IMP,

Polarized Beam and Target -- Physics and Applications

Experimental advances using highly charged
ions at CSR + Future Plans at HIAF

Xinwen Ma

Institute of Modern Physics, Chinese Academy of Sciences

IMPCAS, Huizhou, China, February 26 — 28, 2024



Outline

IMP,

1. DR spectroscopy at CSR:
— F-like Ni, higher order QED test

2. Collision dynamics
— Fully differential cross sections

— High resolution, Q-value spectroscopy
4. Atomic Physics at HIAF



{\ﬂ Upgrade of CSRe experimental setups

N Multi-purpose internal target experimental setups

(1) X-ray Spectroscopy and
(2) Nuclear reaction chamber

e-cooler

(3) Reaction microscope for

relativistic ion-atom collisions
: I y o




{\ﬂ Upgrade of CSRe experimental setups

(1) X-ray Spectroscopy and
(2) Nuclear reaction chamber

(3) Reaction microscope for
relativistic ion-atom collisions
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Outline

1. DR spectroscopy at CSR:
— F-like Ni, higher order QED test



i Storage ring DR spectroscopy technique
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i Storage ring DR spectroscopy technique

downstream the cooler ( d)

_ | DR experimental setup at the CSRe
HIR ¢ (; =3k DR spectroscopy
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i Storage ring DR spectroscopy technique

downstream the cooler

- __ DR experimental setup at the CSRe
= = | DR
, I 1% spectrosco
Main beam A™ ‘ : L the 15 bending magnet P Py

)
r's
Dipole magnet !:l F (d)
HY | & \*R O
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Q@
Recombinedion beam ]

AED+ ——
"‘
ECR

v" Precise resonances Ni: number of stored ions 3

]\ R Cc  n,: electron density
a(E,, )= N (- I L: effective interaction length (4.0 m)
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i Storage ring DR spectroscopy technique

CMP
. . DR experimental setup at the CSRe
Main beam A* [ the 1% bending magnet DR spectroscopy
3 e PR U downstream the cooler
HY | & \ Dipolemagnet r‘.}-,, b
..é‘}'/ﬁ/ N (<
_' » HV: 0~300 kV, detuning energy range: 30 kV; EEE—
Signal [— > Relative e-ion energy in c.m. frame: meV ~ keV;
. » Detuning step: 1V, ~3 meV in c.m.; hﬂ%é; .
v | » CSRe for DR spectroscopy of heavy HCIs; a
I\ » More possibilities for precision experimental studies;

a(E,,, N (-B8)L L: enecuve meracuon engu (4.0 m)

C: circumstance of CSRm(161.0 m)
v absolute rate coefficients f,,f. : e, ion relativistic speed
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{\/} Progresses of DR spectroscopy at CSR
| IMP, m——__

A
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HIRFL Complex DR spectroscopy of Kr25* jons at CSRe
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) DR spectroscopy of F-like ions: high order QED

~~ DR spectrum of Ni'®* in low energy PN (2s?2p [P, )+ e
6 10m =  CSRm data e
- 58 NT:18+ 2 512 ok
] Ac i . fted curve Ni " (2s°2p’°[ P, ]nl)
0 i T — -~ "DRoverRR % ) 58N'18+ 2 2 6 2S l ol
A CYNI (25 2p°[2 S, Inl)
| 3’5 E 1F 58 + 18+
:s 2t (d)
£
g 0ok . L : -12 Q
§ 1.6 q ° CSRm data Ee
z | Al (252po812]68)yo - isolaeanr ] [—_‘*
o g ND \/
FREES 86+4 meV . ls .5 Foina 1_g
E J | = 612
S = 2s2p’[°S,, ]
5 16 = 1/2
~ 0.8 :’E" Al-zcore
14 3 —
oal § Al?core T Ee + |Ebind
12 2
= Transition energy of 2s22p° 2P, , — 252p% 2§
S o Yy - oo o 32 P~ "O1n
0'%.0 0.2 0.4 0.6 0.8 1.(9

Electron-ion collision energy (eV)

S.X. Wang et al., PRA 106, 042808 (2022) 1



{\/} DR spectroscopy of F-like ions: high order QED

AE,,. of 2s?2p> 2P, , — 252p° 2§, ,

161 252p°%S, ] 65) o  CSRm data core

. , 110
/ — — 1solated DR
* = fitted curve Individual contributions to transition energy

I° of 2522p5 2P,,, —2s52p% 28, , in Ni!®* ion (in eV).
ab initio calculations

16
0% Contribution  Core-Hartree Kohn-Sham
14 Dirac 123.911 128.743
o Correlation (1) 27.190 22.723
M| 15 Correlation (2) —1.536 —1.972
Correlation (3) 0.032(2) 0.102(2)
T Y R 2 90 ¢ QED (1) —0.506 —0.510
00 o2 o4 0.6 08 1.0 QED (2) —0.033(6)  —0.028(6)
Electron-ion collision energy (eV) Recoil —0.012(3) —0.012(3)
) ) ) Total 149.046(7) 149.046(7)
Multi-Configurational Dirac-Hartree-Fock (MCDHF) —————————————
Stabilization Method (SM). Experiment: 149.032+ 0.004,,, £ 0.006,,.,eV
AE, ., =E +|E,
core e bind S.X. Wang et al., PRA 106, 042808 (2022)
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DR spectroscopy of F-like ions: high order QED

Ni19+

MBPT, 2016 [37]

148.91

(=)

NIST Atomic Spectra Database 149.05+0.12 eV

Exp. + SM (this work)
149.032+0.004__+0.006,

Exp. + MCDHEF (this work)
149.056+0.004_ +0.020,
Ab initio (this work)
149.046:0.007

T

MCDHEF (this work)
M 149.019+0.010

Laser-produced plasma, 1992 [33]
™) 149.046+0.009

Laser-produced plasma, 1974 [31]
(| 149.08+0.02

SuperStructure, 2020 [39]
° 149.24

MCDHF, 2016 [37]
‘ 149.05

CCSD(T), 2014 [36]

148.6

149.51 ©
CI+MCDF, 2013 [35]
—~— 149.08+0.03
CI-MBPT, 2005 [34]
148.95 @
[ 1 | [ 1 I [ 1 I [ 1 I 1
148.8 149.0 149.2 149.4

Energy (eV)

149.6

» Transition energy of Ni'®* ion determined:

25*2p°[*P3),]—252p°[*S,1=149.032 (4) ., (6)¢hco €V

> Experimental precision at the level of test 2"? order

QED and e-e correlation; the recoil contribution

> Approaching to test 3" order QED

S.X. Wang et al., PRA 106, 042808 (2022) 13



Outline

2. Collision dynamics
— Fully differential cross sections

— High resolution, Q-value spectroscopy
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& High resolution reaction microscope

B N At

N

Study of Charge exchange reactions

Experiments have been performed for State resolved charge
exchange processes in ion-atom collision

Count
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&1 Benchmark measurements of charge exchange
P —

CimP
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4+ 2 3+ 2 +
SC C*(1s?) + He - C3*(1s?nl) + He™(1s)
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D. L. Guo et al., The Astrophysical Journal, 941, 31 (2022)
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Breakdown of Spin Statistics in Ion-atom Charge Exchange Collisions

(]

CMP
A

Correlation map of Q-value versus projectile

scattering angle for single electron capture in
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] High precision X-ray spectroscopy of H-like ions

IMP,
11.25 keV/u Ar'® charge exchange collision with He @ HECRL
15000 | I I | | | I H{I Hr; | | | | | I | | | I | | | | | | |
g i 15000 : T T a
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In collaboration with ShanghaiTech University, Dr S. Zhang 19



&/ ] Q-value spectroscopy: electron capture + reaction microscope@ storage Ring

IMP,

Reaction microscope Installed at CSRe internal target, commissioning with Fe?*" ions

\

/

20




& 120 MeV/u Fe?¢* on He, single ionization
P, e—

FDCS in polar coordinate: g = 0.75 + 0.15a.u. Ee = 3 £ 0.5 eV, Polar presentation
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i 120 MeV/u Fe?¢* on He, single ionization
P | e—

The puzzle: theory @ experiments

a Cutl

150

180
210
270
; | q = 0.75a.u. M. Schulz, R. Moshammer, D. Fischer, H.
| Fe = 65 eV Kollmus, D.H. Madison, S. Jones, and J.Ullrich,

Nature 422, 48 (2003). 22



Qo

¢ Q-value spectroscopy: direct measurement of binding energy of H-like ions
IMP,

Take Fe?°" ion as an example, when an electron from helium atom is captured in to its

inner orbitals, the corresponding longitudinal momentum can be separated clearly.
(FWHM = 0.1a.u.) 1s binding energy @ QED, better than 1% expected.

I
REC

30 - - Fe?%* 4+ He(1s) » Fe?>*(1s) + He*
n=1
NRC:
25 | .
f Q Vp
pl=L_2
é R Vp 2
g 20 | -
& n=2 REC:
' Ei . E
i | f _ __ “bind Yy
15 . PRllmax = 7, - o 5.432a.u.
EL. E
f _ bind Y _
10 }- - PR"min =, " —5.368a. u.
| | | | p
30 -26.2 -20-17.1-15.5 -10 -5.368 0 5.432 10

Longitudinal Momentum/a.u. 23



Outline

4. Atomic Physics at HIAF

24



Atomic Physics of HCls @HIAF

High Intensity heavy ion Accelerator Facility (HIAF)

Relativistic collision,
X-ray spectroscopy

Commissioning

experiments will start in
the first half of 2026

| /// \ DR spectroscopy,
? A i HCI laser spec & cooling
/ b\
/ : \ :
| BRlIlg v | WDM and HEDM driven
i ) 3 by Intense ion beam
\Y .
N if
-.;___‘_._\“_ ‘ .‘./
N, S/ / Laser spec for radioactive ions

g ———— fjﬁ?ﬁ’" SR -;%E:“ "




Atomic Physics of HCls @HIAF

Multi-purpose
internal-gas
target area:

A closer look at SRing of HIAF

To terminals _—""

E-cooler Stochastic
cooling pick-up

— From HFRS

/

Electron
beam

Bending magnet

Slit
- E-target

Independent
e-target

Laser cooling
experiment

ivisti : Ion t
® Reli.lt.lVlSth Gas-jet beam Recombined ions
collision  \ _J &
St Electron target ;
® X-ray Transverse /Detector
h ¥ Schotiky
spec roscopy resonator
® Nuclear
. &
reactions 7
Longitudinal Stochastic cooling
Schottky resonator kicker-”/
e_Sm N D +—da——akpe

TOF2 TOF1

Spectrometer Ring
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i Atomic Physics of HCIs @HIAF, future
CMD—

Relatlvistic collisions
Precision spectroscopy- QED
in strong EM field
Application in nuclear UV-
laser cooling & spec

2030—203X

[N/
Laser spec of Rl R
HEDM @ intense beams

LIBS-ADANES .
QED beyond Schwinger limit 1
p—atom spectroscopy— ‘H”
physics beyond SM

HIAF+CIADS ISOL

Transmutation + Breeding + Power

ADAN ES

Fuel Recycle Process




i

IMP

QED test experiments beyond Schwinger limit

et detector

B c*e” & X-ray
# detector array.

Position
sensitive ion
detectors

@

Heavy ion beam 1

Heavy ion beam 2

i
g TN @
®

magnetic spectrometer

X-ray detectors /" for e'e* pair spectroscopy

\, e- detector

Conceptual design of detection of e+e- pair creation in critical field
produced in bare/H-like heavy ion collisions.

28



{\ﬂ APEX Collaborations
B e e e e e e

<imp
A MR F AR EHIRFLETHIAFLY
Rt EF SRR ERSEE

APEX

Collaborations on Atomic Processes at Extremes at HIRFL & HIAF

Collision dynamics + Spectroscopy+ HEDP + Instrumentation + Theory
+ “+ +

VIC=0 75% 89% 94% 96%

BTHRIRE
https://apex.impcas.ac.cn/

iLinac SE]CR
== = = = W:1
Lk 25



https://apex.impcas.ac.cn/

: Some considerations for polarized beams
IMP,

O Polarization of ion beams:
(1) Polarization of nuclear, bare ions
(2) Polarization of non-bare heavy ions ??

O Experiments employing Polarized beam:
Polarized electron beam

Twisted electron beam: v A Zaytsev, et al. Journal of Physics: Conference Series 1412 (2020) 052013
V A Zaytsev, et al. PHYSICAL REVIEW A 95, 012702 (2017)

DR spectroscopy, APV
O Polarized atomic target, e.g. atomic hydrogen beam.
X-ray spectroscopy, charge exchange processes, spin statistics

Polarized ion beam on polarized target ??
A. Surzhykov, et al., Proceedings of Science. PoS(STORI11)012; Th. Stohlker, et al., Proceedings of Science, PoS(PSTP2022)028

O Double ionization of H, molecular target:
Exploring in ultrashort timescale the entanglement between electron and nuclear.

30
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CSRe collision experiment

Team for collisions

Reaction microscope
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