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Selective production of the doubly excited 2 p2 (1D) state in He-like Ar16+ ions by
resonant coherent excitation
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Selective production of the doubly excited state in 464 MeV/u He-like Ar16+ ions was accomplished using
three-dimensional resonant coherent excitation in a thin foil of silicon crystal. Through a coherent interaction
with the periodic crystal field, the Ar16+ ions were resonantly excited sequentially from the ground state to the
1s2p (1P ) state and then 2p2 (1D) state in a way analogous to two-color x-ray laser excitation. The periodic
crystal fields of 1011 V/m in the projectile’s frame are equivalent to the fields generated by x-ray lasers with
photon energies of 3139.55 and 3286.95 eV and an energy flux of 1016 W/cm2. We confirmed the doubly excited
state formation through observation of the subsequent collisional ionization, Auger ionization, and radiative
deexcitation.
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Multiply excited states of few-electron atoms and ions
have attracted our interest as an ideal object to investigate
the dynamics of strongly-correlated bound electrons, which
cannot be considered in an independent-particle picture. The
simplest case among such systems is the doubly excited atomic
helium [1], of which numerous photoexcitation spectroscopies
have been performed using synchrotron radiation [2,3]. An
isoelectronic study of such an He-like system would reveal the
quantum kinematics of strongly correlated three-body systems
under the relativistic and quantum electrodynamic (QED)
effects, however, the synchrotron radiation is not applicable
to He-like high-Z ions because of their limited wavelength and
intensities. So far the production of doubly excited He-like ions
in the high-Z region can be realized exclusively by electron
capture of H-like ions during collisions with target atoms or
electron beams, i.e., the resonant transfer and excitation [4,5]
or the dielectronic recombination [6], respectively. Although
these methods were quite successful in determining their
binding energies, their decay processes after the production
have not been studied particularly because such collision
experiments often suffer from unexpected inelastic collision
processes, as well as the difficulties in observing all of the
decay channels. On the other hand, the information about
the dynamic behavior of correlated electrons is offered by
an investigation of their decay dynamics. For these studies,
instead of using collision processes, a new approach is
needed to produce the doubly excited states in a selective
and well-controlled manner within a short interaction time.
Such a refined population manipulation is achieved only
in alkaline-earth-metal atoms by a laser double-excitation
technique [7], in which two valence electrons are both excited
by polarization-controlled laser fields. Although the advancing
x-ray free-electron lasers are powerful tools in atomic physics
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in the x-ray domain, the two-color population control in
few-electron high-Z ions is still not achieved.

In this Rapid Communication, we demonstrate an alterna-
tive approach to realize a coherent excitation of He-like high-Z
ions from their ground state to a specific doubly excited states.
This scheme is an analogy of the laser double excitation in
the x-ray domain, but we used a resonant coherent excitation
(RCE) instead of the laser excitation. The RCE of heavy ions
can occur when they penetrate a thin crystalline target at a
relativistic velocity [12]. As they travel, the spatially periodic
Coulomb potential in the target crystal acts on them as a rapidly
oscillating electric field at an x-ray frequency domain. From
the Fourier potential of the crystal, the amplitude of oscillating
crystal fields is derived to be 1011 V/m in the rest frame of
projectiles (P frame), which is equivalent to that generated
by a laser field of 1016 W/cm2. Since the first experimental
observation by Datz et al. in 1978 [13], the dynamics of the
RCE process has been extensively studied under the axial and
planar channeling conditions. On the other hand, recently
we demonstrated a different type of RCE, i.e., the three-
dimensional RCE (3D-RCE) [14], which does not require the
channeling conditions. This discovery of the 3D-RCE added
two features to the existing RCE method that enabled the
double resonance and polarization control techniques [15,16].
As such, the 3D-RCE comes to be expected as a versatile
tool in the population manipulation of high-Z ions in the
x-ray domain. In the present study, we made the first attempt
to perform a double x-ray experiment to manipulate two
electrons of He-like ions. The double-excitation scheme was
applied to a He-like Ar16+ ion in a ladder-type configuration,
as illustrated in Fig. 1, to selectively populate the 2p2 (1D)
state. The required excitation energies for the first and second
transitions were �E1 = 3139.55 eV and �E2 = 3286.95 eV,
respectively [8].

The experiment was performed at the National Insti-
tute of Radiological Sciences (NIRS), Japan. A beam of
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FIG. 1. (Color) Energy levels of He-like Ar16+ and H-like Ar17+

[8] with their rates (in s−1) for radiative deexcitation [9], collisional
ionization [10], and the Auger ionization [11].

464.12 MeV/u He-like Ar16+ ions with a small divergence of
0.04 mrad was provided by the Heavy Ion Medical Accelerator
in Chiba (HIMAC). The schematic layout of the setup is shown
in Fig. 2(a). We observed the ionization process of the ions in
a 1-μm-thick Si crystal by detecting the released electrons
as well as the final charge-state distribution of the ions. The
inset of Fig. 2(a) shows the geometrical configuration of a
small magnetic analyzer (∼10 mT) for electrons. The electrons
were deflected by 90◦ in the analyzer and detected using a
450-μm-thick silicon solid-state detector (SSD) through a pair
of φ3 mm apertures, which were separated by 95 mm. The
geometrical acceptance angles of the analyzer were 1◦ and
0.4◦ for the horizontal and vertical directions, respectively.
The transmitted ions were charge separated by another dipole
magnet (∼0.5 T) at 1.2 m downstream of the target crystal and
detected with a 2D position-sensitive detector (2D-PSD). The
deexcitation radiations from the excited ions were observed
using a Si(Li) x-ray detector with a detection area of 30 mm2,
which was installed at a distance of 180 mm and at 41◦ from
the beam within the same horizontal plane as the beam. The
target crystal was mounted on a three-axis, high-precision
goniometer, which manipulated the rotation angle θ and tilt
angle φ of the crystal relative to the ion beam. The origin of
these angles was set such that the [1̄10] axis coincides with
the beam axis, and the (220) plane is horizontal. In this case,
if we redefine the base vectors for the reciprocal lattice space
as ([1̄10]/a,[001]/a,[110]/a) (a is the lattice constant), the
frequency of the oscillating crystal field in the P frame is
given as

νklm(θ,φ) = γβc

a
{
√

2(k cos φ + m sin φ) cos θ + l sin θ}, (1)

where γ = (1 − β2)−1/2 is the Lorentz factor, β = v/c (v
is the ion velocity and c is the light velocity), and (k,l,m)
are the Miller indices [14]. The resonance condition for the
RCE of transition energy �E is satisfied when hνklm(θ,φ) =
�E, where h is the Planck’s constant. In Fig. 2(b), the
blue and red lines represent the angular conditions satis-
fying hν1,−2,−3(θ,φ) = �E1 and hν1,−1,2(θ,φ) = �E2, re-
spectively. These two lines cross each other at (θ,φ) =
(5.73, − 0.34), where the RCE conditions for both transitions
are satisfied simultaneously, i.e., the double-resonance (DR)
condition is satisfied. On the other hand, we set the incident
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FIG. 2. (Color) (a) Schematic layout of the experimental setup
and detailed geometry of the electron analyzer. (b) The resonance
conditions for RCE of 1s2 − 1s2p (blue line) and 1s2p − 2p2

(red line), respectively. The dots are the conditions used in the
measurements for the NR, SR, and DR conditions. (c) The charge-
state distribution of transmitted Ar ions at the 2D-PSD observed under
the NR, SR, and DR conditions.

angles to (θ,φ) = (5.55, − 0.25) for the single resonance
(SR) condition of the lower transition (1s2 − 1s2p), and
(5.70, − 0.25) for the nonresonance (NR) condition.

Figure 2(c) shows the final charge-state distribution of
the transmitted ions observed with the 2D-PSD. In this
relativistic collision energy, cross sections of the projectile’s
electron-capture process in the target crystal are negligibly
small. Ionization cross sections are also reduced significantly.
As a result, 63% of the incident Ar16+ ions passed through
the crystal without changing their charge state under the NR
condition. However, this survival fraction of Ar16+ ions shows
a decrease under the SR condition, because the ions excited
to the 1s2p state in the crystal have a larger cross section
for collisional ionization compared with the ground-state ions.
Under the DR condition, the survival fraction was even smaller
than that under the SR condition. From the final charge-state
distributions, the numbers of emitted electrons were found to
be 0.49 and 0.54 per projectile ion under the SR and DR
conditions, respectively. This enhancement of the electron
emission under the DR condition can be attributed to both
collisional ionization and Auger ionization of the 2p2 state.

To distinguish these two ionization processes, we observed
the electron spectrum at 0◦ with respect to the ion beam.
Figure 3(a) shows a 2D energy-momentum distribution of the
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FIG. 3. (Color) Energy-momentum distribution of the observed
electrons under the (a) NR, (b) SR, and (c) DR conditions. The dashed
line represents the theoretical dispersion relationship of the electron
energy and momentum. The projections onto the momentum axis,
i.e., the electron-momentum spectra, are shown in a linear scale at
the right side of the contour maps. The electron-momentum spectrum
under the DR condition is also shown in a logarithmic scale in (d) with
a result of Monte Carlo simulation. The electron yields are corrected
against fluctuation of the beam intensity.

zero-degree electrons under the NR condition as a contour
map. The x and y axes represent the electron momentum
and energy, which are derived from the magnetic field of the
analyzer and the energy deposition to the SSD, respectively.
At the right side of the contour map, its projection onto the
momentum axis is shown in a linear scale. The momentum
spectrum exhibits a cusp-shaped distribution centered at the
same velocity as the projectile beam, which are the so-called
convoy electrons. In general, in zero-degree electron spec-
troscopies at MeV/u collision energies, the convoy electrons
originate from both projectile and target ionization, i.e., the
electron loss to continuum (ELC) and electron capture to
continuum (ECC) [17–19]. In addition, the cusp peak is
often superimposed by numerous peaks of Auger electrons
from projectiles [20,21]. In the present case, the observed
electrons are purely from the ELC process, because the cross
sections for producing ECC electrons and Auger electrons
are negligibly small in this relativistic collision. This allows
a rigorous understanding of their atomic processes in the
target crystal. Figures 3(b) and 3(c) are the same as 3(a),
but obtained under the SR and DR conditions, respectively.
Reflecting the increased ionization probability of the excited
Ar16+ ions observed in Fig. 2(c), the convoy electron yield
under the SR condition was enhanced from that under the
NR condition. However, under the DR condition, we did not
observe additional enhancement of the convoy electron yield
from the SR condition, but two additional islands at each side
of the cusp shape in the contour map. These equally separated
two peaks represent the zero-degree Auger electrons emitted
forward and backward from the projectile ions. Since the
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FIG. 4. (Color) P frame x-ray spectra emitted from the projectile
ions under the NR, SR, and DR conditions. Two-component Gaussian
curves are fitted to the spectra and are shown as solid lines to guide
the eye.

ionization potential of the Ar16+ ion is Ip = 4120.658 eV [8],
the Auger electron from the resonantly produced 2p2 (1D)
state has a kinetic energy of �E1 + �E2 − Ip = 2305.84 eV
in the P frame. The energy loss and angular straggling of these
electrons in the target is negligibly small. According to the
Lorentz transformation, the momentum p of the zero-degree
Auger electron in the laboratory frame (L frame) is given
by p = γ γ ′

emec(β ± β ′
e), where γ ′

e and β ′
e are the relativistic

factors for the electron in the P frame. This yields 645.46 and
494.70 keV/c for the present Auger electron momenta emitted
forward and backward, respectively, which agrees well with
the observations.

Figure 3(d) shows the momentum spectrum of Fig. 3(c) in
a logarithmic scale with a result of a Monte Carlo trajectory
simulation. In the simulation, we calculated the classical
trajectories of the electrons in the analyzer by considering
the energy broadening, divergence, and spot size of the beam,
as well as the effective fringing field of the magnetic analyzer.
To reproduce the observed cusp-shaped peak in the L frame,
we assumed a multiexponential momentum distribution of
the ionized electrons in the P frame, in which the initial
momentum distribution of the bound electrons [22] was not
considered. For the Auger electrons, because the analyzer
resolution is not enough to discuss their P frame angular
distribution, we assumed an isotropic angular distribution for
simplicity. The peak positions and the width of the Auger
electrons in the simulation are in excellent agreement with
those in the observed spectrum. From the relative yield of
the Auger electrons to the convoy electrons, the number
of emitted Auger electrons was estimated to be ∼0.08 per
incident ion. Considering the branching ratio of the Auger
decay to other channels, this result suggests that more than
10% of the incident ions are excited to the 2p2 state under
the DR condition. By comparison, if one estimates the
mean population of the 2p2 state by a rate equation using
cross sections from the ETACHA code [10], it would be less
than 0.01.

The x-ray spectra observed with the Si(Li) detector are
shown in Fig. 4 for the NR, SR, and DR conditions. The x axis
was transformed from the L frame into the P frame energy. The
left peak centered at 3139.55 eV represents the deexcitation
x-ray emission from the 1s2p state. Under the NR condition,
the x rays were emitted from the 1s2p state formed by the
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collisional excitation in the target crystal. When a resonant
condition is satisfied, the intensity of the 1s2p peak shows a
significant enhancement. At the same time, a new peak appears
at the right side of the 1s2p peak, which consists of the x-rays
from the 2p and 2p2 states. Note that the production of the
2p or 2p2 state under the NR condition requires a two-step
collision process, whose probability is negligibly small in this
thin target. The right peak in the SR spectrum mainly originates
from the deexcitation of the 2p state which was formed by
a collisional ionization of the resonantly excited 1s2p state.
Under the DR condition, the spectrum showed a decrease of
the 1s2p peak simultaneously with an increase of the right
peak. This represents the direct evidence of the population
transfer from the 1s2p state to the 2p2 state induced under
the DR condition. From the fitting of the 1s2p peak with a
Gaussian function, this decrease in the intensity of the 1s2p

peak was estimated to be about 20%. The increase in the right
peak is attributed to the radiative decay of both the 2p2 and
2p states. The latter is explained by the collisional ionization
of one electron in the 2p2 state followed by radiative decay of
the other.

In summary, we successfully demonstrated the selective
production of the doubly excited 2p2 (1D) state through se-
quential 3D-RCEs of the ground-state Ar16+ ions in an efficient
manner. The evidence was obtained from the observation of
both Auger ionization and radiative deexcitation of the 2p2

state. Using a Monte Carlo simulation, the probability of
the Auger electron emission was estimated to be as high as
8% under the DR condition. Considering the beam intensity
of several million ions per second available at HIMAC,
we could effectively excite more than 105 ions per second
to the doubly excited state. We propose that this method
would be a powerful tool for studying a series of correlated
multibody quantum systems in high-Z ions. The use of a
2D position-sensitive electron detector combined with the
polarization-control technique in 3D-RCE [16] will enable
us to conduct a promising study of the angular distribution of
Auger electrons from aligned states. The angular correlation
between cascade radiations from these aligned doubly excited
states as well as their branching ratio to Auger ionization
are also of significant interest. In addition, an attempt to
produce a triply excited state of Li-like Ar15+ ions is now
underway.
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