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The research progresses on the investigations of atomic structure and collision dynamics with highly charged ions
based on the heavy ion storage rings and electron ion beam traps in recent 20 years are reviewed. The structure part covers
test of quantum electrodynamics and electron correlation in strong Coulomb field studied through dielectronic recombi-
nation spectroscopy and VUV/x-ray spectroscopy. The collision dynamics part includes charge exchange dynamics in
ion—atom collisions mainly in Bohr velocity region, ion-induced fragmentation mechanisms of molecules, hydrogen-bound
and van de Waals bound clusters, interference, and phase information observed in ion—atom/molecule collisions. With this
achievements, two aspects of theoretical studies related to low energy and relativistic energy collisions are presented. The
applications of data relevant to key atomic processes like dielectronic recombination and charge exchanges involving highly
charged ions are discussed. At the end of this review, some future prospects of research related to highly charged ions are

proposed.
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1. Introduction

The invention of quantum mechanics and special relativ-
ity have already deepened our understanding of the nature of
the world and been promoting the developments of physics,
chemistry, astronomy as well as applied sciences. Their com-
bination is the foundation for the birth of quantum electro-
dynamics (QED), the most accurate and successful theory in
physics to date, which is the basis of modern field theories
that constitute the current standard model. In the last 70 years,
the theories have been tested with high precision in the light
atomic system, especially in atomic hydrogen,!!! where elec-
tron moves in a weak electromagnetic field where perturba-
tive approximation is sufficient. However, early in the 1930s,
scientists like Schwinger and Heisenberg have already pointed
out that novel phenomena may appear when an electron moves
in extremely strong fields. Highly charged ions (HCIs) can
provide such extreme conditions in heavy atomic systems. For
example, the Is orbital electron of uranium ion experiences
an average electric field of 1 x 10'® V/cm, which is six orders
of magnitude stronger than that in atomic hydrogen. Such a
strong field could not be macroscopically generated in the lab-
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oratory.

With the advent of heavy-ion storage rings/?! and elec-
tron beam ion trap (EBIT),"3! HCIs such as bare-, hydrogen-,
and lithium-like xenon and lead, can be produced efficiently
and used for experimental studies. For storage rings based
on accelerator facilities, the HCIs are produced through strip-
ping techniques by accelerating low-charged ions up to en-
ergies high enough, while in EBITs, HCIs are generated by
ionization of atoms with high energy electron impacts. Signif-
icant progresses in the studies of the structure and dynamics
of heavy highly charged ions have been made in past decades.
However, in the former case, one of the major challenge in pre-
cision measurements with high energy HClIs is the uncertainty
caused by the Doppler effects. In the latter case, the challenge
comes from the statistical uncertainty due to the very limited
number of heavy HClIs trapped in EBITs. In both cases, exper-
iments of structure studies involve photon spectroscopy and
resonant collision spectroscopy. Photon spectroscopy detects
direct photons or cascade photons from electron capture re-
combination processes. In parallel, at the electron cooler of
the storage rings, resonant collision spectroscopy, also called
dielectronic recombination spectroscopy (DR spectroscopy),

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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has been developed into a new, high precision and highly ef-
ficient spectroscopic tool for HCIs by detecting the combined
ions instead of photons. For the technical details, we refer the
reader to the paper by Mokler. [*!

In contrast to the situation in studies of the stationary
atomic system which has been described by the quantum me-
chanics with unprecedented precision, our knowledge of the
dynamical few-body system is still far from satisfactory. Un-
derstanding and minimizing the differences between theory
and experiment remains a major challenge in the field. For in-
stance, the discrepancies in the fully differential cross-sections
of the single ionization of helium by bare C%" projectile be-
tween experimental data and theoretical models were reported
in 2003 which remains one of the major puzzles nowadays."!
However, in atomic systems the interaction potential between
charged particles is exact and all discrepancies between ex-
periments and theories can thus be attributed to the few-body
dynamic problem.®! Knowledge of few-body dynamics plays
a crucial role in solid physics, chemical reaction, biological
systems, and so on since all the structure and evolution of
the macroscopic world is to a large extent governed by these
rules.[%7]

Accelerators provide the access to the studies of ion-
atom/molecule/cluster collisions with various impact veloc-
ities. A major breakthrough has occurred since the inven-
tion of the cold target recoil ion momentum spectrometer
(COLTRIMS).! or reaction microscope.®! For the first time,
fully differential cross sections are accessible for charge ex-
change and ionization processes. Various mechanisms in ion—
atom collisions have been identified, such as the so-called
Thomas transfer and ionization mechanism,® saddle point
ionization mechanism,!! quasimolecular electron promotion
mechanism,!'% electron-correlation mediated doubly excited
state population involving keV highly charged ions,!!!:1?]
equivalent “photon ionization” in 1 GeV/u U>* single ion-
ization collision with He,!!3! to name just a few. Also, the
technique has been applied in photon-atom interactions based
on ultrafast lasers and synchrotron radiation, for example, the
nonsequential double ionization mechanism in a strong laser
field,['*13] the quasi-free mechanism for single-photon dou-
ble ionization at 440 eV and 800 eV,['®! and Compton scat-
tering at low photon energy,!!”! efc. Recent striking theoret-
ical progress in the atomic orbital close coupling approach is
manifested in the description of inelastic electronic processes
involving one and two electrons in the intermediate energy
domain. 8] When a molecular target is used, more freedoms,
such as fragmentation paths and the orientation of the molec-
ular axis in space, will be involved, and new fragmentation
mechanisms induced by HCIs have been revealed.[!>-?°! Re-
cently, progresses in studies of quantum grating as well as
phase information obtained in ion-molecule collisions render

us new opportunities to explore principles underlying the non-
local realism and deeper information in fundamental quantum
processes. [21:22]

Radiative transition and charge exchange collisions also
play crucial roles in various fundamental and applied fields,®!
such as astrophysics, fusion plasma physics and radiotherapy.
The understanding and modeling of the phenomena in energy
loss, charge balance and diagnostics of plasma properties rely
largely on accurate collision cross sections provided by labo-
ratory charge exchange measurements. For all these purposes,
benchmark atomic data are required.

The research related to HClISs is extraordinarily extensive,
and of course, it will be too ambitious to cover all achieve-
ments in one review paper. Therefore, from our perspective,
this review will mainly report and review the most significant
progresses of precision spectroscopy and collision dynamics
with highly charged ions related to storage rings and EBITs
in recent 20 years and some applications in astrophysics as
well as fusion plasma diagnostic and modeling will also be
discussed. Finally, a summary will be presented and some fu-
ture aspects are proposed.

2. Precision spectroscopy of HCIs

Dielectronic recombination (DR) is a resonant recombi-
nation process, in which a free electron is captured into an ion
with one of its inner-shell electrons excited simultaneously.
DR is a two-step process as schematically shown in Fig. 1, i.e.,
in the first step, a free electron is captured into L-shell by an
ion A" with a K-shell bound electron, the excess energy is di-
rectly transferred to excite one K-electron (resonant condition
is required), by which an intermediate doubly excited state of
the ion is formed A(4~D+(LL") ((a) — (b)). In the second
step, the doubly excited state decays radiatively to states be-
low the auto-ionization threshold ((b) — (c)), and the emitted
photon could be recorded for spectroscopic purposes. DR is
sensitive to atomic levels and has been developed as high pre-
cision spectroscopy at storage rings. Radiative recombination
(RR) occurs non-resonantly when a free electron is captured
into a bound state of the ion and emits a photon directly.

At te™ — [A(q—1)+]* —_— Al D*

Fig. 1. Schematic diagram of the KLL-DR process of He-like ions.

DR is one of the most important and fundamental
electronion—ion collision processes in hot plasmas and it can
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significantly affect the ionization balance and energy-level
population of hot plasmas. Furthermore, DR strongly modi-
fies the properties of radiation from hot plasmas because the
doubly excited states formed in the DR process are mainly sta-
bilized by radiative decay rather than Auger decay, especially
for highly charged heavy ions. In addition, the intensities of di-
electronic satellite lines are sensitive to environmental temper-
ature and density, which are of great significance in diagnos-
ing the properties of hot plasmas in astrophysics!>}! and fusion

e. [24

scienc I DR also plays an important role in fundamental

research and has been used in studying QED effects in few-

electron ions,> isotope shift,[*6! hyperfine quenching, !

and hyperfine splitting. >8]

2.1. DR spectroscopy at storage rings

Storage rings equipped with an electron cooler provide a
uniquely effective technique to obtain accurate spectroscopy
and determine absolute DR rate coefficients. There are two
main motivations for DR studies of HCIs at heavy-ion storage
rings. (i) Precise DR spectroscopy provides accurate atomic
structure data for test of QED, electron correlation, relativis-
tic, and nuclear effects. (ii) The measured absolute DR rate
coefficients provide benchmark data for understanding the as-
trophysical and other natural as well as man-made plasmas. [>°!
In the last decades, a series of DR experiments with HCIs have
been carried out at the storage rings, for examples, test stor-
age ring (TSR) at Max-Planck-Institut fiir Kernphysik (MPIK)
in Heidelberg,**! experimental storage ring (ESR) at GSI in
Darmstadt, '] CRYRING at MSL in Stockholm.[3?!

The DR experiments performed at CRYRING in Stock-
holm mainly employed relatively light heavy ions (Z < 18)
with charge states less than ¢ = 10+ due to the performance
of its ion source, including CI*, N9t, Q7 (¢ = 3,4,5), F'™,
Ne'*, S, Ar't (r =5,6,7), Si’T, and Si'%, etc. All these
works measured the DR spectra and obtained the resonance
positions and the rate coefficients which are of interest for
astrophysics. Only three heavier ions are used for DR spec-
troscopic studies with high precision. Mg-like Ni'’* ions
were measured in the energy range up to 6.5 eV, the 3s; -
3p1/2 and the 3sy/5-3p3/; (An = 0) energy splittings were de-
termined from the experiments and compared with the rela-
tivistic many-body perturbation theory calculation. For Li-
like Kr*** ions, the (25 /,-2p; /) Lamb shift was obtained.
For Cu-like Pb>37 jons, DR resonances were identified in the
very low relative energy range of ~ 1073 eV-10~* eV. The
Pb3* (4p, /2-4s1/2) energy splitting of ~ 118 eV is deter-
mined with an accuracy of about 10~ eV, which provides a
test of QED in a many-body environment. In addition, precise
determination of the 4s; > and 4p /, levels for the two isotopes
of 208.207pp>3+ demonstrated the potential of DR spectroscopy
to measure isotope shifts. The above works were mostly car-

ried out before 2010, then there was a plan to combine the ESR
and CRYRING along with the availability of heavy bare, one-
and few-electron ions and exotic nuclei, which will open a new
field of research under extreme conditions.'**! The CRYRING
is already moved and installed at GSI and under commission-
ing presently.[??!

The heavy ion storage can employ usual thermal cath-
ode and photon cathode to provide electron target beam. In
the former case, a series of systematic DR measurements has
been done focusing on the absolute dielectronic recombina-
tion rate coefficients, especially for iron and tungsten ions
of particular importance for astrophysics and fusion plasma
studies, see Subsection 2.4 for details. In the latter case, the
DR spectra have very high precision due to the extremely low
temperature of photoelectron beam.[?8! Although it is a chal-
lenging task to operate the photoelectron cathode, DR spec-
troscopic experiments have been carried out at TSR, e.g. for
Be-like C1'3* and Ge?®* ions, to investigate the QED effects.
The DR precision spectroscopy has been extended to investi-
gate the nuclear properties of highly charged ions. The hyper-
fine splitting!?®! for Li-like Sc!8* (1 = 7/2, uy = 4.7565) ions
are measured and the separation of just 6 meV for the reso-
nance states was achieved as shown in Fig. 2(a). The hyper-
fine quenching was studied by DR spectroscopy at TSR using
Au?%t and Pt*8* ions. After 2010, it was proposed to setup the
heavy-ion, low-energy ring TSR at the HIE-ISOLDE facility
in CERN, Geneva, and to provide a capability for experiments
with stored secondary beams that is unique in the world!34!
later on, TSR stopped operation, however, due to various rea-
sons, the plan was postponed.

The atomic research performed on ESR at GSI mainly
focuses on heavy highly charged ions, x-ray spectroscopy (see
Subsection 2.3) and DR spectroscopy are two of main active
topics. DR spectra for Li-like ions of X!t (Z = 54),1%]
Pb7+ (Z = 82), Bi%* (Z = 83), and U¥T (Z = 92)[2] have
been measured and the transition energy of the 2s—2pj was ex-
tracted respectively and compared with fully relativistic multi
configuration Dirac Fock (DR/MCDF) calculations. Also the
DR spectra for Be-like ions of X0t (Z = 54),351 AuTt
(Z = 82), Pb’8t (Z = 83), and UB* (Z = 92) have been mea-
sured and the relativistic effects as well as the Breit interac-
tion in strong Coulomb field are investigated. Of particular
interest are the application of DR spectroscopy to isotopes
and radioactive ions produced by nuclear reaction at ESR stor-
age ring. The measured dielectronic recombination spectra of
the two Li-like neodymium isotopes ANd>’* (Z = 60) with
A = 142 (orange) and A = 150 (black) in the energy range

[26] are shown

of the ANd>**(1s%2p, /2181;) resonance group
in Fig. 2(b), and the isotope shifts are clearly demonstrated.
An exemplary DR experiment in the preparation of artificially

synthesized rare isotope at the ESR storage ring is success-
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fully demonstrated for 23#Pa®+ (Z = 91),13¢] whose lifetime
is 6.7 hours (ground state 3*Pa) and 1.16 minutes (isomeric
state 234MPa), respectively. As a result, storage-ring DR exper-
iments have been developed as a tool for the ultra-high preci-
sion spectroscopy of HCIs, and the access to nuclear parame-
ters such as charge radius, spin, magnetic moment or lifetimes
of long-lived excited nuclear states (isomers) become feasible
employing DR technique. More details of the DR experiments
at storage rings can be found in the review papers2%-3%37] and
the references cited therein.
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Fig. 2. (a) Hyperfine splitting of the lowest DR resonances in Li-like
Sc!8+ 1281 (b) Dielectronic recombination of the Li-like neodymium iso-
topes '*2Nd>’* (orange) and 'YNd*’* (black line) in the energy range of
the 1s22p, /2181, (261 Reproduced with permission from Refs. [26,28].

The main Cooler Storage Ring (CSRm) and the experi-
mental Cooler Storage Ring (CSRe) at Heavy lon Research
Facility in Lanzhou (HIRFL) are both equipped with elec-
tron cooling devices, which provide ideal research platforms
for DR precision spectroscopy of HCIs. Figure 3 presents
the layout of the HIRFL-CSR and the main DR experimen-
tal parameters at the CSRm and the CSRe. The DR exper-
imental method at the CSRm has been already described in
detail elsewhere.***% In order to perform DR experiments
with high-Z HClISs, the electron cooler (EC-300) at the CSRe
has been upgraded with an embedded electron energy fast de-
tuning system for the merged-beams electron—ion collision ex-
periments. A plastic scintillation detector (PSD) and a multi-
wire proportional chamber (MWPC) detector have been de-
veloped and installed downstream of the electron cooler to de-
tect the recombined and ionized ions in the electron-ion colli-
sion experiments at the CSRe. In a recent DR experiment of

Na-like Kr?3T ions at the CSRe, the measured DR rate coef-
ficients were compared with the flexible atomic code (FAC)
calculations and AUTOSTRUCTURE code and a very good
agreement has been achieved between the experimental results
when the strong mixing effects among the low-energy reso-
nances are carefully considered in both calculations.*!]

The electron beam

Detector \X

-HV

DR@CSRm
» ion species Si~Kr
» cooler voltage 0~30 kV
» detuning voltage +3 kV
(c.m. energy ~150 eV)
7 y

; DR@CSRe
¥ > ion species Kr~U
» cooler voltage 0~300 kV
> detuning voltage +15 kV
(c.m. energy ~1.5 keV)

Fig. 3. The layout of DR experiments at the HIRFL facility. The main DR
experimental parameters at the CSRm and the CSRe are shown.

Here, we present the DR spectrum of Be-like argon

[42] a5 an example. In electron collision with Ar'#t jons,

ions
the most significant recombination channels in the collision

energy range of 0 eV-60 eV are

Ar'*T(28?1S0) + e~

Ar'3[2s2nl] 4 hv, RR,
N Ar3T[252p(3Pg 1 2)nl], n>10, DR, @
Ar3+[2s2p('Py)n ] n>17, DR,
[

ArBT2p? (3P, 25 'Dy; 1So)nl], n > 6, TR,

where RR, DR, and TR denote radiative, dielectronic, and tri-
electronic recombinations, respectively. In the case of TR, the
capture is associated with the excitation of two core electrons
to excited levels and is completed when the triply-excited in-
termediate level decays by photoemission. The experimen-
tal DR spectra of Be-like *°Ar'4* and theoretical calculations
from the AUTOSTRUCTURE code are compared as shown in
Fig. 4. The measured spectrum covers the whole energy range
of DR resonances associated with 2s — 2p (AN = 0) core ex-
citations. The associated Rydberg resonance series of the dou-
bly excited intermediate levels 2s2p('P;)nl and 2s2p(3P;)nl
are indicated by vertical bars with different colors. By fitting
the first 13 resonance peaks at relative energy below 0.5 eV
with a flattened Maxwellian function,#?! the longitudinal and
transversal electron temperatures were obtained, yielding the
electron beam longitudinal temperature kg7 = 2.40(6) meV
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and transverse temperature kg7, = 11.91(87) meV, respec-
tively. The corresponding experimental energy resolution is
better than 0.07-eV full width at half maximum at a relative
energy around 0.2 eV. Trielectronic recombination (TR) reso-
nances associated with 2s> — 2p? core transitions were found
surprisingly strongly contributed to the total recombination
rate coefficients in the measured energy region.

1+ I I Il [

— 8 [ Theory (DR)
n 6 [ Theory (TR)
® —— Theory (DR+TR)
”JE 4 | —¢— Experiment | 2p23p Lonl
(&}
@‘ 2
=]
0 "
Z 2s2p Pyl | 2s2p 9P, , nl
) r T T T T
£ 0 1 2 3 4 5
2
£ 24(®)
&=
@ 2p? 'D, nl . 12p? 'Sy nl |
3 | 2p2 %P, oml | | |
[}
It
]
"

IR
10 20 30 40 50 60

Electron—ion collision energy (eV)

Fig. 4. Electron—ion recombination rate coefficients of Be-like argon as
a function of relative collision energy. The orange curve from 45 eV to
60 eV is the theoretical result including the full DR resonance strength up to
nmax = 1000, called the field-ionization-free recombination rate coefficient.
Reproduced with permission from Ref. [42].

Progresses related to electron correlation, metastable
states, and higher order QED effects have been achieved in
the investigation of DR spectroscopy at the storage rings.
Some of typical examples will be briefly discussed bellow,
trielectronic recombination (TR) resonances associated with
25> — 2p? core transitions were not negligible in the res-
onant spectra and have strong contributions to the total re-
combination rate coefficients of Be-like Ar'** and Ca!6*
ions. 343 Resonant recombination from parent ions in the
long-lived metastable state 2s2p Py has been identified in
the DR spectrum of Ca'®" ions below the collision energy of
1.25 eV, which means the DR measurements of metastable
ions can be applied at storage rings.!’®! The DR spectrum
for the F-like Ni'°* ions has been used as a benchmark to
evaluate the JAC calculation methods.***! Moreover, the
2522p°[*Py ;5] — 252p°[*S) /5] core transition energy in the F-
like Ni'®* ions has been precisely determined and the second
order QED effects are tested, which benefits from the accurate
measurement of the low-lying dielectronic resonances associ-
ated with the (2s2p°[*S, /2]6s)J = 1 intermediate state and the
precise calculations of the binding energy of the 6s Rydberg

5.1%1 In addition, strong mixing effects between the

electron
low lying An = 0 and An = 1 DR resonances have been re-
vealed in the investigation of DR spectroscopy for the Na-like
Kr?* ions. 411

In the past few years, a series of DR experiments for

different HCIs have been investigated at the CSR, such as

A2 134144154+ q14+16+.17+ Nj19+ and K25+ jons, elec-
tron correlations are studied.[3%41:424547491 [y addition, a
large accelerator facility of High-Intensity heavy-ion Accel-
erator Facility (HIAF)1?! is being under construction by the
Institute of Modern Physics at Huizhou city in Guangdong
Province. The DR spectroscopy of highly charged ions by em-
ploying an electron cooler and an independent ultra-cold elec-
tron target is listed as one of the main scientific goals of HIAF
project, the detailed description can be found in Refs. [51,52].

2.2. DR and x-ray/VUYV spectroscopy at EBITs

In addition to DR experiments at storage rings, DR
spectroscopy has also been carried out at EBITs to inves-
Since the first
experiment!>3] at the Livermore electron beam ion trap

tigate HCI structures around the world.

(EBIT), many measurements have been conducted for He-

like ions, such as argon,®*! titanium,®! iron,® nickel, 3!

germanium,®’!  krypton, >8] 591 jodine, 00!

[61] [59]

molybdenum,

[62] mercury,[63] and iso-

(61,64

Xxenon, barium, tungsten,

electronic sequences with lower charge state. 1'Up to now,
only a few measurements for H-like ions, such as argon,[ﬁs]
titanium, (% and krypton,[®”l have been studied due to the
experimental difficulties at EBITs.

Since DR only involves one active bound electron, the
measurements of resonance strengths and/or cross-sections
A lot of

measurements on DR mainly focused on the DR resonance

pave a pathway towards the collision dynamics.

strengths and cross-sections. For instance, Nakamura et al.[6%]
measured resonance strengths of Li-like iodine, holmium, and
bismuth, and it has been shown that the generalized Breit in-
teraction (GBI) strongly affects the resonance strengths, as
shown in Fig. 5. Yao et al.!®'l measured the KLL-DR reso-
nance strengths of He- to O-like xenon ions and found that
theoretical results of Li-like Xe are about 14% smaller than the
experimental ones. Xiong et al.!%! carried out the measure-
ments for Li- to O-like gold and deduced a scaling law for B-
like and C-like ions. Apart from the resonance strength stud-
ies, the strong quantum interference effect between DR and
radiative recombination (RR) is expected and investigated as
their amplitudes become comparable in the high-Z region.[%”]

Very recently, a large modification by the Breit interaction
for electric-dipole (El)-allowed transitions of inner-shell ex-
cited states formed in the DR process of highly charged heavy
ions was predicted and demonstrated by Hu ez al.l’% at the
Shanghai-EBIT and the Tokyo-EBIT. The relative transition
rates are obtained for two dominant radiative transitions from
the 1s2s 22p, /22p3/2 inner shell excited state of B-like tung-
sten and bismuth ions to 1s22s22p, /2 and 15225 22ps /2, and it
was found that the transition rate ratio between the two tran-
sitions is affected by the retardation effect up to more than
100%, as shown in Fig. 6. It provides a large possibility to test
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the first-order QED effect using the DR experiments.[’!]

It is interesting to note that higher-order interactions,
namely trielectronic and quadruelectronic recombination (TR
and QR), significantly contribute to the recombination reso-
nance strength due to the relatively strong configuration mix-
ing effect in medium-heavy ions.!”?) Unlike the intra-shell TR
process at low collision energy observed in the storage ring, 3]
the higher-order processes studied in EBIT involve K-L inter-
shell resonance. As pointed out inl”#! the higher-order recom-
bination contribution decreases fast with increasing atomic
number (Z~%). The inter-shell TR contribution overwhelms
the DR in argon ions, while the contribution is below 6% to the
total resonant strength in C-like Kr3*+ I3 The higher-order
interaction could be neglected in heavier ions, while other ef-
fects may have large contributions.
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Fig. 5. Dielectronic recombination cross sections for the KL ;L |, region of
Li-like ions normalized to the ionization cross sections of Be-like ions for
iodine (Z = 53), holmium (Z = 67), and bismuth (Z = 83). The horizontal
energy scale was calibrated with the theoretical resonance energy. The solid
red line shows experimental results and the broken blue line of the Gaussian
functions are fitted to the experimental data.[%8] Reproduced with permission
from Ref. [68].

% 1 (a) @ Experiment
= —a— (i) Coulomb only
8 (ii) Coulomb+Gaunt (unretarded)
£  10F o (i) Coulomb+BI0
g —a—(iv) Coulomb+GBI (fully retarded) /0
b=
1)
:
= o
X 500t
g 400F (ii) Coulomb+Gaunt (unretarded)
e} —4— (iv) Coulomb+GBI (fully retarded)
:.E 300F —o— Difference due to retardation
£ 200F P
S 100f it
ol NV S N
40 50 60 70 80 90

Atomic number (Z)

Fig. 6. (a) Transition rate ratio between two radiative transition paths of the
152522p, /22p3/2 inner shell excited state formed in DR. The black circles
represent the experimental results.[”") The other four symbols with solid or
dashed lines are the results of four sets of calculations. (b) Retardation in-
duced difference (open squares) of the contributions to the radiative transition
ratios. Reproduced with permission from Ref. [70].

In EBITs, HCIs are produced by collision ionization with
a mono-energetic electron beam and confined in an ion trap

with low ion temperature. The spectroscopy of HCIs is usu-
ally free of satellite blending and free from Doppler effects
compared to the accelerator measurements, therefore high pre-
cision measurements of x-ray and VUV radiations can be
performed. High-resolution crystal spectrometers are usually
used to detect Ko lines in medium-Z ions, e.g., the absolute
wavelengths of the w (1s2p 'P; — 1s? 1Sg) resonance lines
in He-like ions are measured in EBITs!”®78] for testing QED
effects. One remarkable result was reported by Chantler et
al.,l"® in which a systematic discrepancy between the ex-
periments of the w line transition energies and the calcula-
tions including two-electron QED corrections and a Z> de-
pendent divergence were shown. However, the measurements
for S'4*, Ar'®* and Fe?** jons!””! supported the state-of-
the-art bound-state QED calculations. Experimental results
on Kr*** measured in EBIT with synchrotron radiation ex-
citation technique also supported the theory.!””! Most of the
available experimental results have larger uncertainties than
the contributions from the screened vacuum polarization and
two-photon exchange corrections. Experiments with improved
precision are necessary to test these terms. In the high-Z ions,
experiments mostly focused on measuring the energies of the
2p3/2 = 2p1/2: 2812 transitions!®>8!1 in the x-ray domain, and

sI821 in the extreme ultraviolet do-

the 2p; ;, — 2sy , transition
main. Figure 7 shows the spectrum of the 2p; , — 25y, tran-
sitions in U3+ and U+ and its calibration spectrum mea-
sured by Beiersdorfer et al.'3?! The result for U+ established
a benchmark for testing QED contribution to the transition en-

ergy with an accuracy of 3.6 x 10~%.182]
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Fig. 7. (a) Spectrum of the 2p; , — 2, transition in US8+ and U+, (b)
Calibration spectrum. Reproduced with permission from Ref. [82].
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Precision spectroscopy of HCIs in EBIT is also appli-
cable to the diagnostic of fusion plasmas and astrophysical

5.[83-86] Since the accurate prediction of the atomic

plasma
structure in complex systems is still a big challenge for the-
ories, benchmark experiments are essentially required. One
such example is tungsten, which will be used in future
TOKAMAKS. Spectroscopies of highly charged tungsten
ions studied in EBITs cover optical, 871 UV,1388] and x-rays
spectra. [83:36] Figure 8 (adopted from Ref. [83]) shows a high-
resolution x-ray spectrum of Cu- and Ni-like tungsten ions
measured in Shanghai-EBIT.®” The experimental wavelength
provides important reference data for electron correlation stud-
ies in multi-electron ions and is also applied to determine the
toroidal rotation velocity of the ions in the TOKAMAK.!33! To
diagnose the temperature and density of fusion plasmas, 36831
intensity ratios of EUV lines from highly charged Ar, Fe, and
other ions are measured in EBITs.[3+83 It also provides an op-
portunity to determine the magnetic field in solar flares or the
corona as proposed in Ref. [91].
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Fig. 8. X-ray spectra of Cu- and Ni-like W ions measured in Shanghai-EBIT.
Reproduced with permission from Ref. [83].

Using the beam scanning method, DR processes and the
correlated x-ray emission could be studied simultaneously in
EBIT. Figure 9 shows a typical three-dimensional spectrum
of the DR process of xenon ions in Shanghai-EBIT.[”°! The
resonance peaks represent the KLL-DR events of He-like to

N-like Xe ions. The continuous band is from the radiative re-
combination (RR) to the L-shell of the corresponding ions. By
normalizing DR to the theoretical n = 2 RR cross-sections,
for which the uncertainty is considered to be about 3%, the
DR resonance strength could be determined. The method has
been well applied to measure the DR resonance strength that
involves an inner-shell electron excitation.®'~%*1 Many other
measurements use a steady-state running mode.[%%?! In this
mode, the electron beam energy is slowly scanned to ensure
that the charge state distribution (CSD) reaches equilibrium
at each beam energy. The resonance strength can be ex-
tracted from the ionization equilibrium rate equation by nor-
malizing it to the calculated electron impact ionization cross-
sections.[60-2]

Photon counts
hve)
(=]

. -
z s

Fig. 9. A typical three-dimensional spectrum of DR measurement in EBIT.
The x-ray intensity (Z axis) is a function of the incident electron energy for
the X axis and its photon energy for the Y axis.

In the meantime, anisotropy and polarization of DR x-
ray emissions have attracted much interest. Breit interaction
is, generally, considered a minor correction to the dominant
Coulomb repulsion in electron-electron interaction. However,
Fritzsche et al.!3] predicted that anisotropy of x-ray line emis-
sion from DR is dominated by the Breit interaction, which was
soon confirmed by Hu er al.'®*! at the Tokyo-EBIT. Inspired
by these seminal works, more efforts have been made to ex-
plore this unexpected effect. At the Heidelberg-EBIT, Jorg et
al.'® made the first polarization measurement of DR x-ray
emissions of Be-like and Li-like xenon ions using Compton
polarimetry, which are highly sensitive to the Breit interac-
tion. Shah et al.!3®! extended these investigations to a lighter
element of He-like through O-like krypton ions and also con-
firmed a high sensitivity to the Breit effect. Amaro et al.[f]
also studied the angular distribution of DR lines of highly
charged krypton ions, they demonstrated that the Breit effect
on the anisotropy of DR x-ray emissions is strongly state-
selective. Furthermore, the polarization of DR x-rays can be
used as an important diagnostics tool for hot plasmas. Shah et
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al."®") investigated higher-order resonant contributions to DR
x-ray line polarization and claimed that polarization measure-
ment could be a useful approach to diagnose the electron tem-
perature of hot plasmas. In addition, Shah er al.®®! claimed
that polarization of DR satellite lines could be used in diag-
nosing anisotropies of hot celestial plasmas.

In addition to the investigation of the QED effect and
Breit interaction, HCIs have been proposed to enable sensi-
tive tests of physics beyond the standard model and the re-
alization of high-accuracy atomic clocks, owing to their high
sensitivity to fundamental physics and insensitivity to external

199 Very recently, the Coulomb crystallization

perturbations.
of B-like “°Ar'3* has been realized in a cryogenic linear ra-
diofrequency trap by means of sympathetic cooling through
Coulomb interaction with a directly laser-cooled ensemble of
Be™ ions.!'%! Furthermore, coherent laser spectroscopy of
highly charged “°Ar'3+ ions has been achieved using the quan-
tum logic technique, and the determined absolute frequency of
the “°Ar'3* fine-structure transition reached an uncertainty of
3 x 10~ 13, which pave the way for future HCI clock investiga-

[101) With this strong motivation, the fine

tion and applications.
structure splitting 1s*2s22p Py ,—*P5 5 transitions in boron-
like S''* and C1'>* was experimentally measured with a high
precision spectrometer at the Shanghai High-Temperature Su-
perconducting electron beam ion trap (SH-HtscEBIT). The
M1 transition wavelengths for S''* and CI'?* were deter-
mined to be 760.9635(29) nm and 574.1539(26) nm (in the
air), respectively. The M1 transition energies in S!'* and
C1'%*+ were evaluated within the ab initio QED framework to
compare with the experimental data and provide a possibility
to test QED effects and correlation effects with high accuracy

in few-electron highly charged ions.!10%]

2.3. Test of QED via x-ray spectroscopy in strong electro-
magnetic fields

Quantum electrodynamics (QED) describes the interac-
tion between light and matter and is by far the most rigor-
ously tested theory in physical science under weak field con-
ditions. The experiments to test the bound-state QED effect
are mainly carried out from the following aspects: inner-shell
atomic transition energy measurement, direct measurement of
bound energy, and measurement of the g-factor of a bound
electron. Due to the complicated electron correlation and in-
teraction in multi-electron atomic systems, theoretical calcu-
lations are very difficult. Generally, high precision calcula-
tions are performed for hydrogen-, helium- and lithium-like
systems. Hydrogen atom is the ideal system for studying
bound-state QED and great progress has been made in pre-
cision measurements in recent decades. The experimental rel-
ative accuracy of transition energy is better than 10~12,1103.104]

the accuracy of ground state Lamb shift measurement reaches

a fraction of ppm,[!%! which is limited by the uncertainty of
proton radius. The experimental g factor is in agreement with
theory at the level of 7 x 10~11.1191 On the whole, the ex-
perimental accuracy is higher than that of theoretical calcu-
lations for light atomic systems.!!! One has to note, that the
success of the QED prediction of the experiment is in weak
fields, where perturbation approximation is appropriate. On
the other hand, a precise test of QED in a strong electromag-
netic field is far from satisfactory. Highly charged heavy ions
provide strong electromagnetic field conditions, for example,
the 1s electron of hydrogen-like uranium ion experiences a
field of about 10'® V/cm, which is 10° times stronger than that
in the hydrogen atom. Under such extreme field conditions,
the validity of the perturbation theory that deals with hydro-
gen atoms accurately should be questioned.!!%”! Therefore, the
test of QED in a strong field attracts great interest in the last
decades, and it may also provide important evidence for the
search for new physics beyond the standard model.[19-108]

The experimental study of the QED effect in a strong
Coulomb field has been greatly advanced with the advent of
superEBIT at Livermore!®’! and the heavy-ion storage rings
ESR in Darmstadt!!?! and CSR in Lanzhou.!"'% At the same
time, theoretical studies of QED of hydrogen-like and few-
electron heavy ions made significant progress in the non-
perturbative region, from the consideration of first-order self-
energy (SE) effect to first-order vacuum polarization (VP),
extended to the complete second-order Feynman diagram of
SE and VP.['!!1 Now, theoretical studies on strong-field QED
to all orders of aZ!*!!! are available. For heavy ions, the
transition energy to K-shell is in the soft to hard x-ray range,
and usually, are measured by high purity germanium detec-
tors. Here we give an example of a strong field QED test
performed at the electron cooler of ESR using bare uranium
U2t Figure 10 shows the progress in the experimental accu-
racy of the 1s Lamb shift in hydrogenlike uranium in the last
30 years. The accuracy has been improved from 429 £+ 63 eV
(AE/E = 15%) in the 1990s to 460.2 £4.6 eV (AE/E ~ 1%)
in 2005, the highest accuracy available to date in the strongest
field.!'"?) Since then there is no breakthrough in the 1s state
Lamb shift measurements for H-like uranium due to the lack
of significant advances in experimental methods and the un-
avoidable strong Doppler effect of fast moving ions. Although
big efforts have been made to improve the accuracy, such as
crystal spectrometer FOCAL.!!''3! and microcalorimeter,!!'#!
the achieved accuracy is far from satisfactory for H-like gold
ions.

However, the measurements of the Li-like heavy-ion sys-
tem are making excellent advances in recent years, espe-
cially in the EBIT experiments. The reason is that the tran-
sition energy of the 2py 2, 2p3/2-281; is well in the detection
range of the advanced microcalorimeter and traditional crystal
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spectrometer, and high accuracy data were available.!!16-117]

Beiersdorfer et al. inferred a value for 2s two-loop Lamb shift
in U8 of —0.23 eV through the SuperEBIT measurement. (8]
Bruhns et al. used Heidelberg EBIT and x-ray spectrometer
and reported the experimental uncertainty for the Lyman-;
wavelength of C1'®* which is reduced by a factor of 3.14118]
As pointed out by Beiersdorfer in a recent review, 19! the tran-
sition energy measurements of high-Z lithium-like ions are
ready to test two-loop QED at a level similar to that achieved
with atomic hydrogen. The main factor limiting the uncertain-
ties in present measurements to test two-loop QED is the finite
size of nuclei. In the meantime, both experimental and the-
oretical studies on He-like systems are making progress and
the experimental determination of the hyperfine structure in
an H-like heavy system is ahead of theoretical accuracy./!!"!
Therefore, this field of testing QED in strong electromagnetic
fields has also not yet reached its ultimate potential and there
may be possible surprises in the future.
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Fig. 10. Ground state QED measurements of H-like uranium U®!* at ESR
storage ring at GSI. The red line is the latest theoretical value QED calcula-
tions performed to all orders in the parameter Za, where « is the fine struc-
ture constant. (115

2.4. Applications in the astrophysical and fusion plasmas

Cosmic plasmas can be divided into two broad classes
depending on the different temperatures: electron-ionized and
photoionized. Electron-ionized plasmas are formed in stellar
atmospheres, supernova remnants, the interstellar medium,
galaxies, and clusters of galaxies. Photoionized plasmas are
formed in the environments of planetary nebulae, the inter-
galactic medium, x-ray binaries, and active galactic nuclei.
Spectroscopic observations of the plasmas have been used
to infer the properties of the cosmos. To reliably interpret
the observed spectra from photoionized and electron-ionized
plasmas, an accurate understanding of the ionization balance
of the source is essentially required. Of particular importance
are the accurate rate coefficients for electron impact ioniza-
tion (EII) and DR processes. The situation is very similar for
the fusion plasmas, and the accurate DR rate coefficients for

tungsten ions and other impurities like argon, krypton, xeon,
etc. in different charge states are essential to build up the ion-
ization balance and to diagnose the status and key parameters.
However, at present, most of the data used in plasma model-
ing codes were produced by theoretical calculations. To assess
the reliability of these calculations benchmarking experiments
are vitally needed. In the past decade, a series of DR mea-
surements of astrophysical relevant HCIs has been peformed
by employing the electron-ion merged-beams technique at the
cooler storage ring CSRm and CSRe at the Institute of Modern
Physics, Chinese Academy of Sciences. In particular, Li-, Be-,
B-, and C-like argon and calcium ions have been systemati-

39.42.47-49,120] 1rop jons are the most abun-

cally investigated.!
dant heavy elements in the universe and the ions with different
charge states are of special interests to astrophysical plasma
studies, therefore, corresponding experimental work on DR
of Fe7-14)* and Fe(!8-22)+ jons has been carried out at the
storage ring TSR over already more than one decade. The
experimental data resulting from this effort are summarized
and has been published in Ref. [121], and these experimen-
tal benchmarks are thus indispensable for arriving at a reliable
DR data base for the astrophysical modeling, particularly, of
low-temperature plasmas.[!>?] Tungsten (Z = 74) is assumed
to be the plasma-facing component in the international toka-
mak reactor, International Thermonuclear Experimental Reac-
tor (ITER), because of its thermo-mechanical properties, such
as high melting point, low sputtering yield and low tritium
retention rates.!!?3 As a result, tungsten ions received much
attention from the magnetic confinement fusion community.
The accurate data of the electron—ion recombination processes
of tungsten ions, such as DR and RR, are very important to
understand the properties of the fusion plasmas. In an effort
to provide a sound experimental basis for calculations of the
recombination rate coefficients of open f-shell tungsten ions,
a series of DR measurements of tungsten ions Wi+ wio+
W20+ and W2+ have been conducted at the heavy ion storage
ring TSR at MPIK in Heidelberg.!'>*! In addition, a system-
atic theoretical calculations of recombination rate coefficients
for tungsten ions have been performed by employing the AU-
TOSTRUCTURE code and can be found in the references in
Refs. [125-127].

In contrast to the very narrow velocity spread of the elec-
tron beam in a storage ring experiment, the electrons in the
astrophysical and fusion plasmas have a much broader and
isotropic Maxwellian velocity spread. Therefore, temperature-
dependent plasma recombination rate coefficients (PRRC) can
be obtained through the convolution of the DR cross-section
o (E) and a Maxwell-Boltzmann distribution characterized by
the plasma electron temperature 7 as shown below:

a(T) = [a(E)f(E.T)dE, @
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where f(E,T;) is the electron energy distribution function,
which can be expressed as

2E1/2 E
f(E’n):ﬂl/z(kTé):;/zexp(_kTé> (3)

In the following discussion, the Be-like Ar'#t jons are
used as an example. The experimentally derived and theoreti-
cally calculated plasma rate coefficients as a function of elec-
tron temperature are shown in Fig. 11 with the solid red line
and the short-dashed red line,*?! respectively. Similarly, the
theoretically calculated DR and TR contributions are shown in
Fig. 11 with the black dashed line and the blue dot-dashed line,
respectively. The temperatures range from 10° K to 107 K,
which includes the ranges of photoionized and collisionally
ionized plasmas for Be-like Ar'**. The boundaries of these
temperature ranges are displayed by vertical dashed lines. At
a temperature of 103 K, the TR contribution is dominant and a
factor of four larger than the DR contribution. In the temper-
ature range of photoionized plasmas, the TR contribution to
the total plasma rate coefficient amounts to 10%. The exper-
imentally derived plasma rate coefficients are 60% larger and
30% lower than the previously recommended atomic data for
the temperature ranges of photoionized plasmas and collision-
ionized plasmas, respectively. However, good agreement was
found between experimental results and the calculations by
Gu et al.'"?81 and Colgan et al.!'?! The present results consti-
tute a set of benchmark data that can be used in astrophysical
and fusion plasma modeling.
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Fig. 11. Plasma rate coefficients of Be-like Ar'** as a function of the elec-
tron temperature. The solid red line is the experimentally-derived AN = 0 DR
and TR rate coefficients.[*?! The theoretical results deduced from the AU-
TOSTRUCTURE code for AN = 0 DR and TR are shown as a dotted black
line and a dash-dotted blue line, respectively. The calculated sum of DR and
TR is shown as a short-dashed red line. The experimentally-derived field-
ionization-free plasma rate coefficient is shown as a gray area. Reproduced
with permission from Ref. [42].

In order to facilitate the use of experimental DR data in
astrophysics and fusion physics modeling, the experimentally-
derived plasma rate coefficients are usually parameterized.

The fitting function we have used is displayed below:

, n E;
a(T.) =T *Y " ci-exp (‘w) )

The fitting parameters of ¢; and E; are listed in Table 1 and
reproduce the data within 2% at ~ 103 K and better than 1%
up to 107 K.

Table 1. Fitted coefficients for the RR-subtracted AN = 0 DR + TR rate co-
efficients for two different values of n¢yofr and nmax = 1000 (field-ionization
free). The units of ¢; and E; are 1073 cm3-s~1.K3/2 and eV, respectively.

No. Ncutoff Nmax = 1000
i ci E; ci E;
1 0.254 0.12 0.244 0.115
2 0.580 0.28 0.590 0.278
3 3.74 3.47 3.77 3.45
4 5.17 1.43 5.14 1.43
5 14.3 12.42 14.38 12.45
6 23.39 31.84 23.13 31.95
7 38.84 56.39 40.30 57.03

3. Collision dynamics in charge exchange pro-
cesses

Starting from the end of last century, the invention of
many-particle imaging and projection techniques, the so-
called reaction microscope, or cold target recoil ion momen-
tum spectroscopy (COLTRIMS) has significantly advanced
our abilities in obtaining the full kinematic information of
dynamic processes involving the many-body system.[®”! The
first full version of the reaction microscope was developed in
studies of ion—atom collision physics.!”! Since then studies of
fundamental processes such as the single ionization and sin-
gle capture have brought us abundant knowledge about few-
body quantum dynamics. It should be mentioned that, starting
from 2001, the first project of reaction microscope at Lanzhou
(ReMiLa) in China was initiated at the Institute of Modern
Physics (IMP) and its longitudinal recoil ion momentum res-
olution reached 0.35 a.u.['3%! Figure 12 shows one of typical
reaction microscopes implemented on the accelerator.

Nowadays, a series of reaction microscopes have been es-
tablished at IMP and are specially designed to serve different
research goals. For instance, the ReMila dedicated to rela-
tivistic energy collision has a transversal geometry with re-
spect to the beam line to collect the transversally ejected elec-
trons efficiently. This recoil ion spectrometer has a momen-
tum resolution down to 0.2 a.u. The ReMiLa for collisions
in near Bohr velocity region has a geometry of longitudinal
spectrum arm and a resolution much better than 0.1 a.u. has
been achieved. Recently, the ReMilLa designed for studies
on non-charge transfer processes of ion induced excitation has
achieved the resolution of 0.45 a.u. Significant progresses in
low energy collision have been made.
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Reproduced with permission from Ref. [133].

In beginning of 2000s, a new generation of spectrom-
eters employing magneto optically trapped-target have been
developed by incorporating the laser cooling techniques into
traditional COLTIMS.["3! Lee er al.!'3?! reported on state-
selective capture measurements for 6-keV Cs™ colliding with
rubidium in 5s and Sp states, with a so far unprecedented recoil
ion resolution of 0.03 a.u. However, the work is limited by the
target species that can be cooled by available laser systems.

In the following subsections, the special attention will be
paid on important progresses related to experimental results
and comparisons with theoretical results achieved in the past
two decades.

3.1. Charge exchange dynamics in slow ion-atom colli-
sions

One of the most important processes in collisions be-
tween HCIs and atoms or molecules at low velocity is the elec-
tron capture (or charge exchange), which has been the sub-
ject of numerous investigations for more than fifty years. In
the past two decades, a resurgent interest in this fundamental
process arose due to the breakthroughs in experimental tech-
niques and theoretical treatments (see Subsection 3.2). In par-
ticular, the studies on the collision dynamics have been fos-
tered by the prevailing application of the reaction microscope
technique,!®”! which enables one to perform, with high effi-
ciency and accuracy, kinematically complete experiments for
state-selective electron capture processes and provides rigor-
ous tests of the most sophisticated theories developed up to
date. In recent years the increasing demand for the charge ex-
change data in the associated fields, such as astrophysical ob-
servation and ion-induced radiation damage to biological tis-
sues, also significantly motivates relevant studies.

Using the COLTRIMS technique, both the Q-value and
projectile scattering angle for single-electron capture (SEC)
can be obtained with high precision. The electron capture to
the excited states of hydrogen could be distinguished, for the
first time, in fast proton on He collisions at the Tandem ac-

celerator of the University of Frankfurt in the late 1990s.[134]

Following this pioneering work, numerous studies on state se-
lective cross sections have been performed in different collid-
ing systems, for example, Ar'®* 4 He,[33] Ne!0+ 4 He, [136]
p+He, 1371381 and He! >+ 4 He.[13%:139] In the early stages of
such kind studies, only the principal quantum number #, label-
ing the state the active electron is captured to, can be resolved.

In the following years, better resolution on the recoil ion
momentum was achieved by means of dedicated recoil-ion
spectrometer and target preparation, which dramatically ad-
vance the charge exchange studies towards a more detailed
level. For example, an unprecedented momentum resolu-
tion for He™ recoil ion was demonstrated by the Frankfurt
group using the so-called time and space-focusing geometry
in 2012.01401 With the spectrometer, Kim et al.['*?1 was able
to separate the pure transfer process from additional excita-
tion contributions in fast proton-helium collisions. However,
the spectrometer was limited to study the system with very
low momentum exchange in ion—atom collisions due to its
geometry. Later, Fischer et al.,['*!l developed a longitudinal
COLTRIMS and its recoil-momentum resolution is 0.07 a.u.,
which was limited only by the residual thermal spread of the
gas-jet target.[”l With this development, the measurement of
the state-selective cross sections with respect to the princi-
pal quantum number, subshell level, and even spin state of
the captured electron could be accessed. Figure 13 shows the
Q-value spectrum and energy levels following single-electron
capture in Ne’8*4-He collisions at 63 keV. This pioneering
work demonstrated that, with recoil ion resolution better than
0.1 a.u., reaction microscope/COLTRIMS can be used to ob-
tain spectroscopic information about energy levels of highly
charged ions in electron capture collisions with helium that
are not directly accessible by other methods.
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Fig. 13. (a) Q-value spectrum and energy levels of NeS* following single-
electron capture from He at 63 keV. (b) Decomposition of the 2s41 spectrum
into different subshells and spin states. (c) Angular differential capture cross
sections for the 2s4l states. Reproduced with permission from Ref. [141].
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As pointed out in the above paragraphs, the (n,l) distri-
bution of captured electron in the ions can be extracted from
the Q-value in collisions of ions and atoms/molecules, which
is of important applications in many relevant fields. In the
past two decades, the demand of experimental data from astro-
physical field considerably promotes the state-selective cap-
ture studies. For example, it has been accepted that charge
exchange (CX) between solar wind ions, like Q78+, NO6.7+
36+, Neb210%  erc. and neutral gas in the interstellar medium
contributes significantly to diffuse soft x-ray background. The
interpretation of the astronomical observations relies on a large
number of laboratory measurements. The access to HCIs pro-
vides favorable conditions for laboratory CX studies associ-
ated with the modeling of the charge exchange induced x-ray

emissions. Beiersdorfer er al.[142

simulated the x-ray spec-
trum from the Comet C/1994 S4, based on the measured x-
ray emissions following CX between bare and H-like C, N,
O ions and CO; at few tens of eV/u at EBIT, and deduced
the relative abundance of the solar wind ions. Xu et al.l1+3]
reported the n-resolved state selective capture cross sections
in a series of new measurements on the charge exchange of
Ne®9+ jons with He and H, for collision energy ranging
from 1 keV/u to 24.75 keV/u using COLTRIMS. By applying
| distributions commonly used in the astrophysical literature
to the measured n-resolved cross sections and considering the
radiative cascades from the excited states of Ne’* ions, the
soft x-ray emissions in the charge exchange between 4 keV/u
Ne®+ and He were deduced and compared to the recent x-ray
emissions measurement reported by Zhang et al.,!'**! which
provide the first and direct test of the validity of different /
distribution models, as shown in Fig. 14. Recently, a new
experimental setup for measuring the absolute electron cap-
ture cross sections has been equipped at Fudan University.
And the cross sections of the single and double charge ex-
change between the highly charged ion O°" and CO,, CHj,

1431 In astrophysics modelling, the

H,, and N, were reported.|
atomic data used for CX interpretation are from the database of
SPEX, 1461 XSPEC,!'*7] AtomDBCX,!!*] etc., where, in most
cases, theoretical data are collected but few are verified by ex-
periments. Therefore, CX data from laboratory measurements
are strongly required, not only for providing reliable atomic
data for modelling astrophysical charge exchange plasma, but
also for stringent test of CX collision dynamics.

In addition to Q-value measurement, with COLTRIMS
the fully differential cross sections (FDCS) for SEC can also
be obtained, which is essential for understanding the un-
derlying reactions mechanism. A large number of investi-
gations on the projectile scattering angle distributions have
thus been carried out both experimentally and theoretically.
On the theoretical side, different theories such as the re-
fined CTMC method,"*"! the Born distorted wave (BDW-4B)

1501 the continuum distorted wave-eikonal ini-

approximation,
tial state (CDW-EIS II) approximation,'>!) the two-center ba-
sis generator method (TC-BGM),!'>?! the boundary-corrected

(1531 the close coupling methods, [134]

first Born approximation,
etc. have been developed. On the experimental side, the FD-
CSs for SEC have been measured for a large number of col-
lision systems at the n or even (n,[) level, which provides the

most stringent test of the theories.
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Fig. 14. The normalized emission spectra of Ne’* following CX between
4-keV/u Ne®t and He. Models: statistical (black line), separable (red line),
Landau—Zener I (LZ-I) (green line), and even (magenta line). Calculations:
MCLZ (purple line), TC-BGM (blue line), and SPEX-CX (orange line). Ex-
periment: Zhang et al.!'**! (black filled squares). Reproduced with permis-
sion from Ref. [143].

Among the various theoretical approaches of different de-
grees of sophistication, the close coupling methods, such as
atomic-orbital close-coupling (AOCC) and molecular-orbital
close-coupling (MOCC), have been shown to best describe
the experimental results.[!®133-156] For example, in the study
of SEC in 3-keV/u Ar®*+He collisions by Zhang et al.,l'"]
it is found the AOCC method can give a reasonable descrip-
tion to n and [ resolved cross sections. It is further suggested
that 1s to 4s and 1s to 4p state-selective capture processes are
mainly caused by radial and rotational coupling effects, re-
spectively, and the 4py; quantum states are preferred. Re-
cently, a combined experimental and theoretical study on the
SEC in 15 keV/u-50 keV/u C** -+ He collisions demonstrates
that, in /-resolved angular differential cross sections, an ex-

cellent agreement between experimental data and the theoreti-
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cal calculations based on the two-active-electron semiclassical
AOCC (SCAOCC) method can be achieved!'?! as shown in
Fig. 15.

15 keV/u ' '
Exp. (left y-axis)

6000+ o o925 o 2p

Theor. original (right y-axis) r1.5
----2s ----2p
Theor. convoluted with 0.025 mrad

Counts
(27sin(0)do/d2) (10712 cm?)

01, (mrad)

Fig. 15. Angular differential cross sections for capture into 2s and 2p states
as a function of 6 sp, scattering angle in the laboratory frame, for C**+ He
collisions at 15-keV/u impact energy. Empty symbols: experimental data;
dashed lines: SCAOCC results; solid lines: SCAOCC results convoluted
with the experimental angular resolution. Reproduced with permission from
Ref. [155].

Structures in the angular differential cross sections con-
tain rich information about the collision dynamics. In general,
in the small scattering angle regime the nuclear—electron (N—
e) interaction is dominant, while the nuclear—nuclear (N-N)
interaction mainly governs the large-angle scatterings. How-
ever, the origin of the oscillation structure in the scattering an-
gular distributions is still under debate in spite of the numer-
ous studies over the last 40 years. Different mechanisms have
been invoked to interpret the structures, such as Stueckelberg
oscillation derived from interference between two different re-
action paths leading to the same scattering angle,!!>8! rainbow
scattering,1>! interference between the gerade and ungerade

[160] the Thomas mechanism due to the

scattering amplitudes,
kinematical effects,!'®! and the Fraunhofer-type diffraction of
the matter wave of the projectile.!'®”) Although usually sev-
eral of these mechanisms come into play together, it has been
widely accepted that the Thomas mechanism is important in
the high energy range, meanwhile the Stueckelberg oscillation
and molecular states interference are important at low ener-
gies.

It is noteworthy that these mechanisms lead to character-
istic angular distributions. For example, the Thomas mecha-
nism could lead to a maximum at the characteristic scattering
angle of 0.45 mrad for e—e and 0.47 mrad for N—e Thomas pro-
cess in p + He collisions.!'*%) Fischer e al. concluded that the
prominent peak appeared at the scattering angle of 0.47 mrad
stemmed from the N—e Thomas mechanisms!!%%! in the SEC
of p + He collisions for energies in the range of 1.3 MeV-
12.5 MeV. In the study of slow C** 4 He collisions, by adopt-
ing Stueckelberg mechanisms into calculations, the peaks at
very large angles were nicely reproduced.!'®¥ Note that the

studies were focused on large scattering angles partly due to
the limited momentum resolution.

Later on, when the improvement of momentum resolu-
tion allows one to scrutinize the extremely small angle struc-
ture on the order of 10~ rad, the oscillation structure ob-
served in small angle region was found consisting with the
Fraunhofer-type diffraction of the de Broglie matter wave of
the projectile.'?] as seen in Fig. 16. Van der Poel et al. made
the first estimation of the oscillating structures in the scatter-
ing angle spectra by proposing that the radius of the aperture
for Fraunhofer-type diffraction is corresponding to the dis-
tance where the single electron capture may take place. Fol-
lowing this work, the Fraunhofer type diffraction in SEC has
been revealed in various collision system over a wide impact
energy range. The characterization of the radius of the aper-
ture can be generated from different approaches such as the
non-perturbative semiclassical approach in combination with
Eikonal approximation,!6>) CTMC!® and MCBM.['>°! In
recent years, further development of the charge exchange theo-
retical models, for example, the two-active-electron semiclas-
sical atomic-orbital close-coupling (SCAOCC) method, 181551
provide favorable condition for the investigation into the an-
gular oscillation behavior. For SEC in 15 keV/u-50 keV/u
C** 4 He collisions, on the basis of the fairly good agree-
ment between the measurements and SCAOCC calculations
for both state-selective and angular differential cross sec-
tions, further simulations, using an extended Fraunhofer-type
diffraction model and the impact parameter dependent trans-
fer probability distribution calculated by SCAOCC method,
were performed, which suggest that the oscillation structures
observed at small scattering angles for capture to C3*(1s22s)
and C3*(1s22pg) can be interpreted as the diffraction pattern
of the de Broglie wave of the incident projectile.!'> Consid-
erable efforts from both the experimental and theoretical as-
pects have been devoted to the understanding of the structure
of FDCS by considering subtle correlation effects in differ-
ent theories. It is now generally accepted that in many cases
contributions of the static and the dynamic electron-electron

correlation are not negligible in the SEC process.[!8137]

v=20.20 a.u.

0.03

02 (e)

Fig. 16. Angular scattering pattern o(6) in 6-keV Li* + Na electron transfer
collisions. The ring pattern of Fraunhofer-type diffractions is clearly ob-
tained. Reproduced with permission from Ref. [162].
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3.2. Recent theoretical progresses in AOCC approach for

low energy collisions

In ion—atom collisions, a large number of inelastic pro-
cesses, such as electron capture or charge transfer, excita-
tion, and ionization, are likely to occur, while the relative
strength of the different processes depends strongly on the
impact energy.!'®”l In general, charge transfer dominates at
low energies while excitation and ionization take over at large
ones. In between, the cross sections for the three types
of processes have the largest values and are of comparable
importance, the processes are strongly coupled and cannot
Therefore, the
close-coupling approach is readily established as the stan-

be described independently to each other.

dard method. Ever since the pioneering work of Ferguson!!%8]
and McCarroll,['%! the electronic wavefunction has been ex-
panded in molecular orbitals or atomic orbitals for describ-
ing transitions during collisions. The molecular-orbital close-
coupling method (MOCC) is broadly and efficiently applied
for low energy collisions, it assumes that the relative veloc-
ity of the heavy particles is slow enough that the scattering
system can be considered as a quasi-molecule, and coupled

170-172] We will not discuss

molecular orbitals are employed.!
such MOCC here, a review of these methods can be found in
Ref. [171] The atomic-orbital close-coupling (AOCC) treat-
ment which is based on the expansion of the scattering wave
function onto states of the isolated collision partners and are
therefore more suitable for intermediate impact energies. The
treatment is semiclassical in that the relative target-projectile
motion is described by classical straight-line constant veloc-
ity trajectories, while the electronic dynamics is treated quan-
tum mechanically, by solving non-perturbatively the time-

[18.173.174] Here the focus will

dependent Schrodinger equation.
be on the recent theoretical progresses in AOCC approach.
With substantial efforts to understand and model ion—
atom collisions over a long period of time,[!”>!7> one
can state that inelastic electronic processes involving only
a single electron, such as Ht+ H,['761771 or He?*t + H

collisions, [178-181]

are fairly well understood, while our
knowledge on multi-electron ones is still far from complete.
A striking example is the double electron capture (DEC) pro-
cess in H" +H™ collisions, which has been extensively inves-
tigated for more than five decades.!!82-183] Despite its appar-
ent simplicity, a complete theoretical description of the elec-
tronic dynamics of this system has only recently been achieved
using a fully correlated two-active-electron semiclassical

atomic-orbital close-coupling (2eAOCC) method.[!54]

Fig-
ure 17 shows the DEC cross section obtained from 2e AOCC
calculations in comparison with available theoretical and ex-

The 2eAOCC calculations!!>* are the
182,183,186]

perimental results.

first ones to reproduce well the experimental datal

in both magnitude and shape, while all previous calculations
failed.[182184185.188] Erom the comparisons, one can elucidate
that the main differences between the 2e AOCC approach and
previous theoretical methods are, (i) the use of much larger
basis sets, (ii) the full treatment of electronic correlation, and
(iii) the inclusion of pseudostates which span approximately
the electron continuum.!>*! Taking into account these impor-
tant ingredients in the theoretical treatment is essential to re-

produce quantitatively the DEC cross sections.
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Fig. 17. Double electron capture cross sections in HY + H™ collisions:
comparison between 2eAOCC calculations'”* and previous experimental
and theoretical works. References to indicated previous works are given in
Ref. [154]. Reproduced with permission from Ref. [154].

Besides the simplest two-electron system, the 2e AOCC
approach has also been applied to the study of multiply
charged projectile and helium collisions. As a typical study,
figure 18 shows cross sections of SEC and DEC in C** + He
collisions.!"®! Tt can be seen that the results of 2eAOCC cal-
culations and quantum-mechanical molecular-orbital close-
coupling calculations join each other smoothly at around

1891 with available

1 keV/u, showing very good agreements!
measurements. In particular, for higher impact energies up to
50 keV/u the state-selective SEC cross sections from 2e AOCC
calculations have been confirmed by recent measurements us-
ing COLTRIMS. >3]

Recently, the AOCC approach has also been successfully

extended to treat three-electron system,m‘”

we present here
an example in Fig. 19: the angular-differential cross section
for electron capture from the target ground state to the projec-
tile ground state in He™ + He collisions at 60 keV/u.['7# Note
that the angular-differential cross section allows the analysis
of the spatial selectivity of electronic processes, which pro-
vides a more stringent test of the theoretical treatment. It can
be seen from Fig. 19 that the fully correlated three-electron
AOCC calculations (that uses the eikonal approximation to ex-
tract the angular-differential cross section.[!”21901) reproduce
very well the experimental data,!'3°! while not for the results

from previous perturbative methods. [13%191]
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Fig. 19. Angular differential cross sections for ground-state transfer in
He™ + He collisions at 60 keV/u as a function of scattering angle. Refer-
ences to indicated previous results are given in Ref. [174]. Reproduced with
permission from Ref. [174].

To date, thanks to the advances in N-active-electron (N >
2) close-coupling approach we have reached a very good qual-
ity of the description of electronic processes occurring in the
few-electron collision system at intermediate energies. How-
ever, bigger challenges still remain in the treatment of many-
electron systems of relevance for applications. In particu-
lar, inelastic processes in ion—atom collisions play a central
role in many applications going from hadron-therapy to fusion

[192-196] A ccurate cross sections are

plasma and astrophysics.
crucial input data of more macroscopic models. For example,
the collision between ions and water molecules, since the lat-
ter represents 70% (in mass) of the human body and is one of
the most abundant species in the universe, the understanding
of the fundamental mechanisms occurring in collisions of ions
and water molecules is therefore of significant importance in
radiobiology and astrophysics. However, to our knowledge,

there is no complete close-coupling calculations for such kind

of systems, where both electronic correlations and the multi-
center character of molecular targets should be taken into ac-
count.

3.3. Many-body dynamics at high collision energies

The most fundamental and interesting processes in atomic
collision physics occur already at nonrelativistic collisions of
bare projectile ions with atomic/molecular targets. Additional
processes can occur when the relative velocity of colliding sys-
tems approaches the speed of light, such as electron—positron
pair production which dominates any other production of mat-
ter and anti-matter pairs. The investigations of all these pro-
cesses in relativistic collisions have attracted much attention
in the literature (see Refs. [197-201]).

Besides, the electromagnetic interaction between collid-
ing partners in relativistic collisions is more complicated, a
detailed description of relativistic collisions involving three or
more active particles, represents a strong challenge for the-
ory, and many phenomena occurring in such collisions are
less understood compared to their non-relativistic counter-
parts. Therefore, studies of collisions involving relativistic
charged projectiles with atoms/molecules allow one to obtain
valuable information about the modifications of physical pro-
cesses occurring due to relativistic effects, and also to get a
better insight into the non-relativistic collision physics.

Furthermore, the ionization of atoms/molecules by
charged projectiles is of fundamental importance for a de-
tailed understanding of the matter response to the action of
electromagnetic fields. For instance, the ionization of an
atomic/molecular system by charged particles and due to the
photoeffect are very closely connected if the former ioniza-
tion caused by charged particle involves exchange of a virtual
photon with a ‘strong’ transverse and a ‘weak’ longitudinal
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component, especially if the energy—momentum properties of
such a virtual photon would also be very close to those of a
real photon. Thus, the fundamental similarity between ioniza-
tion of an atomic/molecular system due to the photoeffect and
charged particle can be observed only in the domain of rel-
ativistic collisions provided ®/vpy < |gqu| < ®/vp. With @
being the transition energy in the target, v, the collision veloc-
ity, gy is transverse momentum transferred during the collision
to the target, ¥ = (1 — vg / cz)fl/ ? is the Lorentz factor and ¢
the speed of light.

€o

()
|

Projectile (ion) Target (atom)

Fig. 20. Schematic illustration of the doubly inelastic transition in collision
of partially striped ion with an atom.

In this section we present the theory of relativistic ion—
atom collisions where the projectile-ion initially carries ac-
tive electrons. We address first-order and high-order (eikonal
approximation) descriptions for the projectile—electron excita-
tion and loss in relativistic collisions with neutral atomic tar-
gets. It is shown that the influence of the higher-order effects
in the projectile—target interaction on the projectile—electron
excitation and loss in relativistic collisions might be consid-
erable. We consider relativistic collisions of heavy hydrogen
like ions with hydrogen and helium atoms in which the ion—

atom interaction causes both colliding particles to change their
internal states (see Fig. 20).

The transition amplitude, for the doubly inelastic colli-
sions between a hydrogen like ion and an atomic target (with

a single active electron model) is given by[201:202]

L2 RR@r AwF(d)
Y g2 = [(6n— )" /C]

5a(Q) = &)

where Fy, FI“, and Ayy (4,v =0,1,2,3) are the inelastic form
factors of the target, [202] the ion and the Lorentz transforma-
tion matrix, respectively. The summation over repeated in-
dex is implied. q is the momentum transferred to the atom
in the atom frame, and ¢’ is the momentum transferred to
the ion in the ion frame. They are given by ¢ = (Q,q%, =
[(&n — €0)/vp] + [(&n — €0)/yvp]) and ¢’ = (O, qppi, = [(&n —
€)/yvp) + [(&n — €0)/vp]). The quantities & and g, are the
initial and final internal energies of the atom in the frame of
the atom and &y and &, are the initial and final internal ener-
gies of the ion in the frame of the ion.

When the ion charge is much smaller than the collision
velocity (atomic units are used) the doubly inelastic transition
is mainly governed by the dielectronic interaction, which cou-
ples the two electrons from different centers and can be well
described within the first order approaches given above. How-
ever, since v, < ¢, the earlier condition is only fulfilled with
light projectiles. As an extension to HCIs one can use a better
description such as the eikonal approximation.!??l The tran-
sition amplitude for the doubly inelastic collisions between an
H-like ion and a single-electron atom is given by

FY(q)y '"AvuFY(q)

2 2 2 1
Sﬁ(Q):*lgA/d p/d kp2*2i

where

N =2pyZ/vpand o = Z, /vy,
(1 —ia)(0.5+ia)0(1—in)I(0.5+in)

A= 43T (2ia)L(2in) ’

and I'(z) is the gamma function. In the expression (6) the def-
initions of momenta transferred either to the target g or to the
projectile ¢’ during the collision to the target, as well as def-
initions of the form factors are the same as given in expres-
sion (5).

Figure 21 shows the doubly differential cross section of
the emitted electron from the target in a doubly inelastic colli-
sion of MeV/u C>*(1s) on He. As a result of the collision each
of the colliding systems lose one electron. In this figure, the
cross section is given for a fixed electron energy of &, =40 eV
as a function of the polar emission angle of the target electron.

1> gtk —pl® — [(en —€0)?/c?]

(6)

The result of the first-order (dashed curve), compared to the re-
sult from the eikonal approximation (solid curve) shows very
substantial differences in both the magnitude and the shape of
the doubly differential cross section. In particular, the eikonal
approach predicts a very strong enhancement of the target
emission into the backward direction and reflects the fact that
the target electron does not get a large recoil in the forward di-
rection since the momentum transfer necessary to remove the
tightly bound projectile electron is provided by the target core
which is a high order effect. Similar results are also obtained in
longitudinal spectrum do/ dqﬁlin of the doubly inelastic colli-
sions of 100 MeV/u Nd>°*(1s) on hydrogen shown in Fig. 22.
The figure shows a significant deviation between first Born
calculation (dashed curve) and the eikonal calculation (solid
blue line) which includes high order effect by taking into ac-

count simultaneous both interactions: target—electron with the
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projectile—nucleus and the projectile—electron with the target—
nucleus which is called two-center nucleus—electron interac-
tions. Concentrating on the study of the longitudinal momen-
tum spectrum of the atomic recoil ions, the calculations show
that the relativistic and higher order effects, can strongly in-
fluence the projectile’s electron, and important information on
the doubly inelastic collisions can be depicted in the recoil
momentum spectrum as shown in the Fig. 22, where the peak
structures depicted by the eikonal approximation correspond
to the projectile electron excitation (n = 2 and n = 3) and loss
to the continuum.

32 —————— T

28

24

20

16

12

8

(do/dey, sin8;, d9;) (kb/a.u.-rad)

4t .

%760 120 180

Polar emission angle 9, (°)

Fig. 21. (d%>c/dgsin % d ) of the doubly inelastic collision of 3.6-MeV/u
C3*(1s) on He atom. ¥ is the polar emission angle of the target electron
with & =40 eV in the target frame. Dashed curve is the results of the first
order calculation. Solid curve is the calculation derived from the expression
(B-2) and accounts for higher order contribution.
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Fig. 22. The longitudinal momentum spectrum of the target recoil ions

do/dgj* of the doubly inelastic collisions of 100-MeV/u Nd**(1s) on H

atom, resulting in the excitation of the projectile electron to states with n = 2,
n = 3 and the projectile—electron loss. Solid (blue) and dashed curves show
results of the first order and eikonal calculations, respectively.

3.4. Fragmentation dynamics in collisions of ions with
molecules and small clusters

In contrast with the atomic collision processes, the molec-
ular or cluster targets contain several nuclei bonded by strong
interactions like covalent bond or weak interactions such as
hydrogen bond and/or Van der Waals bond. When interact-
ing with HCIs, multiple electrons will be removed from the

target, leading to the cleavage of chemical bonds and frag-
mentations. Based on the coincidence detection of flight time
(TOF) and position of each product, the momentum correla-
tion among each fragment can be reconstructed. Thus, the
molecular structure and its fragmentation dynamics, the focus
of this section, can be investigated.

For the simple molecules consisting of three or more
atoms, there are two types of fragmentation mechanisms. One
is simultaneous dissociation where both bonds are disrupted
concertedly, and the other mechanism is sequential dissocia-
tion, where chemical bonds break up one after the other. The
Newton diagram is usually used to present the momentum cor-
relation among each product, and to distinguish the above two
mechanisms. As shown in Fig. 23, for the triple ionization
of CO, by Ar®* ion impact,?%3] a circular structure is ob-
served in the Newton diagram, which is the fingerprint of se-
quential dissociation, meaning that one C—O bond breaks up
firstly producing an O ion and a metastable ion (CO)>* in
T, 3% or 2'% states. Then after some rotation periods, the
second fragmentation occurs, namely, the (CO)>* ion dissoci-
ates into CT/O™" ion pair. Meanwhile, a bright island is also
observed in the Newton diagram, where two O ions depart
away back to back, and the C™ ion locates at the low energy
area. This signature agrees with the simultaneous dissocia-
tion. So far, the investigation of HCIs-induced fragmentation
has been extended to other molecules like N,0,[204 OCS, [205]
and small organic molecules like CoH,, 2002071 C,Hy, 2081 and
C3H,29-2111 1t was found that fragmentation mechanisms and
their corresponding branching ratios are dependent on the in-
cident energy, charge state of the HCIs, and excitation state of

[203.212.213] B instance, if a molecule

the parent molecular ion.
is triply or quadruply ionized, and the generated molecular ion

lies in low excited states, the subsequent decay pathway tends

to be sequential dissociation.?!4]
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Fig. 23. Newton diagram presenting the momentum correlation among
01/0"/C* ions in Ar¥T—CO; collision. Reprinted figure with permission
from Ref. [203].

The fragmentation dynamics of complex molecular sys-
tems, such as polycyclic aromatic hydrocarbons (PAHs),
fullerenes and biological molecules, *>->2!1 has also received
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wide attention. It is helpful to elucidate the radiation damage
at the molecular level and propose new therapy scheme to re-
duce the side effects to healthy cells. For a complex molecule,
its dissociation following ionization may involve Coulomb ex-
plosion, H migration and isomerization. Consequently, sev-
eral ions and neutral fragments will be produced in each reac-
tion and it is difficult to reconstruct all their three-dimensional
momenta. Only TOF spectra are measured in most experi-
ments, where the charge state effect is observed. Holm et
al.,”?" investigated the fragmentation of Ci4H;o by 11.25-
keV He' and 360-keV Xe?* impacts, respectively. Signif-
icant difference in fragmentation has been observed for the
two projectiles. The overall fragmentation probability for
He™ impact is 63%, while it decreases to 39% for Xe20t im-
pact. In addition, the Xe?* collision preferentially leads to
small C,,Hj fragments with n = 1-5, while the H-loss and
C,H,-loss channels are much weaker compared to He™ im-
pact. A similar phenomenon is observed in the fragmenta-
tion experiment of glycine NH,CH,COOH, the intensities of
HCNH', NH,CH; NH,CH", NCCO", and HNCCO™ ions
decrease with the projectile charge increase.>'®! These stud-
ies demonstrated that different mechanisms have enrolled in
The authors attributed such dif-
ference to the multiple electron removal at large distances by

the HCI impact collisions.

Xe?0* due to the strong potential of highly charged projectile.
The fragmentation mechanism of hydrocarbon molecules in-
duced by charged particle collision has been widely studied by
Wei’s group at Fudan University, including e.g., the concerted

or sequential fragmentation,/?9%2131 lifetime of metastable
dications, ! formation mechanism of H7 ions,??3! and iso-
merization dynamics. [>24]

The investigation on cluster fragmentation provides us
unique opportunities to unveil how the fragmentation dynam-
ics are affected by the surrounding medium, an analogue
to bio-environment. For the clusters consisting of small
molecules, the neighboring molecule may act as a spectator,
as observed in Ref. [225] for (N3)»

induce a fast dissociation pathway which enhances the frag-

. Nevertheless, it can also

mentation of its neighbor, as observed in Ref. [226]. For the
clusters containing complex molecules, because of the large
number of internal degrees of freedom, it is expected that, the
excess energy and charge transferred from the projectile to the
cluster can be dissipated through intermolecular-bond cleav-
age within the cluster, thus, protecting the molecule against
breaking into small fragments, which may be an example for
protection of the biological molecule against serious fragmen-
tations in irradiation. This expectation is identified in some
gas-target experiments induced by ion impact, and further con-
firmed by the aqueous system.[!®-?27-228] However, only one
exception was observed, as shown in Fig. 24, the overall TOF
spectrum of Cy4H ¢ cluster after Xe20t jon impact is similar to
that of the isolated molecule by He™ ion impact, which means
the protective effect is not obvious and significant excess en-
ergy is fed into the C14H]L0 ion favoring its further fragmenta-
tion.
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Fig. 24. TOF spectra after collision between ion and anthracene Cj4H;o molecule (Ant) or its cluster: right: collision between Het/Xe20* jon with

Ant molecule, left: collision between Het/Xe20+

A more interesting scenario is that the impact of HCIs
can initiate not only fragmentation with bond cleavage but
may also lead to the formation of new chemical bonds. Fig-
ure 25 shows the intermolecular relaxation processes of acety-
lene dimer (C;H,—-C,H,), a biologically relevant system pos-

ion with Ant cluster. Reprinted figure with permission from Ref. [221].

sessing an intermolecular hydrogen bond, investigated by
200 keV/u He** impact.!'”) Two fragmentation channels of
the charged dimer are identified. The first one is the already
well-established interatomic Coulomb decay (ICD) of inner-

valence-ionized states. Its occurrence after ionization of the
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shallow carbon 2s levels has been identified, highlighting the
importance of ICD in organic systems. The other is a novel
relaxation mechanism of dicationic states, which involves in-
termolecular proton transfer and formation of new CH bond,
namely, the final channel appears as C,H" + CgH;r. Both
processes are very fast and trigger Coulomb explosion of the
The im-
portant and new finding is that the addressed proton trans-

dimer due to creation of charge-separated states.

fer process constitutes a general phenomenon in hydrogen-
bonded systems like ICD. They are expected to take place in
alpha-particle-irradiated DNA and thus cause damage to this
biomolecule, as shown in the lower panel of Fig. 25.
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Fig. 25. Upper panel: Time-of-flight coincidence map corresponding to the
two-body breakups of acetylene dimers. The contribution of the CoHT +
C2H§r channel with intermolecular proton transfer is indicated by the red
oval. The black oval contains the contribution of the CZH; + C2H§' channel
mainly arising from ICD. Upper panel: Similar decay mechanisms may also
occur in bio-systems like DNA base pair. Reproduced with permission from
Ref. [19].

In a consequent study, the neutral vdW cluster N Ar was
used as a target in collisions with 1-MeV Ne®* ions to produce
the doubly charged cluster (N2 Ar)>*. Surprisingly, an exotic
heavy N7 ion transfer channel (N2Ar)*>* — N+ + NAr" was
observed.?] Tt is the first time that such a heavy-ion trans-
fer process in a vdW cluster has ever been reported and the
consequent formation of NAr™ is a novel scenario. Accord-
ing to the study, this channel originates from the dissocia-
tion of the parent doubly charged cluster N%*Ar generated by

the two-electron loss process at “Nj-site”. Theoretical cal-
culations show that the polarization interactions between Ar
and N%+ lead first to an isomerization process of N%*Ar from
its initial T-shape to a linear shape (N-N—Ar). In addition,
the neighboring neutral Ar atom decreases the N%+ barrier
height and width, resulting in significantly shorter lifetimes
for the metastable electronic state. Consequently, the breakup
of the covalent N*-NT bond, the tunneling out of the N*
ion from the N%Jr potential well, as well as the formation of
the N-Ar" bound system take place almost simultaneously.
Then the Coulomb explosion starts between N and NAr™ ion
pairs. The detailed information of the process could be seen
in Fig. 26. This new mechanism might be general for molec-
ular dimer ions in the presence of a neighboring atom, and be
of potential importance in understanding the microdynamics
of biological systems. For example, it may be helpful to un-
derstand the micromechanism of cancer therapy by heavy ion

irradiation.
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Fig. 26.  Schematic diagram of heavy ion transfer process through

tunneling./?%! Reproduced with permission from Ref. [20].

Compared with the sequential dissociation, protective ef-
fect, intermolecular proton migration, and bond formation dis-
cussed above, a more remarkable feature of HCI is its strong
Coulomb potential and its strong capability to remove multi-
ple electrons from atoms or molecules. Indeed, HCIs may re-
move five-, ten-, or even more electrons from a target, leading
to the instant Coulomb explosion of multiply charged parent
molecules. Since the swift and large distance collision is a
soft process and will leave the parent molecular ion to ground
or low excited state, avoiding the change of its initial geom-
etry. The fast fragmentation is purely driven by Coulomb
repulsion.?*’! Therefore, by measuring the final momentum
of each fragments, it is possible reconstruct the initial geome-
try of the neutral molecule and cluster. This type of Coulomb
explosion imaging technique is more accurate and reliable

than the fragmentation method using strong laser field.?!4]
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Theoretical treatments of molecular fragmentation in-
duced by charged particles or lasers are a challenging task.
The group in the Institute of Applied Physics and Computa-
tional Mathematics (IAPCM) has developed systematic the-
oretical methods to treat the highly charged ion structures
and related collisions dynamics processes, in which one main
challenge is to construct the high-dimensional potential en-
ergy surface (PES) of the involved highly excited electronic
states. Recently, in combination with the multi-reference
double-excitation configuration interaction method!**”! and
multi-configurational self-consistent-field approach, IJAPCM
group developed an ab initio method!?*!) and the PESs can
be computed with a relatively high precision. Furthermore,
they developed a semi-classical Landau—Zener surface hop-
ping method (LZSH)?*°! and a full quantum time-dependent
wave-packet evolution method (TDWP)!?3?] to treat the multi-
body breakups of highly charged polyatomic molecules. In
the LZSH method, the simulations are performed based on
the high-accuracy 3D PESs calculations and the transition be-
tween different electronic states can be considered reasonably
with the Landau—Zener transition probabilities'>*! in the frag-
mentation process and the correlation among charged frag-
ments. In the TDWP method, the interaction picture theory
was used to propagate the wave packet, and the effects of
strong and long-range interactions can be considered by ba-
sis functions and the weak and short-range interactions are in-
cluded in the perturbation term, in which the Coulomb interac-
tions, polycentric interactions, vibration-rotation coupling of
molecular fragments, and the rotation-rotation coupling be-
tween molecular fragment and parent molecule can be con-
sidered accurately.[>*?! With the LZSH and TDWP methods,
extensive studies have been performed and some interesting
phenomena have been found in the ion induced fragmenta-
tion processes of polyatomic molecules. For example, in the
two-body breakups of molecular dimers, it is found that the
molecular fragments can rotate rapidly under the influence of
neighbor ion?>*232! and such an ultrafast rotation mechanism
is revealed to be a general phenomenon in the breakups of
polyatomic molecule, which are dominated by the polycentric
interaction between fragments and impacted by the vibration-
rotation and rotation—rotation couplings. These methods were
also extended to study the pump-probe experiments, for exam-
ples, the real-time bond-breaking dynamics of OCS™ caused
by radial coupling interaction[?>33! and the photon-induced ul-

trafast processes of the SO,.[234

3.5. Phase information in collision processes

Young’s double-slit interference is a clear manifestation
of the wave character of light and is easily demonstrated ex-
perimentally. An analogous double slit experiment to prove
the wave nature of a massive particle as postulated by De-

Broglie in 1925 is not straight forward because its DeBroglie
wavelength is tiny, and no mechanical double slit can match
the wavelength. Indeed, the first evidence for this hypothesis
did not come from such a double slit experiment, but rather
from the interference effects in electron scattering from metal
surfaces. >3] It took another three decades before the realiza-
tion of an atomic version of Young’s double slit experiment
in ion—atom collisions, which was first discussed theoretically

236 They suggested that diffrac-

by Tuan and Gerjuoy in 1960.[
tion of a proton from the two atomic centers of the molecule
H; could lead to observable interference effects. Only recently
the predictions of Tuan and Gerjuoy were confirmed by sev-
eral experiments where variations of the capture cross sections
as a function of the molecular orientation could be attributed

to the interference effects. 237231
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Fig. 27. Interference patterns observed in capture collisions between H;r and
He.[240] The spectra are token in the molecular rest frame where the molecu-
lar axis is along the X axis. (a) and (c) The molecular axis is perpendicular to
the projectile direction and the internuclear distances are 2.6 a.u. and 1.85 a.u.
respectively; (b) the polar angle & = 55° and the internuclear distance is the
same as in panel (a). Reproduced with permission from Ref. [240].

Pronounced interference fringes similar to those in the op-
tical double-slit experiments were reported by Schmidt et al. in
2008.1240 In their work the hydrogen molecular ion Hj was
used as the ‘double-slit” and the recoil ion momentum spec-
tra are studied in the rest frame of the molecular ion after
the electron capture induced dissociation. It is found that in
the molecular frame the recoil ion momentum spectra present
clear alternating structures along the molecular axis as shown
in Fig. 27 and the period of oscillation agrees well with the
predictions, in which the DeBroglie wave of helium atom scat-
tered on the double slit of a width the same as the internu-
clear distance along the molecular axis. In their studies an
additional phase shift of 7, resulting from the parity changes
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of molecular states, is found entering in the phase angle of
the interference term and thus, the extrema of the interference
fringes are flipped.

Interference effects in projectile diffraction are more chal-
lenging to be observed in ionization processes.!>*!! Since the
final state of the collision involves at least three unbound
particles, the experimental determination of the momentum-
balance in the collision, which enters in the phase angle of
the interference term, is more demanding compared to that
of the capture processes. Data for ionization in which the
phase angle was completely determined was firstly reported
for electron impact, however, interference effects can hardly

a.1242] For ion impact, interference

be extracted from the spectr
in projectile diffraction was observed for fixed projectile en-
ergy losses in the scattering angle spectra.!?*3244! There, the
recoil-ion momentum was not analyzed resulting in an aver-
aging over the phase angle. This averaging led to a damping
of the interference pattern but did not eliminate it.

The first experiment in which all phase angle informa-
tion is completely determined was reported in 2014.1431 In
the work the same colliding system as in Ref. [239] was em-
ployed, however, target atom ionization was studied, and the
momentum of the ejected electron as well as that of the recoil
were measured with high precision. Interference patterns anal-
ogous to the optical experiment are unambiguously identified
from cross sections differential in the transverse momentum
transfer except for the flipped extrema due to a similar reason
in Ref. [239] (see Fig. 28).
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Fig. 28. Interference patterns observed in ionization processes in collisions
between H2+ and He.?*3] Panels (a) and (b) represent the case when the
molecular axis is perpendicular to the projectile direction meanwhile the in-
ternuclear distances are 3.6 a.u. and 1.7 a.u., respectively; panel (c) shows
the X-axis projection of panels (a) and (b). Reproduced with permission
from Ref. [245].

Although the interference fringes in both Ref. [239] and
Ref. [245] display similar minima structure at zero angle along

the X axis, their mechanisms are different. In the case of
Ref. [239] the electron is captured from the one-center 1s2
state of the helium atom to the two-center asymmetric 2poy
state of the hydrogen molecule. The interference phenomena
can thus be understood as the active electron jumps from a
one-center state to a superposition state where two undistin-
guished paths exist. While in the case of Ref. [245], there is
no charge exchange between the colliding partners, but the in-
teractions between the ionized electron from the helium atom
and the only electron in the hydrogen molecular ion establish
two paths which cannot be distinguished since we do not know
to which center of the hydrogen molecular ion the molecular
electron belongs. In both cases, the symmetry of the elec-
tronic wavefunctions alters from the ‘gerade’ to ‘ungerade’
which leads to the shift of 7 in the interference phase angle
of scattered matter wave which causes the flips of the extrema
accordingly.
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Fig. 29. Molecular orientation dependent cross sections in collisions of He?*
and Co.?" The polar angle 0 is defined by the angle between the projec-
tile direction and the molecular axis vector pointing from the oxygen center
to the carbon center. g = 90° represents the case that the molecular axis
is perpendicular to the projectile direction. Panel (a) for collision energy of
30 keV/u and panel (b) for 135 keV/u. The red solid line is the fitting to
the experimental data with 6|1 + cos (¢ cos O + A’)] where o, ¢, and A’ are
free parameters, meanwhile the corresponding green dashed line is the sim-
ulation with the same o and ¢, but keep A’ = 0 (the non phase shift case).
Reproduced with permission from Ref. [21].

In the studies mentioned above, the symmetric diatomic
molecule of Hy is employed as the double-slit. It is thus nature
to ask the question ‘what will the interference fringes look like
if the asymmetric molecules are used instead?’. Recently, Gao
et al.,>! performed an experiment utilizing the asymmetric
molecule CO as the double-slit and scrutinized the interference
effects in the capture collisions with He?* impact. It is found
that the interference feature is surprisingly different from those
with symmetric molecules. As shown in Fig. 29, they ob-

served the asymmetric angular distribution about 90 degrees
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in the polar angle spectra defined by the molecular axis and
the projectile incident direction. This asymmetry is ascribed
to different phases of He?* ion scattering on the carbon and
oxygen atomic centers and, for the first time, the phase infor-
mation in ion—atom collision processes was extracted. Phase
information in collision processes not only provides the most
stringent test of theory but also opens the prelude to new areas
of atomic collision studies.

In brief, based on the reaction microscope double-slit ex-
periments in ion—molecule collisions have exhibited great po-
tentials to advance our knowledge in the field. On one hand,
it inaugurates a new direction of ion—atom collisions. For in-
stance, the scattering phase of ion—atom collision processes
can be extracted out from the shifts in the interference fringes
which cannot be accessed before. On the other hand, the kine-
matically complete experiments on the simplest interference
processes with massive particles also extend our ability to ex-
plore the deeper principles underlying the uncertainty and non-
local realism in the near future (see Section 4).

4. Conclusions and prospects

In this review, we have reported on the progresses on the
studies of structure of highly charged ions and the collision
dynamics of HCIs with atoms, molecules and clusters, based
on accelerator storage rings and the electron beam ion traps
mainly in recent twenty years. Further, there is even more to
be excited about, new generation accelerator facilities are be-
ing under construction around the world to make full use of
highly charged ions in atomic physics research, such as the
facility for antiproton and ions research (FAIR)!?*! in Darm-
stadt Germany, the high intensity heavy ion accelerator facil-
ity (HIAF)!3?! in Huizhou city China, and the nuclotron-based
heavy-ion collider facility (NICA)!>*” in Dubna Russia. All
these facilities will exclusively provide high quality beams of
highly charged ions and unprecedented experimental condi-
tions for structure and collision dynamics studies in strong
electromagnetic fields, at higher impact velocities and with
more intense HCI beams. In the following we try to give some
possible proposals for future investigations employing HCIs at
the current and future facilities.

With the improvements of momentum resolution, reac-
tion microscope may also be used as a tool for spectroscopy,
thus, there is no distinct border for the structure and dynamics
studies using experimental methods discussed in the present
cases. Therefore, the future prospects related to structure and
collision dynamics will be discussed together. From the as-
pects of collision dynamics, in the review paper of Doner!®!
and Ullrich,”! many good ideas have been proposed concern-
ing the research using reaction microscopes, some of which
are still in preparations. Here, we will present some new pro-
posals rather than simply repeating their points.

(1) Nonlocal realism studies with quantum gratings in rel-
ativistic collisions

One of the attractive aspects in studies of ion—
atom/molecule collision dynamics is definitely belonging to
new opportunities that the massive relativistic ion can bring
to us. For instance, in 1935, Einstein, Podolsky, and Rosen
argued that the quantum theory violates the local realism and
thus cannot be complete./?*8] By ‘local realism’, they claimed
that the physical properties of an object are independent of
the measurement applied on it (realism) and the physical in-
fluence cannot propagate faster than the speed of light (lo-
cality). Later in 1964, Bell proved that no theory based on
Local Realism can give the same predictions as those from
the quantum theory.[>*! So far, the ‘loophole’-free experiment
has confirmed the nature property of the non-local reality.?°]
However, the origin of such property still remains as one of the
most fundamental problems in quantum physics. According to
the relativistic theory, the ion of relativistic velocities will see
a much slower time flow in the rest frame which is known
as the time dilation. With the quantum grating consisting of
a single atom proposed in Ref. [22] as shown in Fig. 30, the
kinematically complete studies of relativistic collisions might
be able to spell out more information on the nonlocalities of
the quantum objects.

(a) 1 (b)

e

Fig. 30. Schematic diagram of a ‘quantum grating’ prepared by a single
atom.??! Reproduced with permission from Ref. [22].

(i1) Population of spin states in charge exchange processes

The high resolution of the reaction microscope already
enables one to access the spin states in single electron cap-
ture process at not very high collision velocities. Tradition-
ally, the population of spin states are studied by photon spec-
troscopy, where one has to measure the photon emission angu-
lar distribution and deduce the information of spin state pop-
ulation. One of the difficulties is the low detection efficiency
in this kind of measurements and thus, available experimental
data are rare. However, with high-resolution reaction micro-
scope/COLTRIMS, it is possible to measure SEC into differ-

093401-22



Chin. Phys. B 31, 093401 (2022)

ent spin states and to obtain directly information on spin state
populations.

(iii) Determination of the energy of doubly excited states

A further advantage of the high-resolution reaction mi-
croscope is the access to the multiply excited states in elec-
tron capture processes. For example, the doubly excited states
formed in DEC, which could be embedded in the continuum
or in bound states. The energy of the doubly excited states
can be investigated via Auger decay by detecting autoionized
electron in the first case. However, it is extremely difficult to
determine its energy in the second case because it needs to
detect all the emitted photons in cascades. The reaction mi-
croscope/COLTRIMS can, on the contrast, extract the level
energy directly from recoil ion momentum, no matter what a
doubly excited state decays via Auger or radiation.

(iv) Direct measurements of Lamb shift of 1s ground state
for hydrogen-like ions

Test of bound state QED using HCIs in strong EM field
is mainly conducted via photon detection technique, in most
cases the transition energy of Lyman transitions are detected
using solid state Ge(i) detector.!!!'?l At the electron cooler of
storage ring, the transition energy of radiative recombination
of a free electron with bare heavy ions was also measured at
near zero observation angles, and the Is binding energy is
directly deduced. However, one of the main uncertainties is
from Doppler effect, which exists in photon detection for all
accelerator-based experiments. Using high resolution reaction
microscope, the 1s binding energy of hydrogen like ions can
be extracted from recoil ion momentum in single electron cap-
ture in, e.g. bare heavy ion—helium atom collisions, where the
binding energy of helium atom is known with high accuracy.
The most remarkable point in the methods is that the Doppler
effect does not appear and the absolute value of the 1s energy
level could be determined, and the accuracy will be compara-
ble or better than x-ray spectroscopy. This method will be an
independent check to the method of photon detection.

(v) Spontaneous e*e™ pair creation in super critical EM
fields

Quantum electrodynamics (QED) is the basis of modern
field theory and standard model. Bound state QED has been
tested by the most rigorous experiments in weak electromag-
netic fields, e.g. the 1s Lamb shift in hydrogen atom. However,
its applicability in strong field is facing challenge and is tested
only at the level of about 1% up to date, due to the restric-
tions of experimental conditions. On the other hand, quantum
field theory predicts that when the field strength reaches or ex-
ceeds the critical value of about 1.3 x 10!® V/cm, the neutral
vacuum will decay through the spontaneous electron—positron
pair creation, but it has not been verified by experiments to
date. One of the scientific goals of China’s new large scale
facility HIAF is to build a merging beam collision storage

ring MRING, P2l which will create an ideal platform for two
bare heavy ion beams colliding with low energy at the cen-
tral of mass (CM) system under low background for the first
time in the world. The experiment will identify the sponta-
neous positron-electrons pairs created in vacuum decay be-
yond Schwinger’s critical field and will confirm the vacuum
decay in supercritical Coulomb field, or find new physics be-
yond the current QED theory. In the same period, GSI/FAIR
in Germany!>*®! and NICA in Dubna Russia!**"! also plan to
carry out relevant research. Furthermore, with bare and H-like
ion collisions, the quasi-molecular processes could be investi-
gated in extremely strong EM fields.

(vi) Collisions between two extreme systems: giant
dimers versus ultrafast HCIs

Collisions of ultrafast HCIs with atomic/molecular targets
not only enable one to get a better insight into the relativistic
collision physics, but also, it may provide a valuable informa-
tion on the structure of the extended target, such as He, dimer,
and thus, probe its binding energy. Recently, it was shown!?>”]
that, due to their extreme long interaction-range, relativistic
HClTs, in collisions with He, dimer, can be used to probe the
structure of the dimer ground state, particularly in the quan-
tum halo region (~ 14 A-280 A, classically forbidden region)
where the dimer spends more than 80% of the time and its
radial wave function is directly related to its binding energy.
Hence, ultrafast HCIs can be used as a tool to determine the
binding energy of the dimer as well as weakly bound systems.

(vii) Ion induced chemistry in the universe

Heavy ion atomic collisions have potential advantages of
populating and depleting new quantum states and easily trans-
ferring a large amount of energy at very short interaction time.
The ion-neutral chemistry induced by these collisions can fa-
cilitate the gas-phased chemical reactions that are mostly hin-
dered by the potential barrier between neutrals.>>!2>?] There-
fore, heavy ion atomic collisions may open up new cutting-
edge chemistry studies, which are, in particularly, associated
with the complicated and exotic molecule formation in inter-
stellar space.

(viii) Decay mechanisms of bio-systems induced by HCIs

Heavy ion beam cancer therapy has been applied to
clinical treatments. However, the interaction mechanisms
at molecular level are still unclear, although several possi-
ble processes like ICD, inter-molecule proton or heavy ion

19291 have been identified. Therefore, the studies of

transfe
fragmentation mechanism of bio-targets like DNA base pairs
and bio-water clusters induced by HCIs will shed more light
for our understanding of the micro-mechanisms of radiation
damage and cancer therapy.

(ix) Nuclear excitation via electron capture

A nuclear state could be excited when an electron is cap-

tured into the ion bound state, analogous to DR process, this is
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the so-called nuclear excitation via electron capture (NEEC).
One of the hot topics related to nuclear clock is to measure
the low nuclear excitation energy in Thorium-229, whose first
excited level is around 8.28 +0.17 eV.!?>3 NEEC may be em-
ployed to measure this small transition energy with high accu-
racy at the electron cooler of storage rings.>>*! Furthermore,
at the future facility HIAF, an independent electron target will
be installed and the collision energy at CM frame up to hun-
dred keV will be accessible, thus, the NEEC method can be
used to determine nuclear transition energies at the accuracy
of atomic spectroscopic levels.

(x) DR spectroscopy with radioactive nuclei

With the upgrade of the capability of radioactive ion pro-
duction, intense unstable nuclear beams can be injected into
the storage rings for experiments in near future. It has already
been demonstrated that DR technique could be used to obtain

5,121 such as isotope shift, nuclear charge

nuclear propertie
radii, isomeric state, efc. These measurements will be real-
ized in the next ten years at the future accelerator facilities
like FAIR and HIAF.

(xi) DR spectroscopy with ions in metastable states

There are metastable ions in various plasmas and they
may contribute to the charge balance, plasma evolution, efc.
However, it is difficult to measure the corresponding atomic
parameters, such as DR rates, due to the lack of enough
amount of metastable ions prepared for experiments. New
hopes appear as the storage ring in operation. The metastable
ions produced in ion source could be delivered and stored in
the storage ring for DR studies, a test experiment at the CSRm
has been demonstrated and can be found in Ref. [39].

(xii) Strong electron correlation and two-electron one
photon decay

One of exotic atomic processes is two-electron one pho-
ton (TEOP) decay, here focused is the decay with two K-shell
core holes filled simultaneously via a correlated two-electron
jump and one photon emission, which attracts interest in past
decades.>>! Unlike direct x-ray photon detection,>®! where
detection efficiency and statistics are poor, the interference be-
tween DR and RR processes could be employed as a signature
to detect the TEOP decay. At storage rings, this method has
advantages to prepare two electrons in L-shell with two K-
shell vacancies using hydrogen-like ions through DR excita-
tion and to study the 2/2/’-1s> TEOP decay. A recent theoreti-
cal paper points out that DR-RR interference occurs with high
probability in light ion systems.[?>7]

(xiii) Laser-assisted relativistic ion—atom collisions

It is expected that, in the presence of an external elec-
tromagnetic field, atomic scattering processes involving inci-
dent photons and electrons can be modified substantially.[?>3]
A new theoretical study shows that a circularly polarized low-

frequency electromagnetic field can qualitatively change the

shape of the spectra of the emitted high-energy electrons due

to a very large energy exchange between the electron and
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the field in relativistic ion—atom collision.[>® The experi-

mental studies of laser-assisted binary-encounter emission in
relativistic ion—atom collisions could be expected at storage
rings. [!7]

(xiv) Stereo Coulomb explosion imaging of complicated
molecules and weakly bound clusters

The interaction time between a high energy HCI and
molecules could be as short as 1078 s—1072! g, and in the
meantime, the HCI can easily remove multiple electrons from
target species, leading to highly charged molecules or clus-
ters populated to low lying states or ground states. The
highly charged molecule/cluster will explode instantly due to
Coulomb repulsion. With the ability of multi-detection of
charged fragments of reaction microscope, three-dimensional
imaging of the molecule/cluster would be realized through the
reconstruction of the momentum of each fragment. One ad-
vantage in HCI-molecule collision is direct formation of mul-
tiply charged parent molecules and consequent fast breakup,
compared to synchrotron and strong laser experiments.
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