving ref.
Be-like U

Extraction of He-like transition energy

q = 90˚ + Dq

2 kind of references:
moving and stationary

• Dq±dq: observation angle 
misalignment

<latexit sha1_base64="POwMZ5aUnTrFXlrePqCqLqlsCU8="></latexit>

EMov
0 = EStat
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�0(1 + �0 sin�✓)

✓
1 +

xMov � xStat

D tan⇥

◆

13 June 2024 PSAS 2024, M. Trassinelli – INSP 52



He-like U
Moving ref.

Li-like U
Stationary ref.

Zn Ka fluorecence
Moving ref.
Be-like U

Extraction of He-like transition energy

q = 90˚ + Dq

2 kind of references:
moving and stationary

2 moving references
(Li- and Be-like)

Accuracy of 0.01˚ !!

dq ~ 0.02˚ at best 
from optical alignment
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He-like U
Moving ref.

Li-like U
Stationary ref.

Zn Ka fluorecence
Moving ref.
Be-like U

Extraction of He-like transition energy

q = 90˚ + Dq

2 kind of references:
moving and stationary

<latexit sha1_base64="hV0nQPBuqh1w9ofqDLivkQR6XuI="></latexit>
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x� xMov

D tan⇥

◆

Alignment systematic 
error reduction
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• Dq±dq: observation angle 
misalignment

• E±dE: He-like U energy
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He-like U
Moving ref.

Li-like U
Stationary ref.

Zn Ka fluorecence
Moving ref.
Be-like U

Extraction of He-like transition energy

q = 90˚ + Dq

<latexit sha1_base64="hV0nQPBuqh1w9ofqDLivkQR6XuI="></latexit>
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�0(1 + �0 sin�✓)

✓
1 +
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◆
• Dq±dq: observation angle 

misalignment
• E±dE: He-like U energy

2 kind of references:
moving and stationary

2 moving references
(Li- and Be-like)

2 spectrometer arms

à 4 (dependent) measurements
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He-like U energy evaluations

2 spectrometers x 2 moving reference à 4 dependent measurements
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Uncertainty budget

2 spectrometers x 2 moving reference à 4 dependent measurements

Uncertainties for each meas. in eV

Statistical 0.066

E moving Ref. 0.246
E stationary Ref. 0.006

V cooler (bias) 0.007

V cooler (linearity) 0.001

Spectr. arm lenght 0.000

Residual align. 0.003

Moving source:  Li- and Be-like uranium
ELi-like = 4459.37 ± 0.21 eV
EBe-like = 4501.72 ± 0.21 eV
Beiersdorfer et al., Phys. Rev. Lett. 71, 3939 (1993).
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ab initio

RCI

RMBPT

UM

He-like U energy evaluation

Result absolute energy of He-like U: 

2007 exp. result: 4509.71 ± 0.99 eV 
M.T. et al., Eur. Phys. Lett. 87, 63001 (2009)

EHe-like U = 4509.763 ± 0.034stat± 0.162syst (±0.166) eV
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R. Loetzsch et al., Nature 625, 673-678 (2024)



He-like U energy evaluation
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Result absolute energy of He-like U: 
EHe-like U = 4509.763 ± 0.034stat± 0.162syst (±0.166) eV

Th. values from Malyshev 2023[2]

[1] R. Loetzsch et al., Nature 625, 673-678 (2024)
[2] A.V. Malyshev et al., Phys. Rev. A 107, 042806 (2023)

ab initio

RCI

RMBPT

UM



He- Li-like U relative energy

DELi-Be-like U = 50.233 ± 0.037stat± 0.037syst (±0.046) eV [1]
Result He- – Li-like energy difference: 

Energy [eV]
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• Same nucleus
• Same 1 el. QED contribution 

Disentanglement between 
one-electron QED 

and two-electron QED

[1] R. Loetzsch et al., Nature 625, 673-678 (2024)
[2] A.V. Malyshev et al., Phys. Rev. A 107, 042806 (2023)

ab initio

RCI

Th. values from [2]



He- Li-like U relative energy

Result He- – Li-like energy difference: 

DEHe-Be-like U = 42.072 ± 0.041stat± 0.031syst (±0.046) eV [1]
Result Be- – Li-like energy difference: 

DELi-Be-like U = 50.233 ± 0.037stat± 0.037syst (±0.046) eV [1]
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[1] R. Loetzsch et al., Nature 625, 673-678 (2024)
[2] A.V. Malyshev et al., Phys. Rev. A 107, 042806 (2023)

Th. values from [2]

ab initio

ab initio

RCI

RCI



Main present limitation and outlooks

Result absolute energy of He-like U: 
EHe-like U = 4509.763 ± 0.034stat± 0.162syst eV
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Main present limitation and outlooks

Result absolute energy of He-like U: 
EHe-like U = 4509.763 ± 0.034stat± 0.162syst eV
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Possible outlooks:
1) Wait …



Main present limitation and outlooks

Result absolute energy of He-like U: 
EHe-like U = 4509.763 ± 0.034stat± 0.162syst eV
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Possible outlooks:
1) Wait for calibration improvements

a) in a Super-, Hyper-EBIT
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Soon in Heidelberg?
GSI?



Main present limitation and outlooks

Result absolute energy of He-like U: 
EHe-like U = 4509.763 ± 0.034stat± 0.162syst eV
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Possible outlooks:
1) Wait for calibration improvements

a) in a Super/Hyper-EBIT

b) with resonant coherent excitation method

(inverted laser)
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Goal accuracy: 0.01eV
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Main present limitation and outlooks

Result absolute energy of He-like U: 
EHe-like U = 4509.763 ± 0.034stat± 0.162syst eV
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Possible outlooks:
1) Wait for calibration improvements (Li- and/or B-like U)

2) Use another calibration



2024-25 beam time proposal

Use hydrogenlike scandium (Z=21) 
instead of uranium (Z=92)
à Negligible 2-loop QED effects (0.0017 eV only)
à Systematic uncertainty: from 0.162 to 0.005 eV

(due to the HFS)

He-like U H-like Sc (Reference)

E1

M1
2E1

M1E1

E1

M2

1s2s 1S0

1s2p 1P1

1s2s 3S1

1s2 1S0

1s2p 3P2
1s2p 3P0
1s2p 3P1

E1

1s1/2

2p1/2

Eion ~ 4510 eV
Ion beam: 41.03 Mev/u
b = 0.287

Eion = 4531.624 ± 0.005 eV
Ion beam: 45.74 Mev/u
b = 0.302

Elab ~ 4319 eV

2s1/2

2p3/2
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2024-25 beam time proposal

Use hydrogenlike scandium (Z=21) 
instead of uranium (Z=92)
à Negligible 2-loop QED effects (0.0017 eV only)
à Systematic uncertainty: from 0.162 to 0.003 eV
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Smaller gas-get as target 
(from 5 to 1 mm of diameter)
à Higher resolution power
à Statistical uncertainty: from 0.034 to 0.008 eV
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Higher probability of 
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2024-25 beam time proposal

Use hydrogenlike scandium (Z=21) 
instead of uranium (Z=92)
à Negligible 2-loop QED effects (0.0017 eV only)
à Systematic uncertainty: from 0.162 to 0.003 eV

New detectors (Timepix3 tech.)
à Spatial and time-resolution for single capture only
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Smaller gas-get as target 
(from 5 to 1 mm of diameter)
à Higher resolution power
à Statistical uncertainty: from 0.034 to 0.008 eV

CheeTah detector
Timepix3 CERN tech.
Time resolution:   a few ns
Space resolution: 55 µm 
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• Lower than nucleus size uncertainty 
contribution

• Sensitive to uncalculated QED effects
(3-photon exchange  QED)

2024-25 beam time proposal

Use hydrogenlike scandium (Z=21) 
instead of uranium (Z=92)
à Negligible 2-loop QED effects (0.0017 eV only)
à Systematic uncertainty: from 0.162 to 0.003 eV

± 0.017 eV 

Total expected accuracy on the new proposal:
0.009 eV

Expected error bar
(barely visible…)
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Smaller gas-get as target 
(from 5 to 1 mm of diameter)
à Higher resolution power
à Statistical uncertainty: from 0.034 to 0.008 eV

New detectors (Timepix3 tech.)
à Spatial and time-resolution for single capture only

± 0.034 eV 



Main present limitation and outlooks

Result absolute energy of He-like U: 
EHe-like U = 4509.763 ± 0.034stat± 0.162syst eV
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Possible outlooks:
1) Wait for calibration improvements (Li- and/or B-like U)

2) Use another calibration (He-like Sc)

3) Do something else …



Further plans (2026-27 beamtime proposal?)
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Smaller gas-get as target 
(from 5 to 1 mm of diameter)
à Higher resolution power
à Statistical uncertainty: from 0.037 to 0.009 eV
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Relative measurements
à Uncertainty dominated by statistics

(for almost coinciding transitions)



Further plans (2026-27 beamtime proposal?)
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Smaller gas-get as target 
(from 5 to 1 mm of diameter)
à Higher resolution power
à Statistical uncertainty: from 0.037 to 0.009 eV
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Transition energy comparisons between isotopes

[1] V.A. Yerokhin et al., J. Phys. Chem. Ref. Data 44, 033103 (2015)
[2] Z. Sun et al., arXiv preprint arXiv:2309.07780 (2023)

+ N. Oreshkina private communication

• Present nuclear radius uncertainty (for 238U): 0.034 eV [1]
• Expected deformation effects: 0.02 eV [2]

Relative measurements
à Uncertainty dominated by statistics

(for almost coinciding transitions)



Conclusions

E1

M1
2E1

M1E1

E1

M2

1s2s 1S0

1s2p 1P1

1s2s 3S1

1s2 1S0

1s2p 3P2
1s2p 3P0
1s2p 3P1

• New high-resolution X-ray spectroscopy measurement of He-like 
uranium ions

• New calibration method to reduce the Doppler effect systematics
• Disentangled measured of one-electron and many-electrons QED

• New benchmark test for bound system QED in strong field

• New proposals planned for next FAIR beamtimes
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R. Loetzsch et al., Nature 625, 673-678 (2024)



P. Dergham
E. Lamour
S. Macé
C. Prigent
S. Steydli
MT
D. Vernhet

A. Gumberidze
U. Spillmann
Th. Stöhlker
H. Beyer

L. Duval
P. Indelicato
N. Paul

R. Lötzsch
I. Uschmann
G. Paulus

F. Kröger
J. Glorius
R. Grisenti
R. Hess
P.-M. Hillenbrand
B. A. Lorentz

G. Weber 

M. Guerra
J. Machado
J.P. Santos

D. Banas
P. Jagodzinski
K. Szary

S. Litvinov
Yu. A. Litvinov
N. Petridis
M. Steck
M. Scheidel
R. Sidhu
S. Trotsenko

Collaboration and sponsors

13 June 2024 PSAS 2024, M. Trassinelli – INSP 

Thank you!


