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The density matrix approach to treat the resonant coherent excitation of swift ions in oriented crystals is
applied for a unified theoretical description of the charge state distribution of relativistic resonant coher-
ently excited ions, their characteristic X-ray radiation and, as a new aspect, the Auger electron production
from doubly excited states.
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1. Introduction

In our previous works [1,2] we have successfully applied the
density matrix approach [3] to treat the resonant coherent excita-
tion (RCE) [4] of planar-channeled relativistic ions. The present
work is stimulated by recent RCE experiments of the Tokyo RCE
collaboration including their unambiguous observation of the
azimuthal anisotropy of the characteristic X-ray radiation from
planar-channeled ions [5], double RCE experiments [6], and trajec-
tory dependent measurements of the charge state fraction distri-
bution of the ion beam [7].

In Section 2 we suggest to use experimental technique of [7] to
study not only the charge state distribution but also the character-
istic X-rays from RCE planar-channeled ions resolved over the
transverse entrance coordinate zin of the incoming ion. Our treat-
ment shows the close connection of the angular distribution of
the X-rays with the geometrical properties of the in-crystal electric
field.

Section 3 is devoted to a new direction in physics of autoioniza-
tion phenomena opened by experiment [6]. Our preliminary re-
sults reported in [2] point to the considerable yield of the Auger
electrons and their high angular anisotropy to be observed in
double RCE experiments with helium-like ions. We develop further
All rights reserved.
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this description by taking into account the Stark mixing between
the ‘‘ladder-type” excited 2p2 : 1D2 state and the nearly lying autoi-
onizing state 2s2p : 1P1 and show its influence on the RCE observ-
ables in the autoionization region.
2. Angular anisotropy of characteristic X-ray radiation

Recently, we showed in detail [8], how certain geometrical
properties of the in-crystal electric field manifest themselves in
the angular anisotropy of the characteristic X-ray radiation from
resonant coherently excited ions. Usually, following Komaki
et al. [9], planar-channeling RCE is treated in the ion rest frame
ðx; y; zÞ which X-axis is directed along the beam and z-axis is per-
pendicular to the channel. One of the results of the paper [8] is
that RCE on a single ðk; lÞ resonance can be most conveniently trea-
ted in a special coordinate system, where its X-axis is determined
by the Lorentz transformation of the corresponding harmonic of
the field into its both scalar uð~r0; t0Þ and vector ~Að~r0; t0Þ components
in the ion rest frame while the Z-axis remains perpendicular to the
channeling plane. To show the main idea of [8] in this short pre-
sentation, we neglect here all effects of the vector potential in-
duced in the ion rest frame and, using the dipole approximation
for the electric field in this frame, take a projection of its vector
~E on the channeling plane for the direction of axis X. One can easily
turn from the aforementioned coordinate system ðx; y; zÞ to
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Fig. 2. Calculated energy levels of doubly excited helium-like Ar16þ ion in the ð2 �20Þ
planar channel of a Si crystal with Stark mixing of 2s2p : 1P1 and 2p2 : 1D2 states (a)
taken into account and (b) not taken into account.
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ðX;Y ; ZÞ one by rotation on some angle h0 ¼ arctan½ð~EÞy=ð~EÞx� in the
channeling plane.

Considering the geometrical properties of the resonant part of
the in-crystal electric field in the ion rest frame, we show that it
is a superposition of two oscillating fields, which act in X and Z
directions and have cX and cZ amplitudes with a p=2 phase shift
between them. Dipole excitation 1s! 2p by these fields occurs
into state jwi ¼ cX j2pXi þ cZ j2pZi, where j2pji is the 2p electron
state with zero projection onto the jth axis. The angular distribu-
tion of E1 photons emitted in the decay of this state has the form

W / jcZ j2n2
X þ ðjcX j2 þ jcZ j2Þn2

Y þ jcX j2n2
Z

n o
; ð1Þ

where nj is the projection onto the j-axis of the unit vector guiding
an observation direction. This distribution can be viewed as a super-
position of two sin2 hc dipole distributions of photons coming from
the decay of 2pX and 2pZ states, with a vanishing interference term.
This implies that WY ¼WX þWZ , where Wj is the differential pho-
ton yield in the j-axis direction. Thus the angular distribution of
X-rays takes extreme values in the directions of axes of the
ðX;Y; ZÞ frame, taking intermediate values in other directions. This
simple picture illustrates the advantage of using the new frame to
consider the properties of the RCE X-ray radiation under planar
channeling.

Motivated by the recent experiments with trajectory resolved
RCE observables [7] and with X-ray anisotropy measurements
[5], we have performed calculations of the trajectory resolved
anisotropy of X-rays from 423 MeV=u Fe24þ ions in the ð2�20Þ Si
channel, coherently excited at the ðk; lÞ ¼ ð2;�1Þ resonance. In or-
der to enable convenient trajectory resolving, we take the target
thickness 0:9 lm corresponding to one-quarter of the period of
the ion transverse oscillations in the channel. Trajectory resolved
angular distributions Uðhc;ucÞ of X-ray photons are calculated
via the integration of (1) along the corresponding ion trajectories.
The results of our calculations at h ¼ 2:57� are presented in Fig. 1
as a function of the impact parameter zin of the ion in the units
of the half-width d=2 of the channel. It is seen that UY ¼ UX þ UZ

and, for the most part of photons, UY � 2UZ .
This calculation directly relates to recent trajectory non-re-

solved RCE measurements [5] with 423 MeV=u Fe24þ ions at the
ðk; lÞ ¼ ð2;�1Þ resonance in a 21 lm-thick target which show that
the photon yield in the y-axis direction is approximately twice lar-
ger than that in the z-axis direction. In this case the angle h0 is small
and therefore the photon yields along corresponding directions
of the ðX;Y; ZÞ and ðx; y; zÞ frames differ insignificantly:
UY � Uy;UZ � Uz. That is why the experimentally measured ratio
zin/(d/2)
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Fig. 1. Trajectory resolved differential yield of X-ray radiation from
423 MeV=u Fe24þ ions under RCE conditions at ðk; lÞ ¼ ð2;�1Þ resonance in the
directions of X-axis (solid line), Y-axis (dashed line) and Z-axis (dotted line).
Uy=Uz is close to our aforementioned ratio UY=UZ � 2. Larger differ-
ences can arise in RCE situations with larger h0 values (see [2] for
the presentation of these calculations in more detail).

3. Double resonant coherent excitation

The ‘‘ladder-type” double resonant coherent excitation of autoi-
onizing states of helium-like Ar16þ ions passing through the ð2�20Þ
planar channel of a 27 lm-thick Si crystal was investigated for
the first time experimentally by the Tokyo group [6]. The initial
1s2 : 1S0 ! 1s2p : 1P1 step of excitation occurs under action of the
crystal field harmonic with ðk; lÞ ¼ ð1;�2Þ. The consequent excita-
tion to the doubly excited state 2p2 : 1D2 is due to the ðk; lÞ ¼ ð1;1Þ
harmonic. Resonant conditions for both steps are fulfilled simulta-
neously for ions with energy 387:90 MeV=u entering the crystal at
h ¼ 1:23�.

Developing our earlier study [2] on the double resonant coher-
ent excitation, we show in Fig. 2 the considerable Stark mixing be-
tween 2p2 : 1D2 and 2s2p : 1P1 autoionizing states closely lying in
the excitation spectrum of the Ar16þ ion. Taken into account, this
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Fig. 3. Normalized survival fraction of 387:90 MeV=u Ar16þ ions passing through a
27 lm Si crystal. Solid line — calculations with 2p2 : 1D2 � 2s2p : 1P1 mixing, dash
line — calculations without 2s2p : 1P1 state. Experimental data (circles) are taken
from [6].
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Fig. 4. Total Auger electron yield for 387:90 MeV=u Ar16þ ions passing through a
27 lm Si crystal (solid line). Dash line and dash-dot lines — contributions from
2p2 : 1D2 and 2s2p : 1P1, respectively.
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Fig. 5. Calculated angular distribution of Auger electrons: (a) in the channel plane,
(b) perpendicular to the beam. Dash lines — contribution from 2s2p : 1P1, dash-dot
lines — contribution from 2p2 : 1D2. Solid line — sum including the interference
term.
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effect leads to an improved agreement between our theoretical cal-
culations and the survival fraction experimental data shown in
Fig. 3 normalized as in [6] relative to the background level. On
the same way we estimate the total yield of Auger electrons emit-
ted in the process under consideration (Fig. 4). As Fig. 4 shows,
about 40% of the total probability of the electron loss by the prop-
agating ion at the resonance maximum is due to the Auger decay of
both 2p2 : 1D2 and 2s2p : 1P1 autoionizing states. We used [10–14]
for the required data on radiative and Auger decay lifetimes of ex-
cited states of the highly charged ions, on excitation and ionization
cross sections in their collisions with the in-channel electrons.

The calculations show that the doubly excited states produced
in the resonant coherent excitation process are aligned and, as a re-
sult, that the angular distributions of X-rays and Auger electrons
from their decay are strongly anisotropic. The latter given in the
ion rest frame in Fig. 5. The characteristic features of the angular
distribution of the Auger electrons are due to the dominant
contribution of the decay of the aligned 1D2 state. Note also that
its interference with the 1D1 component violates pure reflection
symmetries of the decay pattern.
4. Conclusion

Presented results demonstrate the extending scope of applica-
tions of the density matrix approach in theoretical RCE studies,
and can serve to guide new experiments.

We have found, that the ionic excited state alignment in the RCE
process and the characteristic features of the accompanying X-ray
radiation can be considered especially clear in a coordinate frame
taken according to the geometrical properties of the resonant part
of the in-crystal electric field. Systematic experimental studies of
RCE X-ray radiation, including trajectory resolved measurements,
can play an important role to reveal the main regularities of the
ions behavior in the crystal environment under channeling
conditions.

Our results concerning the autoionizing state production in
double RCE show large yield of Auger electrons at the resonance
maximum and the essential anisotropy of their angular distribu-
tion. Taking into account the Stark mixing between different auti-
onization states brings our results into better agreement with
experiment. Future double RCE experiments on Auger electrons
production and special measurements of their angular distribution,
in combination with those on the yield and the angular anisotropy
of the X-ray photons from the autoionizing and intermediate ion
states, can be an important contribution to correlated experimen-
tal and theoretical studies on the boundary between physics of
autoionization phenomena and channeling.
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