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H@F_\m Strong Coulomb field in highly charged ions @ '"Sp
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--------- Dirac theory

2s Lamb shift{

~ 50 eV in uranium

1s Lamb shift{
~ 500 eV in uranium

" QED corrections )
AE ~ Z4/n3

Z: nuclear charge
n: principal quantum number

\_ Important for s-states

2P3/7 . Strong electric field
- Quantum Electrodynamic
effects enhanced

2P1/2

Self Energy

Nuclear size

Vacuum
Polarization
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Hydrogen
AEQED ~ 106 eV
Z-o ~ 102
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and Za

Strong electric field
- Quantum Electrodynamic effects
enhanced
Non-perturbative theory required
Non-perturbative in Zo. but perturbative in o
a? not fully tested
a3 not predicted

Self Energy
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H@F-\IR Spectroscopy of few electrons heavy charged ions
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2 1
/ P2 WBZp 3P,
2 1825 1S 1s2p °P,
25 p1/2 1323 381._/ 182p 3P1
Lyman o
Lyman o,
1S 152 180'
Stringent theory test Li-like ions (3 el.)
@ 1822p 2Py,
E1
: _ 1522p 2P,
High-precision measurements — B
of different (and simple!) systems 15225 %S, ,
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FAIR  SPectroscopy of few electrons heavy charged ions W
= S B
""""" Dirac theory 2p3/2
A ~4.5 keV in uranium
2s Lamb Shift{ ....................... 231/2 2p1/2

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

% ~ 73 keV in uranium

1s Lamb shift{ 151/2

~ 500 eV in uranium v

Two-loop QED ~ 1.3 eV

* No lasers for such an energies!

 Heavy highly charged ions
are difficult to produce
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B@F AlR  Spectroscopy of few electrons heavy charged ions @ Lt
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--------- Dirac theory

2s Lamb shift{

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

i

1s Lamb shift{ 131/2

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

2P32  Most stringent tests (before 2021):

2P1/2

1s Lamb shift of H-like U:
460.2 = 46 eV

= = ]

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

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

@ Livermore SuperEBIT
Beiersdorfer et al., Phys. Rev. Lett. 95, 233003 (2005)

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

S/jar-6: - E S R Sto ra g e ri n g * fRLINAG A Ring Accelerator

SIS18
© F A I R t G S I Linear Accelerator
EMMI a UNILAC

Laser from

collinear \\ SIS

Quadrupole

triplet \\

/

Electron
Cooler ¢

Experimental
Storage
Ring

Quadrupole

/" Circumference: 108 m
Injection energy: 400 MeV/u
lon energy: from 4 to 400 MeV/u
Revolution frequency: 1 Mhz

Stored ions: ~108 e
\ Pressure = 101" mbar j magnet ™~ /

\ Laser

anticollinear

Gas target

RF-accelerating

cavity \
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Linear Accelerator
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Linear Accelerator

p-LINAC j

Ring Accelerator
SISs18

S E -

H@FMR X-ray spectroscopy of few electrons heavy

Linear Accelerator
UNILAC

\/
™
e
R\}.\{(\
s e
r/’/v\ X

»eleptrostatic”,

,hot“ ion beam
in storage ring

beam
ectrons

»cold“ electro
always ,fresh”

%2 Sofveee

VElectron » Vlon

* lons cooled by the high intensity electron beam
* lon velocity determined by the electron velocity

e.g. Van-de-graaff , Peletron, ...
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Linear Accelerator
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H@F A|R X-ray spectroscopy of few electrons heavy ..

Ring Accelerator
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»eleptrostatic”,
e.g. Van-de-graaff , Peletron, ...

e - source, - collector
acceleration | —|— —|— | deceleration
+4.3MVDC | == == +4.3MV

°

scold“ electrop beam
always ,fresh” dlectrons

o ..’Vé&."’

VEeiectron = Vion

,hot“ ion beam
in storage ring

* lons cooled by the high intensity electron beam
* lon velocity determined by the electron velocity
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Linear Accelerator
S[oare€ - p-LINAC

Ring Accelerator

Lamb shift of H-like Uranium ... '(-L/_. N
o FAIR e S S

024 | - 91+ :
tsLamb shiftof Hlikeu: ©  t€ U -

460.2 = 4.6 eV [1]
= =

Detector

ESR bend|ng collinear
magnets

Particle ~ y
detector yot+ ~

Experimental
Storage
Ring

[11 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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Linear Accelerator

Ring Accelerator

Lamb shift of H-like Uranium ... X9, 55
UNILAC J ~..\ )

1s Lamb shift of H-like U:
460.2 = 4.6 eV [1]

==

Particle ~ y
detector yot+

[1] A. Gumberidze et al.,PRL 94, 223001 (2005) 1S1/20uunn
[2] V.A. Yerokhin et al., Eur. Phys. J. D 25, 203-238 (2003)

ESR bending
magnets

Ut +e- — U2t
Theory: 463.8 = 0.5eV [2]

Detector
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R Lamb shift of H-like Urani ®“
E@F-\IR amb shift of H-like Uranium S

92+ - 91+
tsLamb shiftof Haiikeu: C  T¢ U
460.2 = 4.6 eV [1] Theory: 463.8 = 0.5eV [2]

= =

Detector

Two-loop QED

~1.3 ev%

ESR bending
magnets A

Particle ~

deteCtor U91: — Target
Good... but not enough
VEC
| 2p3;
Ly
AVAVAVAVAVASS
\ K-REC
[1] A. Gumberidze et al.,PRL 94, 223001 (2005) 1S1/20annnn

[2] V.A. Yerokhin et al., Eur. Phys. J. D 25, 203-238 (2003)
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Accuracy limitations

Detector resolution

Resolution:

E
400 eV at 60 keV —>| |le— — =100

Ge detector
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. JFAIR Lamb shift of H-like Uranium
e S

Accuracy limitations

Detector resolution

Resolution:

400 eV at 60 keV

E
—> | — =100

Ge detector

Doppler systematic effect

Relativistic Doppler shift
Eion — Elab/y(l — 5 COS 9)

c: light speed

0 30 60 90

358 MeV/u (B =0.69)
—— 220 MeV/u (B =0.59)
—— 68 MeV/u (p =0.36)
—— 5MeViu (B =0.10)

new systematic uncertainties...

5(Eion)9 — Elabf}/B sin 6 06
0(Eion)p = Eiany’|8 — cos(6)|6

120 150 180
observation anglel, 6_ [ded]
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Lamb shift of H-like Uranium

Q SORBONNE
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—

Accuracy limitations

Detector resolution

Resolution:

E
400 eV at 60 keV —>| |le— — =100

Ge detector

Doppler systematic effect

Relativistic Doppler shift
Eion — Elab/y(l — 5 COS 9)

;B=—c: light speed
C

New recent developments
Crystal spectroscopy: the FOCAL experiment (2012)

Polychromatic Focus

Detector

Resolution:
~60 eV at 60 keV

/_4\_ -~ Optical Axis
~ \S
}\ ymmetry Ang'e X

Detector

Rowland Circle

E
— =1000
AE

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
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. JFAIR Lamb shift of H-like Uranium
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Accuracy limitations New recent developments
Crystal spectroscopy: the FOCAL experiment (2012)

Polychromatic Focus

Detector resolution

Resolution: K Resolution: Detector
400 eV at 60 keV — | ~ —100 ~60 eV at 60 keV
AE
oo ;4\-3 yr;1r—n gr?/tﬁal Axis
v ngle y
X-Ray Source
Detector
Ge deteCtor X_ray photon E Rowland Circle
N & E = 1000
Doppler systematic effect tt
/K?
L ] Thermometer \ ' . g . . .
Relativistic Doppler shift . Resisitive and magnetic Microcalorimeters
Eio,.=F 1 — Bcosb -
on lab’}/( 5 ) Weak thermal link “Absorber Resolution:
™ ~60 eV at 60 keV
1 \% Thermal bath
Y= 5 B =— c: light speed (T < 100mK) >
1— BZ C

Pfafflein et al., Atoms 11, 5 (2023)
Kroger et al., Atoms 11, 22 (2023)
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EMMI

S Bpa
He-like ions (2 el.)
- 152p P,
1s2p 3P,
1s82s 1SU 132p 3P0
182s3S, 1s2p 3P,
M1
182 180' \ 4
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He-like ions (2 el.)

. . 1
.. more electrons < more ingredients 150D o
1s2p 3P,
1525 1S, 1s2p %P,
152s 38, 1s2p °P,

Electron-electron interaction M1

B

Non-radiative Radiative
QED QED
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E,,,@DF.\lR Intra-shell transition measurement Qe

1s2p P,
1s2p 3P,
1s2p 3P,
1s2p 3P,

y A

1s2s 1Sy
1s2s 3S,

Gas-jet target

U91+
beam

- 4.5 keV in He-like U
M1 - X-ray spectroscopy
from Bragg reflection

15215, X

Resolution: 0.5 eV

Bragg spectrometer E
— =10000
AE
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Linear Accelerator

UNILAC Y J J

Production at ESR@GSIFAIR s 5 Ji/i

A
o,

Gas-jet target

U91+
beam

p ~ 10"?part./cm3

43.55 Melu

collinear

Dipole

uuuuuuuuu

lllllllllllllll

ESR storage ring
107-108 stored
and cooled ions

anticollinear

Fast kicker

RF-accelerating
cavity \
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Production at ESR@GSI/FAIR 5

| 2
b
2=
O

S
S
T 43.55 Me/u
@ Electron capture
§ U9+ + N, =» U0+ + N+ +
U91+
beam  Low ion velocity

* Low-Z target

Single electron capture
in n = 2-5 levels

4

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

Bragg spectrometer

p ~ 10"2part./cm3
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E@F-“R Intra-shell transition measurement -

©
(@))]
= 43.55 Melu But Doppler effect still well present...
5
7]
& Fion = Erapy(1 — Bcosh)
U91+
beam

- Systematic uncertainties
5(Eion)9 — Elab76 sin6 06
5(Eion)ﬁ — Elabfy3|5 - COS(H)MB

Bragg spectrometer

p ~ 102 part./cm3
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. Doppler tuned intra-shell transition @ P
Er@ FAIR spectroscopy S fivs

Heavy He-like U

— 152p 1P,

1s2p 3P,
1525 1S g 1s2p 3P,
1s2s3S, 1s2p °P,
v 2E1 Eion ~ 4510 eV
M1 lon beam: 43.55 Mev/u
B = 0.30 g
15215, L2 —> Same Bragg angle than Zn Ka line in
Ejap ~ 4310 eV second order reflection, for which
5(Eion)9
2
7 =" 500
E Eion ton
lab —
¥ ~(1— Bcosh)
Unknown E
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B Doppler tuned intra-shell transition @ y, L
Er@ FAIR spectroscopy S SR
Heavy He-like U Heavy Li-like U (reference)

1s2p P, 1822p 2P3),

1s2p 3P, E1

1s2p 3P, / 1s22p 2Py

1s2p 3P, —_—

1522525, )5

Eion = 4459.37 = 0.21 eV
lon beam: 32.60 Mev/u

Eion ~ 4510 eV
lon beam: 43.55 Mev/u

B =0.26 Measured at Livermore SuperEBIT
B =0.30 1405:e|ersdorfer et al Phys Rev A53 4000 (1996)
18215, Tt 27 ‘Q [ U88+ U87+
1200 |
Eiap ~ 4310 eV _
1000
- 86+
2 800} J
c
= _
S 600
O L
El L= Eion L Elon 400 - M
ab — — _
v(1 —BcosB)  ~o(1l — Bycosh) 200}
4460 4480 4500 4520 4540 4560
Unknown E Reference E,

X-ray energy (eV)
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B Doppler tuned intra-shell transition @ y, L
Er@ FAIR spectroscopy S SR
Heavy He-like U Heavy Li-like U (reference)

1s2p P, 1822p 2P3),

1s2p 3P, E1

1s2p 3P, / 1s22p 2Py

1s2p 3P, —_—

1522525, )5

Eion = 4459.37 = 0.21 eV

lon beam: 43.55 Mev/u ;302 gezasm' 32.60 Mev/u

B =0.30
Y V2

Elab ~ 4310 eV
Strong reduction of main systematic errors
and in particular...
Eion EO
El b — p— lon 5(E10n)(9 L 9 ’ 2
41— pBcost) (1l — Bycosh) B v?B850 == 7*|8 — Bo|d0
Unknown E Reference E,
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i JFAR experiment at g

/4 Ge crystal
& || Reflection from (220) plane

P C [ ﬂ

lon beam

57 cm

- / \/ . B
—_— X-ray CCD Rowland circle R= 800 mm
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E,,,@DF.\”Q 2007 experiment at ESR W

& i
| He-like U l
He-like uranium 1s2p 3P, - 1s2s 3S,
- Counts: ~ 300 7
* Acquisition time: 24.6 hours 3 °f
“YHe Az 0
E — E ] 1 —|— 0 200 400 600 800 1000
He Li L ( tan @B D) . x-axis (chafinels) . .
| Li-like U :
8| — | : AX
Li-like uranium 1s22p 2P, - 15225 2S, , ¢ of |
- Counts: ~160 M
* Acquisition time: 4.6 hours N
oL I |l T 0T

x-axis (channels)

Energ;t
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2007 experimental result @ o
; ONIVERSITE

0-006 | | | | | | | | _ | | | | | | | |
1s2p 3P, - 1s2s 3S, transition

0.005 F -

0.004 | Energy of the intra-shell transition:
>
5 4509.71 £ 0.99 eV [1]
2  0.003 }
|_
= 0.002 F ?
@)
§ 0.001 | .
§I<5_ 0 froecatt - ]
n
~ 0001t 2007 exp./ -

-0.002 F i

Theory from Ref. [2]
_0.003 [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ]
10 20 30 40 50 60 70 80 90
Nuclear charge Z [1] MT et al., Eur. Phys. Lett. 87, 63001 (2009)
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2007 experimental result

Q SORBONNE
b UNIVERSITE
—

0.006
0.005
0.004

>
(@]

2 0.003

l_

S 0.002

(@]
§ 0.001
a 0
X
w
-0.001
-0.002
-0.003

1s2p 3I'32- 1825 33, transition |

2007 exp.

¥

Theory from Ref. [2]
'] ']

10 20 30 40 50

Nuclear charge Z

60

70 80

90

Energy of the intra-shell transition:
4509.71 = 0.99 eV [1]

Good... but not enough!

% Two-loop QED =

0.20 eV [2]

Two-electron QED =
SV'\N"H 0.76 eV [2]

[1] MT et al., Eur. Phys. Lett. 87, 63001 (2009)
[2] Artemyev et al., Phys. Rev. A 71, 062104 (2005)
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H@F AIR 2007 experimental result S :

UNIVERSITE

Very bad crystal employed in the spectrometer!! , S
He-like U

10

8 L
3
Py 41
Ge (220) X-ray crystal reflection map .1

9 LOW reSOI Ution 0 0 200 400 600 800 1000

16

14 - L :ﬁih:ifzn 9 LOW reﬂeCtIVIty an|s chal:nels)
=12 10t Li- |Ike U :
_§, 10 I
£ 8- 8 — : AX
> [2]
G 6 S 6}
2 4] =5.1eV 3 4
2
0 2
I I I I I I I I 1
20 s o 50 5w oL LU LI |
0 400 600 800 1000

x-axis (channels)

Energ;t
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14 years later... the 2021 set-up é@ m§p
; UNIVERSITE

FAIR

 Double spectrometer

Gas jet

—> Higher luminosity
—> Better control of systematics

Crystal
support

/I\

*‘ X-ray tube for EseRa:gn
1 stationary

reference line

Twin Bragg

Phase-0
spectrometers i
X-ray CCDs — @
| —
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H@F AIR 14 years later... the 2021 set-up Sﬁgmg :

Gas iet * Double spectrometer
| - Larger bending radius

\ i - Higher resolution
’g I 'A! b '1' \' % :

Crystal
support

X-ray tube for ES Rion
3 eam

| stationary
l reference line

1438 mm
(2007 exp: 575 mm)

FAIR

Phase-0

Twin Bragg
spectrometers

X-ray CCDs — @

36

13 June 2024 PSAS 2024, M. Trassinelli — INSP



14 years later... the 2021 set-up

Q SORBONNE
b UNIVERSITE
—

FAIR

Gas jet

Crystal
support

/I\

l‘ X-ray tube for ESeRa:gn
stationary

| reference line

Twin Bragg

* Double spectrometer
« Larger bending radius
 New crystals

- No more aberrations
—> Higher luminosity

2007 exp:

Phase-0
spectrometers i
X-ray CCDs — U
| —
Ge (220) X-ray crystal reflection map
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N @ (o
@F-\IR 14 years later... the 2021 set-up
e S camm

* Double spectrometer

Gas jet . .
J « Larger bending radius
\ 3 « New crystals
y . * New detectors
Crystal & N i
support

—> 8 x higher luminosity

ESR ion 2007 exp: .
beam 1024x256x26 pum= pixels

| X-ray tube for
stationary
l reference line

FAIR

Phase-0

Twin Bragg
spectrometers

X-ray CCDs — 4

2 x 2048 x 2048 x 13,5 uym pixels
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E,,,QDF-\IR 14 years later... the 2021 set-ug

Gas jet
Crystal =0
support |

ESR ion
beam

} stationary
| reference line

FAIR

Phase-0

Twin Bragg
spectrometers
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Relativist Doppler tuning 200
with He- and Li-like U and Be-like 1w

1400

& 800+
He-like U Li-like U (Reference) S 60|
;ISZP iy 1822p 2P,
s2p 3P, E1 400 |
1528 1Sy 1s2p 3P h
1s2s 38, 1s2p 3P:) /K 1s22p 2Py, 200
1822525,
Eion = 4459.37 £ 0.21 eV [1]
wi| 727 E,,~4510 eV lon beam: 30.16 Mev/u
lon beam: 41.03 Mev/u p=0.248
B =0.287 ‘Q
152 1SOV A 4 g
Elab ~ 4319 eV
Same energy in the laboratory frame
1 b p— p—
? v(1 —BcosB)  ~o(1l— Bycosh)
Unknown E Reference E

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

x-ray energy (eV)
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| Relativist Doppler tuning 200
i )FAIR

with He- and Li-like U and Be-like 1
& 800+
He-like U Li-like U (Reference) S 60|
1s2p P, 122p 2P
1s2p 3P, E1 372 400 -
1525 1Sy 1s2p 3P, / 1522p 2P, 200 !
152s 38, 1s2p °P, Y
15225 2S -
" Eun=4459.37 = 0.21 eV [1] xray energy (eV)
Y 2E1 E,,~4510 eV lon beam: 30.16 Mev/u
M lon beam: 41.03 Mev/u p=0.248 @%
B = 0.287 \Q J
15215, LY Qi Be-like U (2" reference)
Eiap ~ 4319 eV g ]§§§§§§ iy
Same energy in the laboratory frame @ / 1 2252p 9P,
E. EO 15225215, pe 152252p 3P,
Lrap = ~(1 — ;I;OS 0) — vo(1 — ESCOS 0) E.., = 4501.72.37 = 0.21 eV [1]
lon beam: 39.29 Mev/u
Unknown E Reference E, B =0.282

[1] P. Beiersdorfer et al., Phys. Rev. Lett. 71, 3939 (1993), P. Beiersdorfer, Nucl. Instrum. Meth. B 99, 114 (1995)
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E@FMR 2021 beam time

Beam time acquisition: Injection of Li-like U with 296 MeV

| T —
Be-like U - ~ 24h - ~700 photons =
=
(out of ~400h beam time) [ DI 26-27.03.2021 &
«®
I 25-29.03.2021 ¢
i=
[ I 5051052021
2

) — R

T 0304042021

N Bl 05-06.04.2021

07.04.2021
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S E

B@F-\lR 2021 beam time

Beam time aciuisition: Injection of Li-like U with 296 MeV

Be-like U - ~ 24h - ~700 photons _ #72.03.2021 g
=
- - I 2627052021
(out of ~400h beam time) . Stability of the spectrometer g
E | | | I 2:-29.03.2021 ¢
H "‘
: i [ N ;01052021 -
= 380,6 | { 3
" . (@]
canc e oty 2 ] BN o
Ka zinc line reflection £ i i
(at the second order) § 3804 i { ] i [ T 10304.04.2021
©
S 0.015 eV
3 l N Bl 05-06.04.2021
389,2
time 07.04.2021
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Spare- 77
FAIR Double reference measurement method @
EMM ,

‘ X-ray tube »‘f

= o~ 4
generator ",4/
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@F AR Double reference measurement method @
EMMI

- Bragg angle

.' X-ray tube \‘f’

generator "

D)
L) N

Zinc target

S o
Bragg law of diffraction
he
n— = 2d sin @B|
E

n: diffraction order
2d: crystal planes spacing

x-axis > dispersion axis (prop. to E)

~ 13 June 2024

PSAS 2024, M. Trassinelli —
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i )FAIR

Double reference measurement method

UUUUUU

SITE

Gas-jet

=Y
L0
‘Qk‘\'}a VP

- Bragg angle ¢
= 5

o / \) X7,
’yjﬁz/ﬁ

lon beam

\4 e crystal
ESK

X-ray CCD

S OOOOO
Bragg law of diffraction
hc
n— = 2dsin @B|
i

n: diffraction order
2d: crystal planes spacing

AN

PSAS 2024 M. T

rassinelli — INSP
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Spare- @ (-
FAIR Double reference measurement method W
e e

Gas-jet - Bragg angle Qe \ e crystal Bragg law of diffraction

hc

EK
nf = 2d sin @B|

n: diffraction order
2d: crystal planes spacing

Y —

Relativistic Doppler shift
Eion = Flapy(1 — B cosb)

[
o |<

Y= B= c: light speed

1-p2

lon beam X-ray CCD x-axis > dispersion axis (prop. to E)

024 N PSAS 2024, M. Trassinelli — INSP 47



Soar€ - _ . @ iNsp
FAIR Spectral line positions
e S semsune
_ Moving ref. Moving ref. Stationary ref.
He-likeU |ilikeU Be-likeU Zn Ko fluorecence
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S[Ia € - Projection on the dispersion axis

H@F-\lR Spectral line positions _

40 ° — it

----- simulation

_ Moving ref. Moving ref. Stationary ref.
He-likeU |ilikeU Be-like U Zn Ko fluorecence

20

Counts

. it usin Nesdit ode (Bayein methods) 1

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

60001 Zn Ka
« 2D analysis 40001
F(x,y)=flx—(a+by)] +bg 2000
0

| | |
575 600 625 650 675 700

Position [channel]
[1] MT, Proceedings 33, 14 (2019)

[2] https://github.com/martinit18/nested fit
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Sfaar € - Projection on the dispersion axis

H@F-\lR Spectral line positions _

~ [ ]
40 ° o — fit

----- simulation

20

_ Moving ref. Moving ref. Stationary ref.
| -I u ~ LilikeU Be-like U Zn Ko fluorecence

Counts

. it using Nesdi ode (Bayeian meods) [1 2]

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

6000 7n Ka.
« 2D analysis 4000
F(x,y) =flx—(a+by)] +bg 2000}
- Modelling tests of the line profile by Bayesian methods OS5 600 65 &0 &5 700

f[x]: single convolution between a Gaussian and a flat profile [3] [1] MT, Proceedings 33, 14 (2019)  Position [channel]
. [2] https://github.com/martinit18/nested fit
No satellites! [3] MT, Atoms 11, 64 (2023)
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S2a € - | 3 @ e
FAIR Spectral line positions W
e & i
Moving ref. Moving ref.
Li-like Be-like U

He-like U

 Poisson likelihood

. it usin Nesdit ode (

Bayein methods

_

1.2]

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

« 2D analysis

F(x,y)=fx—-(a+by)] +bg

* Modelling tests of the line profile by Bayesian methods
f[x]: single convolution between a Gaussian and a flat profile [3]

No satellites!

o
2
]
14
o
o
c
]
<
7]
Ee
w
o
o
B
«
£
o
£
]
o
m
2
-
3]
2
2
o

4
’l

/

® Data(2013) | \

== «=0ld Model

New Model

\

N\

M)

-6

4

A .
2

N
0

—
2

4

6

Horizontal Displacement of lon Beam Axis (mm)

[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)
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N - - " @ (i
. YFAIR Extraction of He-like transition energy
EMMi S s

Moving ref. Moving ref. Stationary ref.
Zn Ko fluorecence

He-like U Li-like U -like
o B 2 kind of references:

moving and stationary

0=90°+ A0

v St 1 xMOV o xStat
EJ®Y = Ey"* = (1 inAf) (1
2%( T Posin A6) ( i D tan © )

* AO=*050: observation angle
misalignment
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. JFAIR Extraction of He-like transition energy W
= S camsne

_ Moving ref. Moving ref. Stationary ref.
He-like U ~ LilikeU Zn Ka fluorecence

2 kind of references:
moving and stationary

2 moving references
(Li- and Be-like)

- Accuracy of 0.01° !!
9 = 90 + Ae Observation angle shift GE (deg.)

1 Meas. n.

-0.110 f

1 Mov _ ,.Stat _0_105_' ”'
Ep'* = E§*™* S70(1 + fosin Af) (1 ’ ’ )

0415 | Li-like

-0.120 ¢

-0.125} .
Be-like

-0.130 }

01351 7 00 ~ 0.02" at best
from optical alignment
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SPare- | | 3 @ Ui
FAIR Extraction of He-like transition energy W
N & s

Moving ref. Moving ref. Stationary ref.
___Be-likeU Zn Ka. fluorecence

He-like U Li-like U

2 kind of references:
moving and stationary

K_)K / Alignment systematic

0=90°+ A0 error reduction

1 CCMOV o xStat 5(E )
Mov __ 1~Stat . ion /)60
Eg™™ = Eg 570(1 + fo sin AD) (1 t i ) Eizn = %8 — Bo|60

: Mov
E— E(l)\/[ov v(1+ Bsin Ab) (1 4 L — X ) :> - AO=£30: observation angle

Yo (1 + Bo sin Ab) D tan © misalignment
« E=X0JE: He-like U energy
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FAIR Extraction of He-like transition energy
= S

_ Moving ref. Moving ref. Stationary ref.
| -|kU ~ LilikeU Be-ike U Zn Ka fluorecence

2 kind of references:
moving and stationary

2 moving references
(Li- and Be-like)

\_)K - y 2 spectrometer arms

6=90"+A6 - 4 (dependent) measurements
Mov Stat
Mov Stat_ L — &
Ey?V = Ej 270(1+5081DA9) ( Dm0 )
: Mov
E = EMY y(1+ BSH? Af) 1+ L=t « AB=50: observation angle
Yo (1 4 Bo sin AG) Dtan©® misalignment

« E=X0JE: He-like U energy
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spare- | | @ -
. JFAIR He-like U energy evaluations
-— Q oy

2 spectrometers x 2 moving reference =2 4 dependent measurements

Stat. uncert.
inner spectr. e
Be-like ref. | —e—] Tot. uncert.
- { inner spectr.
Li-like ref.

——1— | outer spectr.
Be-like ref.

outer spectr.
L| I|ke ref

4509.2 4509.4 4509.6 4509.8 4510.0 4510 2 4510 4 4510 6
Energy [eV]

2 D tan ©

v(1 4 Bsin Af) 14 o gMov
Yo(1 + By sin Af) D tan©

1 Mov _ ,.Stat
EMov — EStat — 0 (1 4 By sin Af) (1 ’ ‘ )

E — E(l)\/[OV
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CNPA Uncertainty budget @ (=
ncertain uaqge
H@ sl ’ ’ Q o

2 spectrometers x 2 moving reference 2> 4 dependent measurements

—e—{ Stat. uncert. Uncertainties for each meas. in eV
inner spectr.
Be-like ref. | |—e— Tot. uncert. Statistical 0.066
- { inner spectr.
Li-like ref. E moving Ref. 0.246
[ ’ outer spectr. E stationary Ref. 0.006
Be-like ref.
outer spectr. V cooler (bias) 0.007
T T | Llikeref. V cooler (linearity) 0.001
45092 45094 45096 45098 45100 4510.2 45104 45106 Spectr. arm lenght 0.000
Energy [eV] . .
Residual align. 0.003
1 ZCMOV o xStat
EStat— 0 1+ 0 sin A6
@ 2 Yol b ) D tan ©
: Mov Moving source: Li- and Be-like uranium
E 71 + Bsin Af) v Elilike = 4450.37 + 0.21 eV
Yo(1 + Bo sin A6) D tan © EBelke  =4501.72 = 0.21 eV

Beiersdorfer et al., Phys. Rev. Lett. 71, 3939 (1993).
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S[2are€.- elike U at @ |Nsp
e-lIke U energy evaluation 4 H
H@ e v S sanas

Result absolute energy of He-like U:
Eheiikeu = 49509.763 £ 0.034;,; = 0.162,, (£0.166) eV

Theory
= Pastexperiment © Drake 1988 [ um
4 This work o Chen 1993 | RCI
° Plante 1994 | RMBPT
—c— Artemyev 2005 |\
o Kozhedub 2008 >
- Kozhedub 2019 | (2P initic
—e—i Malyshev 2023 |/
N MCDE 2007 exp. result: 4509.71 = 0.99 eV
/ M.T. et al., Eur. Phys. Lett. 87, 63001 (2009)
- 1 Trassinelli 2009
R “ R. Loetzsch et al., Nature 625, 673-678 (2024)
(a)
4509.0 45095 4510.0 45105 4511.0 4511.5
Energy [eV]

13 June 2024 PSAS 2024, M. Trassinelli — INSP 58



spare- | | @ -
- JFAIR He-like U energy evaluation
= Q somams

Result absolute energy of He-like U: Z—
Eheiikeu = 49509.763 £ 0.034;,; = 0.162,, (£0.166) eV E
Theory = Th. values from Malyshev 2023[2]
= Pastexperiment © Drake 1988 | um F g A
A This work o Chen 1993 | RCI 1031 S 8 2
o Plante 1994 | RMBPT o o 8%
— T - - >
—e— Artemyev 2005 E Lozl % 8 - E 3
e Kozhedub 2008 @ 4 S 0
.3 o
. Kozhedub 2019 | [2* "™ g c o 9 o °
. 10 E|S N O o S
et Qalyshev 202 g © 2 = %
—o— < o ° o £
- 100k Y N L
= 1 Trassinelli 2009 0 & ) N .
O — L
(a) 10—1 _ . - -_
: : —_ Contributions

4509.0 4509.5 4510.0 4510.5 4511.0 4511.5

[1] R. Loetzsch et al., Nature 625, 673-678 (2024)
Energy [eV] [2] A.V. Malyshev et al., Phys. Rev. A 107, 042806 (2023)
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Spare - i
@F-\IR He- Li-like U relative energy @ '“Sp
EMMI

& i
‘ T : . Th. values fro -[2]
Result He- — Li-like energy difference: : — -
AELi-Be-Iike U= 50.233 * 0-037stat + 0. 037syst (+0 046) eV [1] 101:_ S §
m  Past experiment y Cheng 2000 | RCI % 100k % i <
4 This work " Koz 908 I\ ab initio 2 = £
o1 alyshev 20233} > > 2 ] ] 2
—o— NMCD S10 [ 8 = = S
. i Trassinelli 2009 N = <
(b). 1 1 1 l".| 1 1 1 1 1 " 1 1 10_2 E_ &3 g g l
495 500 505 51.0 515 520 Contributions
Energy [eV]
. Disentanglement between
* Same nucleus o one-electron QED
_&_ « Same 1 el. QED contribution 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)
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He- Li-like U relative energy

. STITY
nnnnnnnnnnnnn
' E PAR

Q SORBONNE
b UNIVERSITE
—

Result He- — Li-like energy difference:
AELi-Be-Iike U= 50.233 * 0-037stat + 0. 037syst (+0 046) eV [1]

10t
e Theory —
m  Past experiment ° Cheng 2000 | RCI @ 100*
A This work Kozhedub 2008 o g g
13 Malyshev 2023 |f ab initio S i
—e—i MCDF 21071}
= i Trassinelli 2009 -
(b) ] ] m ] ] . ] ] 107 F
49.5 50.0 50.5 51.0 51.5 52.0
e Theory
m Pastexperiment ® Cheng 2000 | RCI [
4 This work = Malyshev 2023 | ab initio 107
—oe— MCDF 2 [
. . Beiersdorfer 1993 g 10%
A >
(C) M 1 1 1 1 é 10_1
41.5 42 .0 42.5 43.0 43.5
Energy [eV] 1072

Result Be- — Li-like energy difference:
IAEHe-Be—Iike U= 42.072 = 0-041stat + 0. 031syst (+0 046) eV [1]

Th. values from

m [2]

o >
L O
(@4 ©
S
® o
= = ©
© ~ I
[
E 2
= =
o () [m) O
c LLl L o
< (@4 (@4 >
o o L
™ o o
+ o o
o W )
o — —
Contributions
[m)
L )
(@4 ©
o
5 S
®)
2 = D ®
-5 _
© ) < ]
o — ko] c
& & <
c [} -=
o o ~ 7]
[ L o
O (@4 >
o Ll
O o
+ o
T 1
= ~
L o
m —

Contributions
[1] R. Loetzsch et al., Nature 625, 673-678 (2024)
[2] A.V. Malyshev et al., Phys. Rev. A 107, 042806 (2023)
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FAIR Main present limitation and outlooks W
Emyi & nise

Result absolute energy of He-like U:
Ehe-ikeu = 4509.763 £ 0.034,, + 0.162,,; eV
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SR &L . L @ £ insp
FAIR Main present limitation and outlooks W
Emyi & nise

Result absolute energy of He-like U:
Ehe-ikeu = 4509.763 £ 0.034,, + 0.162,,; eV

Possible outlooks:
1) Wait ...
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SpPare- | o @ Voo
FAIR Main present limitation and outlooks W
EMMi

& amaes
Result absolute energy of He-like U: 1400
EHe—IikeU =4509.763 *+ 0-034stat + 0-1625yst eV 1200 -
1000-—
Possible outlooks: Soon in Heidelberg? £ 8oor
' GSI? 2 600l
1) Wait for calibration improvements 400}
a) in a Super-, Hyper-EBIT 200}

x-ray energy (eV)
Present accuracy = 0.21 eV
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spare-

i )FAIR

Main present limitation and outlooks

Result absolute energy of He-like U:
Eneike u = 49509.763 £ 0.034,; = 0.162;,; eV

Possible outlooks:

1) Wait for calibration improvements
a) in a Super/Hyper-EBIT

b) with resonant coherent excitation method

(inverted laser)

Li-like 2p3/2 — 231/2

Si crystal -
O O O O 700 o
— 600 — » . -oum
o ling © 009 T W
0,0 O O ‘= P
. S——> > 300 . o% O.(zc.’oOO °
Electric potential V' (r) - a .o. 00 o X P -
4.3 4?4 4?5 4?6 4?7 4?8 -
Crystal angle

1400

1200 -
1000 |-
800 -

600 -

counts

400 -

200

x-ray energy (eV)
Present accuracy = 0.21 eV

2024 beam time

AR =

Present accuracy = 2 eV
Goal accuracy: 0.01eV
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S[2ar € - , . @ INsp
@F_“R Main present limitation and outlooks L
EMMi S s

Result absolute energy of He-like U:
Eheskeu = 4509.763 % 0.034, + 0.162,,; eV

Possible outlooks:

1) Wait for calibration improvements (Li- and/or B-like U)
2) Use another calibration
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SPare - _ @ iNsp
i JFAIR 2024-25 beam time proposal
e S semsune
Use hydrogenlike scandium (Z=21)
instead of uranium (Z=92)

- Negligible 2-loop QED effects (0.0017 €V only)
- Systematic uncertainty: from 0.162 to 0.005 eV
(due to the HFS)

He-like U H-like Sc (Reference)

1s2p P, @ Elab ~ 4319 eV ﬁ
152p 3P2 2p3/2

E1
1525 1S 1s2p 3P,
182838, 1s2p P, 25, 2P1p
MZ Eion ~ 4510 eV E1
lon beam: 41.03 Mev/u Eion = 4531.624 £ 0.005 eV
wil 1 %€ Bl =0.287 lon beam: 45.74 Mev/u
B =0.302
184/
152 1307 \ 4
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i )FAIR

2024-25 beam time proposal @ i p

Q SORBONNE
b UNIVERSITE
—

25000 - I

20000

15000

counts

10000

5000

0

1 mm source

— 5.76 mm source -

440 460

480 500 520 540 560
channel

Use hydrogenlike scandium (Z=21)
instead of uranium (Z=92)

- Negligible 2-loop QED effects (0.0017 €V only)
- Systematic uncertainty: from 0.162 to 0.003 eV

Smaller gas-get as target
(from 5 to 1 mm of diameter)

—> Higher resolution power
—> Statistical uncertainty: from 0.034 to 0.008 eV

Higher gas density

>

Higher probability of
double capture

>

Coincidences required
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i )FAIR

2024-25 beam time proposal @ o

Q SORBONNE
b UNIVERSITE
—

25000 - I

20000

15000

counts

10000

5000

0

1 mm source

— 5.76 mm source -

440 460

480 500 520 540 560
channel

Use hydrogenlike scandium (Z=21)
instead of uranium (Z=92)

- Negligible 2-loop QED effects (0.0017 eV only)
- Systematic uncertainty: from 0.162 to 0.003 eV

Smaller gas-get as target
(from 5 to 1 mm of diameter)

—> Higher resolution power
—> Statistical uncertainty: from 0.034 to 0.008 eV

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

CheeTah detector
Timepix3 CERN tech.

Time resolution: afew ns
Space resolution: 55 pm

AMSTERDAM

INSTRUMENTS

13 June 2024
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2024-25 beam time proposal @ i p

Q SORBONNE
b UNIVERSITE
—

Lower than nucleus size uncertainty

contribution + 0.034 eV

Sensitive to uncalculated QED effects

Use hydrogenlike scandium (Z=21)
instead of uranium (Z=92)

- Negligible 2-loop QED effects (0.0017 €V only)
- Systematic uncertainty: from 0.162 to 0.003 eV

(3-photon exchange QED) + 0.017 eV Smaller gas-get as target

e Theory
= Past experiment ©® Drake 1988

A This work o Chen 1993
° Plante 1994

—— Artemyev 2005

e Kozhedub 2008

—e—i Kozhedub 2019

—o— Malyshev 2023

—e— MCDF

= 1 Trassinelli 2009

N_’
(a). 1 . 1 ' 1 . 1 . 1 . 1 .

4509.0 4509.5 4510.0 45105 4511.0 4511.5
Energy [eV]

(from 5 to 1 mm of diameter)

—> Higher resolution power
—> Statistical uncertainty: from 0.034 to 0.008 eV

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

Expected error bar @

(barely visible...) Total expected accuracy on the new proposal:

0.009 eV
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SV &L . . . @ |Ns|J
@F-\IR Main present limitation and outlooks
e S camm

Result absolute energy of He-like U:
Eheskeu = 4509.763 % 0.034, + 0.162,,; eV

Possible outlooks:

1) Wait for calibration improvements (Li- and/or B-like U)
2) Use another calibration (He-like Sc)
3) Do something else ...
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spare- e 09697 1 | " @ v
H@F-\IR urther plans ( -27 beamtime proposal?) s

Relative measurements
- Uncertainty dominated by statistics
(for almost coinciding transitions)

Smaller gas-get as target
(from 5 to 1 mm of diameter)

—> Higher resolution power

25000 . . | | | —> Statistical uncertainty: from 0.037 to 0.009 eV

1 mm source ]
— 5.76 mm source

20000

15000

counts

10000 -

5000

0

440 460 480 500 520 540 560
channel
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S[2a € - | @ iNSp
FAIR Further plans (2026-27 beamtime proposal?)
EMM Q somams

Relative measurements
- Uncertainty dominated by statistics
(for almost coinciding transitions)

Smaller gas-get as target
(from 5 to 1 mm of diameter)

—> Higher resolution power
—> Statistical uncertainty: from 0.037 to 0.009 eV

25000 T T T T T T T T T T T T
1 mm source ]
—— 5.76 mm source . . .
20000 |- 1 Transition energy comparisons between isotopes
15000 [ .
(2]
c
-}
3 10000 |- -
5000 |- 4+ Present nuclear radius uncertainty (for 238U): 0.034 eV [1]
« Expected deformation effects: 0.02 eV [2]
0
1o ae0 280 00 =20 a0 60 [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)
channel + N. Oreshkina private communication
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i )FAIR

Conclusions

o i
Q SORBONNE
b UNIVERSITE
__

* 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

e Theory
= Pastexperiment ©
A This work °

}.I}}II

(a)

Drake 1988
Chen 1993
Plante 1994
Artemyev 2005
Kozhedub 2008
Kozhedub 2019
Malyshev 2023
MCDF
Trassinelli 2009

4509.0 4509.5 4510.0 4510.5
Energy [eV]

4511.0 4511.5

e Theory
= Past experiment ° Cheng 2000
A This work Kozhedub 2008
] Malyshev 2023
—e— MCDF
= 1 Trassinelli 2009

Vel
(b) 1 . 1 n 1 . 1 N 1 . 1 .
49.5 50.0 50.5 51.0 51.5 52.0

e Theory
m  Pastexperiment © Cheng 2000
4 This work re Malyshev 2023
—— MCDF
- 1 Beiersdorfer 1993

[
(C? 1 " 1 " 1 " 1
41.5 42.0 425 43.0 43.5

Energy [eV]

1s2p P,
E1 1s2p 3P,
1528 1S 7 1s2p °Pg
152538, 1s2p °P;
M2
M
Y 2E1 E1
M1
152 180' A 4

R. Loetzsch et al., Nature 625, 673-678 (2024)
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