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VÁZLAT

• Magamról
• Motiváció újfajta atommag-töltéssugár mérésekre 
• Nagytöltésű ionok
• Elektronnyaláb ioncsapda történet
• Nagytöltésű ionok spektroszkópiája

• EUV, X-ray

• Atommag-töltéssugár felület
• Nagytöltésű ionokkal végzett töltéssugár mérések

• Korábbi módszerek
• Atommag-töltéssugár különbségek – Na-szerű ionok
• Abszolut atommag-töltéssugarak – Na-szerű ionok

• Elemek közötti kényszerek
• További lehetőségek
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MAGAMRÓL



MOTIVÁCIÓ ÚJFAJTA ATOMMAG-TÖLTÉSSUGÁR MÉRÉSEKRE 

wings (secondary)

backbone (primary)
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TÖLTÉSSUGÁR ÉS ALAPVETŐ SZIMMETRIA TESZTEK

❖ Francium and radium are candidates in searches for physics beyond the Standard Model:
o Ra-225: Permanent Electric Dipole Moments (EDM)

o Fr: Atomic Parity Non-Conservation (APNC)

❖ The absolute charge radii of Fr and Ra were never directly measured.

❖ The absolute charge radius of Fr in the literature is obtained from extrapolations.

❖ Need to determine absolute charge radius.

Atomic matrix element

Charge density distribution

Weak coupling constant 
for symmetry tests  

Why is it important ?

Atomic matrix element

Charge density distribution

Nuclear spin

M. A. Bouchiat & C. Bouchiat, Rep. Prog. Phys. 60 (1997) 1351
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KLASSZIKUS ATOMMAG TÖLTÉSSUGÁR MÉRÉSEK

1. Elastic electron scattering

2. Spectroscopy of muonic atoms

3. K isotope shift of neutral atoms

4. Optical isotope shifts of neutral or single charged atoms



❖ Except for a few isotopes, no absolute charge radius measurements for 
unstable isotopes exist heavier than Bi.

o The absolute charge radii of francium, radium, and radon have never been measured.

o Apparent reason: current techniques (electron scattering / muonic x-ray spectroscopy) 
need macroscopic quantities.

o Few techniques deal with microscopic amounts (i.e., RI elements).

o Storage-ring based electron scattering method is the only one addressing that 
(SCRIT project).

wings (secondary)

backbone (primary)
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MOTIVÁCIÓ ÚJFAJTA ATOMMAG-TÖLTÉSSUGÁR MÉRÉSEKRE –NEHÉZ IONOK 
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HCI

KÉNYSZERFELTÉTELEK A MAGSUGÁR 
FELÜLETEN



Relativistic, QED 
& nuclear  effects

Optical transitions

X-ray transitions

NIST ytterbium lattice clock

X-ray image of the solar corona

NAGYTÖLTÉSŰ IONOK
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Strategic Defense Initiative
Nicknamed as Star Wars Program, was first 
initiated on March 23, 1983 under President 
Ronald Reagan.  The intent of this was to develop 
a sophisticated anti-ballistic missile system  in 
order to prevent missile attacks from other 
countries, specifically the Soviet Union.

Mort Levine and Ross Marrs 1989 with the first EBIT
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ELEKTRONNYALÁB IONCSAPDA TÖRTÉNET



1992 NIST-NRL EBIT  
(1st outside LLNL)

HCI spectroscopy

ELEKTRONNYALÁB IONCSAPDA TÖRTÉNET
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ÚJ KOMPAKT EBIT-EK

• NIST
• Heidelberg
• Tokyo
• Shanghai
• Colorado State
• Univ. Colorado
• Clemson Micke et al., Rev. Sci. Instrum. 89, 063109 (2018)

Hoogerheide and Tan, Journal of Physics: 
Conference Series 583 (2015) 012044
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OPTIKAI ATOMÓRA Ar13+ IONOKKAL (PTB ÉS MPI)

1 part in 1016 accuracy
P. O. Schmidt, PTB Braunschweig 16



Note: mass shift scales linearly with Z – field shift scales Z4

• Precision X-ray spectroscopy of few electron U ions (Li- though C-like)
      S. R. Elliott et al. Phys. Rev. C 57, 583 (1998) 

       

• Magnetic-dipole transitions of Be-like and B-like Ar isotopes in the visible range
      R. S. Orts et al., Phys. Rev. Lett. 97, 103002 (2006)
      Dissertation, Inst. fur Kernphysik Frankfurt (2005)

• Dielectronic recombination measurements  of quasi few-electron
        ions (K-like Pb, Li-like Nd) 
      R. Schuch et al., Phys. Rev. Lett. 95, 183003 (2005)
      C. Brandau et al., Phys. Rev. Lett. 100, 073201 (2008) 

NAGYTÖLTÉSŰ IONOK ÉS ATOMMAG TÖLTÉSSUGÁR

MS/FS ~ 0.03

MS/FS ~ 100

MS/FS ~ 0.5
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NÁTRIUMSZERŰ IONOK

❖ Highly charged Na-like ions have a single valence 
electron.

❖ Ab-initio atomic-structure calculations can 
reach a high level of accuracy and are sensitive 
to nuclear size effects.

❖ Nuclear size effects are prominent due to a 
strong overlap of the 3s valence electron with the 
nucleus.

❖ Atomic spectroscopy of highly charged Na-like 
ions can be a new tool to measure charge radii.
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STATE-OF-THE-ART AB INITIO ELMÉLETEK
(RMBPT, MCDHF, S-MATRIX) 

Gillaspy et al., Physical Review A 87, (2013) 062503 19



NÁTRIUMSZERŰ IONOK – KÍSÉRLETI MEGFONTOLÁSOK 

Hosier et al., Journal of Physics B 57, (2024) 195001

H-like (green)

Li-like (blue)

Na-like (red)

H-like

Li-like

Na-like

EBIT region

EUV region
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EUV

X-ray

NIST EBIT
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NÁTRIUMSZERŰ IONOK MÉRÉSI MÓDSZEREI



RMBPT or MCDHF calculates 
these accurately for Na-like ions 
(with uncertainties)

(Steven Blundell RMBPT, Dipti GRASP2K)

Silwal R et al., Phys. Rev. A 98 (2018) 052502; Silwal R et al., Phys. Rev. A 101 (2020) 062512
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KÉT NÁTRIUMSZERŰ IZOTÓP D VONALÁNAK TÁVOLSÁGA



IZOTÓP TISZTA Xe136 ÉS Xe124 SEMLEGES ATOMOK 
EBIT-BE JUTTATÁSA

• both have zero magnetic moment
• no hyperfine effect 
• discrepancy exists between muonic and optical measurements
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ELSŐ KÍSÉRLET: 136Xe and 124Xe EUV SPEKTROSZKÓPIA
6 keV beam energy, 150 mA beam current 

alternating injection in every hour, 5 minutes spectra, for 5 days

D2
2nd D1

2nd

D2
3rd D1

2nd
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PONTOS EUV KALIBRÁCIÓ A NIST-BEN

16x103
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The systematic drift was fitted with an 
overall function  of piece-wise 3rd 

order polynomials that included a 
shift between  the isotopes (one 
hundredth of a pixel)

IZOTÓP ELTOLÓDÁS

26

fm

Silwal R et al., Phys. Rev. A 98 (2018) 052502; Silwal R et al., Phys. Rev. A 101 (2020) 062512



Rec. - Angeli and Marinova

Muon – Muonic atoms

O1 – Optical shift 
Exp. Unc.: 0.005 fm2

Theor.  Unc.: 0.080 fm2

King – King plot

O2-HF – OS + Hartree-Fock

O2-FS - OS+ Fermi-Segre

EUV- Present
Total Unc.:   0.042 fm2

Theor. Unc.: 0.005 fm2

MAGSUGÁR KÜLÖNBSÉG: 136Xe – 124Xe

27

Silwal R et al., Phys. Rev. A 98 (2018) 052502; Silwal R et al., Phys. Rev. A 101 (2020) 062512

δ < r2 >136,124 = 0.269(42) fm2 

Fricke ‘95
Angeli ‘13

Libert ‘07
Borchers ‘89 Fisher ‘74
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nuclear sensitivity coefficient

B nucleusA nucleus

EA
EB

theo (RB0) EB
exp

EA
exp

δRB

RB0

A-BEexp

ABSZOLÚT MAG RMS TÖLTÉSSUGÁR D VONAL TÁVOLSÁGOKBÓL

Reference element Element to be measured

theoretical difference 
has reduced uncertainty 
(factor of 10!) A: D1 B: D1

Hosier et al., Atoms 11 (2023) 48; Hosier et al., Journal Physics B, 57 (2024) 195001; 
Hosier et al., Physical Review Research, (2025) In print
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Ir ÉS Os18 keV ELEKRONNYALÁB ENERGIÁN

Ir D1

Os D1
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NÁTRIUMSZERŰ ENERGIASZINTEK POPULÁCIÓJA

6.212691E+05 

-4.157155E+00 

Energy (in meV)

2.494293E+00 

1.700415E+05 
1.700436E+05 

6.212672E+05 
6.212686E+05 

6.212701E+05 

ΔE=2.18 meV

ΔE=6.65 meV F=1
F=2

F=2
F=1

F=2 F=1F=3 F=0

Δ𝐸 =
𝐴

2
𝐾 +

𝐵

4

1.5𝐾 𝐾 + 1 − 2𝐼 𝐼 + 1 𝐽(𝐽 + 1)

𝐼 2𝐼 − 1 𝐽(2𝐽 − 1)

✓ The Ir and Os in the measurements have the natural abundance of their isotopes.
✓ Isotope with odd number of nucleons exhibit HF structure.
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Fine-structure splitting Hyperfine-structure splitting 30

90%
direct excitation

10%
radiative cascades 



HF splitting ~ 9 meV

HIPERFINOM SZERKEZET

HF splitting ~ 35 meV

Instrument resolution ~ 440 meV
31



5.4307(77) fm

Nuclear model dependence

Uncertainty

EREDMÉNYEK: 191Ir ATOMMAG TÖLTÉSSUGARA

experimental

key theoretical 

Included in S

Hosier et al., Physical Review Research, (2025) In print
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Angeli and K. P. Marinova, At. Data Nucl. Data Tables 99, 69 (2013)
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Hosier et al., Physical Review Research, (2025) In print
EREDMÉNYEK: Ir ATOMMAGOK TÖLTÉSSUGARA



Our measurements combined with optical isotope shift data

34

Hosier et al., Physical Review Research, (2025) In print
EREDMÉNYEK: Ir ATOMMAGOK TÖLTÉSSUGARA



ELEMEK KÖZÖTTI KÉNYSZERFELTÉTEL A MAGSUGÁR FELÜLETEN

backbone (primary)wings (secondary)

Na-like ion Ir-Os measurement
35



JÖVŐ: TRIUMF’s Ion Trap for Atomic and Nuclear Science (TITAN), Vancouver, Canada

Time-reversal violation measurements:
211Fr (LBL-TRIUMF), 225Ra (Argonne NL)

Peter Mueller/Argonne National Laboratory 36

Fr, 225-Ra
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A jövő napfényes! Köszönöm!
etakacs@clemson.edu

JÖVŐ: XUV Frequency Combs, microcaloriemeter
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