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HIGHLY CHARGED IONS

“Everyday atomic physics”

Optical transitions

Photon energy ~ Z? (E1)

X-ray transitions

“Physics of the

Relativistic, QED 0
Ccore

éﬂmmi 9 & nuclear effects

X-ray image of the solar corona
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Figure 1. The NIST EBIT, just before final assembly of the 6 major subsections (clockwise from the bottom: electron gun,
drift tube assembly, collector, liquid helium insert, liquid nitrogen shield, outer vacuum can). HCl s pe ctrosco Py 5



ELECTRON BEAM ION TRAP HISTORY

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

|2

Lawrence Livermore
National Laboratory



NEW COMPACT EBIT SOURCES
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OPTICAL CLOCK BASED ON Ar'3* HCI (PTB AND MPI)
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MOTIVATIONS FOR A NEW CHARGE RADIUS MEASUREMENT METHODS

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

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

Apparent reason: current techniques (electron scattering / muonic x-ray spectro.) need
macroscopic quantities.
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NUCLEAR CHARGE RADIUS DIFFERENCE CONSTRAINTS

wings (secondary) backbone (primary)

@ absolute radius

_ @ both
O difference radius
-------- OIS difference measurement
--------------------- KIS difference measurement

Muonic difference measurement

104 105 106 107 108 109 110 111 112 113 114 115 116 117 118 119 120 121

»
»

Na-like ion measurements

11



HIGHLY CHARGED IONS AND NUCLEAR CHARGE RADIUS

Note: mass shift scales linearly with Z — field shift scales Z* oor |
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MEASUREMENTS NEEDED FOR FUNDAMENTAL SYMMETRY TESTS

¢ 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 Frin the literature is obtained from extrapolations.

+* Need for absolute charge radius measurements.

e ”
Why s itimportant 2  PARITY VIOLATION IN ATOMS
Atomic matrix element SPIN—TS}S&IE?T?DENT NUCLEAR Atomic matrix element
PNC: SPIN-DEPENDENT
+ SEARCHES FOR NEW PNC: G
HW = ; PHYSICS STUDY OF PNC HO = % o 1p(m)
2:/2 BEYOND THE IN THE NUCLEUS = _\/§ 2 F

STANDARD MODEL

e
q
Weak coupling constant Nuclear spin
for symmetry tests -
ZO
e Nuclear anapole
Charge density distribution g momentp Charge density distribution

Weak Charge Qy

M. A. Bouchiat & C. Bouchiat, Rep. Prog. Phys. 60 (1997) 1351
13



WHY NA-LIKE IONS THEORETICALLY?
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TABLE III. Contributions (cm™") to the total calculated wave [ T T T

STATE-OF-THE-ART AB INITIO THEORIES ARE AVAILABLE

(RMBPT, MCDHF, S-MATRIX)

numbers o and their estimated uncertainties for Bi (Z = 83). Values —.; (a) ~ " 1 IR, i AR 07
between the dotted lines are from the QED terms. S ol % 107 L : e 1023
i : 2 i B Lo | g
o(D)  Unc. o(D,)  Unc. = i} Ti Epﬁ I T § ] b ; fl‘ "“.4' L“H‘g ny it
O g et Y 1 N " :
Dirac Hartree Fock 1559528 37 6836929 41 S L sl b M 1ot B
B(1) 52830 0 —1481 0 g fit 1l
B(rpa) —1238 0 299 0 £ ) i L 05
BB(rpa) —127 0 15 0 g o1 I £
Ret(1) 49 0 842 0 Y S e
Ret(rpa) 53 0 -70 0 g L —=-- Nuclear contribution
Other retardation 0 107 0 209 E 02} 1 R 30 40 50 60 70 80 90
CC2) ~2616 2 —354 1 it L e L ’
BC(Z) _544 l _265 0 20 30 40 50 60 70 80 90 e
CCC(3) 1 6 0 _ 7 O z Other Vertex ?'“‘i:
Nuclear recoil —68 25 —~76 28 —~ ARAM AR AR AR ARAN AN Ty ik )
.............................................................. = ' Vo || |
G : Pyl
SE(val) —73091 3 —71432 3 i | tot Twotooprams| 1 !
Uehling (val) 15009 0 17318 0 ) ; Li
WK (val) —657 62 ~781 50 g N8 3 T o | e veteore i
SE (val-exch) 083 14 1029 14 X iR it '
VP (val-exch) —192 0 —200 0 £ t }I’:__;»_ _ o i
SE (core rlx) —1697 23 —814 11 g : 1
VP (core rlx) 334 0 186 0 :.’_ ol ] | isEwaborc) @ k
Other vertex 0 110 0 73 'L Ik
Two-loop Lamb (val) 238 96 222 90 § oof] b # sE(core by o !
.............................................................. |-E ] 1 _r,loo 1 oloo .5Ioo 0 séo 1o|oo R
Total 1549261 199 6771519 249 | ] QED Shift (em-T) _
80010 le |1, ! ! 1 Lol L L L ! Liitid Uehling(val)
20 30 40 50 60 70 80 90 L4 SE(val)
z I 1 I I
. . . -80x10° -60 -40 -20 0 1
Gillaspy et al., Physical Review A 87, (2013) 062503 5

QED Shift (cm )



Transition energy [cm™~1]

WHY NA-LIKE IONS EXPERIMENTALLY?
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Figure 1: (Left) Plot of transition energies from Z = 20 to Z = 92, with Na-like D1
3s 2S1/5 — 3p 2Py /5 [23] (red solid), Na-like D2 3s 251 /5 — 3p 2P/ [23] (red dashed),
Li-like 1s*2s 25} /5 — 15°2p 2Py 5 [24] (blue solid), Li-like 15°2s 251 /5 — 15?2p 2Py 5 [24]
(blue dashed), H-like 1s 252 — 2p 2P,/ [25] (green solid), and H-like 1s 2515 — 2p
?Py/5 [25] (green dashed). The shaded blue region indicates EUV range (3 to 30 nm).
(Right) Plot of ionization potential necessary to create Na-like (red), Li-like (blue) and
H-like (green) ions. The shaded blue region indicates the typical range of optimum

electron beam energies used to generate highly charged ions [26]). Hosieretal, Journalof Physics B 57, (2024) 19500116



MEASUREMENTS USING HIGHLY CHARGED NA-LIKE IONS
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EXPERIMENTAL AND THEORETICAL D LINE SEPARATIONS
Silwal R et al., Phys. Rev. A98 (2018) 052502; Silwal R et al., Phys. Rev. A101 (2020) 062512

SEA*(Exp.) = Ef — Ef = Mass shift + Field shift

AA° AA° AA°
SEAA = SEMA 4+ SEM
M -M) .
= (NMS + SMS) —~ + FA%
MM

SEAN = Fs(r2) "+ Bs(r) ™ + Fs(r6) "+ Fs (r8) ™"

( AA AA AA
5(r") 5(r®) 5(r®) I AA
= F0+F2W+F6ﬁ F 5 AA + ... 5(1" >
() () 6(r2)
= F5(r2)™"
RMBPT or MCDHF calculates
/ / 1 .
AA’ A A these accurately for Na-like ions
5<r2>A A" 5Ek (EXP ) kMS L — (with uncertainties)
@ v
(Steven Blundell RMBPT, Dipti GRASP2K)
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ISOTOPICALLY PURE Xe™3¢ AND Xe'>* NEUTRALS WERE
INJECTED USING A BALLISTIC GAS INJECTION SYSTEM

* both have zero magnetic moment
* no hyperfine effect
* discrepancy exists between muonic and optical measurements
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551/s Pump \
660 mm from Second
injection axis Aperture Nozzle
First Nozzle _
Gimble Mount
Alignment Stage
Gate 9 9
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Intensity (ADU)

PROOF OF PRINCIPLE: Xe'3¢ and Xe'?4 EUV SPECTROSCOPY

6 keV beam energy, 150 mA beam current

alternating injection in every hour, 5 minutes spectra, for 5 days
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DECADES LONG EXPERIENCE WITH ACCURATE CALIBRATION AT NIST
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Centroid (channels)

Number of Data

LINE IDENTIFICATION AND ISOTOPE SHIFT

643.85-
i o
64380 °, *, °

1o
643.75- 4

643.70J°

[ T T T T L T
150 200 250 300 350
Spectrum Number

w
o

T T T T T T
-0.10 -0.05 0.00 0.05 0.10
Channels

The systematic drift was fitted with an
overall function of piece-wise 3™
order polynomials thatincluded a
shift between the isotopes (one
hundredth of a pixel)

TABLE I. Measured and calculated wavelength values of the
1sotope shift along with their uncertainties (in units of fm) for the

.. Na-like D1 transition 3s °S,, — 3p *P » for the isotope pair '**Xe—
©% 1%Xe. The field shift was calculated using the evaluated value of

0.290 fm* for §(r?)'13124 by [20].

Theory

RMBPT GRASP2K  CIDF [29] Experiment

Coefficients dA  ASA A AdAr A SA  ASA
NMS —48 02 —-48 0.2 —4.38

SMS —622 34 —-623 34 —62.7

Total MS —670 34 —-67.1 34 —67.5

FS 143.0 2.8 1420 2.8 143.0

Total 76.1 4.4 753 44 75.8 |65.5 20.6fm
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§

2 124,136
[fm

S5 <r>

NUCLEAR CHARGE RADIUS DIFFERENCE: '36Xe — 124Xe
Silwal R et al., Phys. Rev. A98 (2018) 052502; Silwal R et al., Phys. Rev. A101 (2020) 062512
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Relc.[1] Mucl>n[2] OpticaII-O1[3] King((l)1-Mu)[4] 02I-HF[5] OZ-IFS[G] EUV(tIhis work)
Angeli ‘13 ¢
g . ‘Borchers 89 Fisher ‘74
Fricke ‘95 Libert ‘07

Rec. - Angeli and Marinova
Muon — Muonic atoms

O17 - Optical shift

Exp. Unc.: 0.005fm?
Theor. Unc.: 0.080 fm?

King — King plot
O2-HF - OS + Hartree-Fock
O2-FS - OS+ Fermi-Segre

EUV- Present

TotalUnc.: 0.042 fm?
Theor. Unc.: 0.005 fm?

5 < r2 >136,124 = 0 269(42) fm?
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ABSOLUTE NUCLEAR RMS CHARGE RADIUS FROM D LINE SEPARATIONS

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

g 0 — LeXP _ rth i '
; _ OFE g = EA—B E ' g theoretical difference
NS ~— 5. D " has reduced| uncertainty
— 5EAB — S\BdRB (factor of 10!)
nuclear sensitivity coefficient 5RB = — RBO
100 A A_BEGXD

Ea E i EA %P EBtheo (Rgo) Eg™"
ORg
B nucleus
Reo

Reference element Element to be measured

A nucleus



SPECTRA OF HIGHLY CHARGED Ir AND Os AT 18 keV BEAM ENERGY
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EUV spectra of Na-like D1 3s 25; /5 — 3p 2P,/ and Mg-like 3s? 'Sy — 3s3p 3Py transitions for both Os and Ir, in
orange and blue respectively.



NA-LIKE LEVEL POPULATION MECHANISMS CElie L 00RO | s v

Os-186  1.59(3) % Ir-193 62.7(2) %
o Os-187  1.96(2) %
v The Ir and Os in the measurements have the natural abundance of their isotopes.  os.188 13248 %

v' Isotope with odd number of nucleons exhibit HF structure. Os-189  16.15(5) %
Os-190  26.26(2) %
B éK N 51-51{(1( +1)-2[(0+1)J(J +1) 0s-192  40.78(19) %
2 4 121 -1)j(2]-1) Energy (in meV)
F=0 6.212701E+05
3psn F=3 =r_y  6.212691E+05
621.26848 : F=> L 6.212686E+05
: Ry 6.212672E+05
S\ i I
g D2 i
8= i SN
N—" H I | |: : : :
2 P 110% IR
L ogiati S
§ 3pyjj jadiative cascades F=2 ST 1.700436E+05
(g 170.04282 — 1 AE=2.18 meV p=y “rTT T 1.700415E+05
iD1 P [90% HEEE Y
i i |direct excitation TR
' 331/2 ; F=2 _Vi g :i;E v 2.494293E+00
00 AE=6.65meV g YT T¥4 T 4 157155E+00

Fine-structure splitting Hyperfine-structure splitting 26



Relative intensity
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HYPERFINE STRUCTURE OF THE Na-like [r AND Os D1 TRANSITIONS
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Units: eV

R(rms):

DF

B(1)
B(RPA)
BB(RPA)
Ret(1)
Ret(RPA)
Ret(other)
CC(2)
BC(2)
BB(2)
GGG(3)
Nuc. Rec.

RMBPT(tot)

SE(val)
Uehl(val)
WK(val)
SE(val-x)
VP(val-x)
SE(core)
VP(core)
Other(vert)
2-loop

QED(tot)

TOTAL

TOTAL [no BB(2)]

Os D1 [eV]
5.4064 fm

167.470 (0)
4.746 (0)
-0.118 (0)
-0.011 (0)
0.016 (0)
0.004 (0)
0.000 (11)
-0.300 (0)
-0.053 (0)
0.011 (0)
0.005 (0)
-0.007 (2)

171.762 (11)

-6.387 (0)
1.162 (0)
-0.045 (4)
0.090 (1)
-0.016 (0)
-0.153 (2)
0.027 (0)
0.000 (10)
0.019 (7)

-5.304 (13)
166.458 (17)
(38)

(25)

166.447 (17)

RESULTS: NUCLEAR CHARGE RADIUS OF "|r

Hosier et al., Physical Review Research, (2025) In print

Ir D1 [eV]
5.4000 fm

171.025 (0)
4.977 (0)
-0.122 (0)
-0.012 (0)
0.020 (0)
0.004 (0)
0.0000 (11)
-0.303 (0)
-0.055 (0)
0.011 (0)
0.005 (0)
-0.007 (2)

175.543 (11)

-6.725 (0)
1.245 (0)
-0.049 (4)
0.094 (1)
-0.017 (0)
-0.161 (2)
0.029 (0)
0.000 (11)
0.020 (7)

-5.564 (14)
169.979 (18)
(40)
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169.968 (18)

Ir-Os D1 [eV]
(interpolation)

3.5550 (0)
0.2310 (0)
-0.0045 (0)
-0.0007 (0)
0.0045 (0)
0.0003 (0)
0.0000 (3)
-0.0032 (0)
-0.0019 (0)
-0.0001 (0)
0.0001 (0)
0.0000 (0)

3.7805 (3)

-0.3375 (0)
0.0825 (0)
-0.0041 (4)
0.0041 (1)
-0.0010 (0)
-0.0072 (1)
0.0017 (0)
0.0000 (5)
0.0013 (5)

-0.2602 (8)
3.5204 (8)

(18)
(12)

1 ex
OR = S—Ir[(SEIr—IC))s -

(Ef}(Ri) — Egy(Ros))]

5.4307(77) fm

) key theoretical
Uncertainty

SOSAROS - A EOS ROS, _EI'r‘ RI’I", 2
A((SRIT) :[( = ) ( [ ( 0;2 ( O)]
Ir Ir
experimental [(AEM _, )R 2.1/2
p ( O;—I’r‘) 1 (6[‘)[1‘)2 (ASIT) :|
SI'r‘ SIT

Nuclear model dependence

Po
T’, 9, — e —
p( ) 1+ exp[(r — caer)/d] Caet(0, @) = c[1 + B2Y20(0, ¢)]
oF OF OF
OE(R,By.t) = 6R— + 08 ot—
(Babait) =R o +ohags +0l e
= SOR + 552(562 + S;ot
units Na-like D1 .
5 oV fm T 20.4557 Included in AS
Sa, eV 0.0032
S, eV fm! 0.0025
Sa eV fm—2 -0.026
N 0.17 (AS/S)oR, ~ 0.0016fm
At fm 0.1
SR fm 0.04
AS/S 0.5%
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NUCLEAR CHARGE RADIUS CROSS-ELEMENT CONSTRAINT
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Na-like ion Ir-Os measurement
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Next step: TRIUMF’s lon Trap for Atomic and Nuclear science (TITAN)

Fr, 225-Ra

1S cooled SCI

Time-reversal violation measurements:
21"Fr (LBL-TRIUMF), 22°Ra (Argonne NL)

TRINAT <€
High Resolution
Mass Separator

Target Stations 500 MeV
Protons

Cyclotron

hot RIB
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Future Plans: Improving Precision with XUV Frequency Combs, microcaloriemeter

nozzle
grating mirror
J Cylindrical input coupler
2 (ROC 2061 mm)

Cavity focus :
e Verysmall: @ 30 um

out-coupled harmonics 3 _
* Round: no astigmatism

J. Nauta et al., Optics Express 29 (2021)

Calj i
bration of the energy scale
Atlow enerq; (<
gies (<3 kev) Calibrators are few: broad fin, S, chy
18, Chemistry-dependent

1. Blu- i
U-ray laser Calibrate by Counting photon,
8
w

P T

Pt heiget (0. unis)

Image: Avirup Roy (U. Wisconsin/NIST)
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Future Plans: Improving Precision with XUV Frequency Combs, microcaloriemeter

nozzle

IR + XUV 4*" IR
HHG

PDH length stabilization

grating mirror
] Cylindrical input coupler
' (ROC 2061 mm)

Cavity focus :
e Verysmall: @ 30 um B i
* Round: no astigmatism g

out-coupled harmonics
J. Nauta et al., Optics Express 29 (2021)

1. Blu- i
U-ray laser Calibrate by Counting photon,
T ey w -

Pt heiget (0. unis)

2 \ z
jMvm-EB(T at NIST Boulder (built by J. Tan)

Image: Avirup Roy (U. Wisconsin/NIST)
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