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X-ray production from resonant coherent excitation of relativistic HCIs  in crystals 
as a model for polarization XFEL studies in the keV range
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Fourier series of the potential of the in-target electric field and its Lorentz transformation to the ion rest frame;





1s2 : 1S0

1s2p : 1P1

1s2p : 3P1

Fe24+

6700.41 eV

RCE X-ray V.V.Balashov, A.A.Sokolik, A.V.Stysin, JETP 107 (2008) 133

Energy range of produced photons in the lab frame:
2.67 – 16.82 keV

Compare: 
The European XFEL 
Technical Design Report 

SASE 1 SASE 2 SASE 3
Wavelengths              0.1 nm 0.1-0.4 nm     0.4-1.6 nm
Laserlike/coherent    yes                  yes                  yes
Polarization               linear             linear            circular,   linear
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Stokes parameters of the characteristic X-ray radiation from RCE ions

The calculations show that since the photon yield and their polarization parameters in conditions typical 
or close to current RCE experiments are expected to be large, the resonance coherent excitation method 
can be considered as a candidate for a tunable source of polarized X-ray radiation in the keV region.

V.V.Balashov, V.K.Dolinov, A.A.Sokoli -- JETP Letters 89 (2009) 399



1965 – 2006 :  RCE exclusively with channeled ions –
V.V.Okorokov, Yad. Fiz. 2 (1965) 1009; Pis’ma Zh. Eksp. Teor.Fiz 2 (1965) 175
S.Datz, C.D.Moak et al., PRL 40 (1978) 843; NIM 170 (1980) 15
K.Komaki, T.Azuma et al., NIM B 146 (1998) 19,
and many other.

Since 2006: RCE measurements with both channeled ions and without channeling at all

Present-day portrait of the RCE process (the Okorokov effect) from Tokyo RCE measurements of 2006-2009:

Anisotropic X-ray emission from helium-like Fe24+ ions aligned by RCE with a periodic crystal potential –
T.Azuma et al., PRL 97 (2006) 145502;

Three-dimensional RCE of nonchanneling ions in a crystal –
C.Kondo et al., PRL 97 (2006) 135503;

Trajectory dependent RCE of planar-channeled ions in a thin Si crystal –
C.Kondo et al. NIM B 256 (2007) 157;

Doubly-resonant coherent excitation of HCI planar channeling in a Si crystal –
Y.Nakano et al., J.Phys. Conf.Series 58 (2007) 359;

Dressed atoms in flight through a periodic crystal field: X-UVU double resonances –
Y.Nakai et al., PRL 101 (2008) 113201;

RCE of  lithium-like Li15+ ions in a thin Si crystal –
Y.Nakano et al.,  J.Phys. Conf.Series 163 (2009) 012094;

Polarization control in three-dimensional RCE –
Y.Nakano et al., PRL 102 (2009) 085502;



A unified concept for theoretical analysis of RCE data and suggestions 
for new measurements  (Moscow State University; 1998-2009)

Characteristic X-ray production in the RCE process
V.V. Balashov, I.V. Bodrenko -- Phys.Lett. A 352 (2006) 129

Metastable ion production in the RCE process
V.V. Balashov, I.V. Bodrenko -- NIM B 245 (2006) 52

Resonant coherent excitation of Ar17+ ions in planar channel of a silicon crystal
V.V. Balashov, A.A. Sokolik -- Optics and Spectroscopy 103 (2007) 761

Angular anisotropy of characteristic X-radiation and Auger electrons 
during the resonance coherent excitation of relativistic ions under planar channeling

V.V.Balashov, A.A.Sokolik, A.V.Stysin -- JETP 107 (2008) 133.

Characteristic X-ray radiation and Auger electrons from resonant coherently 
excited highly charged ions under channeling

V.V.Balashov, A.A.Sokolik, A.V.Stysin -- NIM B 267 (2009) 903.

Kinetics of double resonant coherent excitation of relativistic multicharged ions 
in crystals beyond the channeling conditions

V.V.Balashov, A.A.Sokolik, A.V.Stysin -- JETP 108 (2009) 1010.

Angular anisotropy of the RCE X-rays under planar channeling as manifestation 
of geometrical properties of the in-crystal electric field

V.V.Balashov, A.A.Sokolik, A.V.Stysin -- NIM B 267 (2009) 1772.

Polarization of photons emitted in the process of resonant coherent excitation 
of relativistic ions under planar channeling

V.V.Balashov, V.K.Dolinov, A.A.Sokoli -- JETP Letters 89 (2009) 399.

Density matrix description of resonant coherent excitations of swift highly charged 
ions in oriented crystals

V.V.Balashov, I.V.Bodrenko, V.K.Dolinov, A.A.Sokolik, A.V.Stysin –
J.Phys.Conf.Ser. 163 (2009) 012087.

Polarization and correlation aspects of resonant coherent excitation of fast highly charged 
ions in  crystals 

V V Balashov -- J. Phys.: Conf. Ser. 212 (2010) 012028



for relativistic ions 
wake potential is
very small 

Fast highly charged ion in matter – an open quantum system



- from density matrices for individual trajectories
to the averaged density matrix  for the whole 
ensemble of ions participating in the RCE process
and to the survival fraction S

From the generalized Master equation to RCE observables

The density matrix approach has shown its universality in treating the RCE process in 
different conditions of its observation and when performing theoretical analysis  of  various 
RCE measurements by covering, on the same theoretical ground, a wide scope of RCE 
observables.
This feature manifests itself especially clearly when applied to treat “two-color” excitations
when two harmonics of the electric field of the crystal act on the electron cloud of the moving 
ion like two lasers of corresponding frequencies.



Okorokov effect in two-colour (double resonant)
excitation of ionic autoionizing states

Ar16+ (387.9 MeV/u) Si (220)

Ar17+ + e



Auger electrons from double RCE
Ar16+ (387.90 MeV/u) Si (220)



RCE without channeling

out of the plane !



Autoionization in double RCE without channeling 

Exp,: Tokyo
Theory: Moscow,
also strongly anisotropic angular distribution of 
the Auger electrons predicted



Autler-Townes effect in resonant coherent 
excitation of relativistic highly charged ions
in crystals



Probe 770 nm laser
power ~ 10-4 W

Pump 766 nm laser 
power ~ 0.5 W

Pump detuning   
= 3 GHz
= 0

Autler-Townes 
splitting ~ 8 GHz 

Observation of the A-T doublet in current P&P measurements with lasers (an example)



Autler-Townes doublet at resonant coherent excitation (RCE) of relativistic ions in crystals
without channeling

Ar 16+, 416 MeV/u
t (Si) ~ 1 μm

Tuning in coupling и probing resonances – by target rotation



Both coupling and probing electric fields in the ion rest frame are strong:

e.g.: E(0,0,-2) (1s2s:!S -- 1s2p:!P) ~ 3.5·109 V/cm

That corresponds to radiation energy flux of 15 eV - VUV laser of about 5·1015 –1.5·1016 W/cm2. We 
calculated that a  little lower energy flux of  about 1.5·1015  W/cm2 corresponds to 3140 eV – X-ray 
harmonic (0,1,2) of the probing field.

According to Technical Design Report of the European XFEL (pp. 264-274) ), the latter rate is near the 
lowest level of intensity of the flux for such suggested experiments on linear and non-linear processes as:

6.4.1. Small Quantum Systems

1. Inner shall ionization in atomic ions,
2. X-ray photons scattered at trapped ion crystals
3. Molecular dynamics following X-ray photoionization
4. Cluster experiments
5. Multiphoton studies in the X-ray spectral region
6. Dynamics of aligned small molecules and molecular wave packet dynamics
7. Time-resolved photo-fragmentation of small molecules



Autler-Townes doublet at resonant coherent excitation (RCE) of relativistic ions in crystals
without channeling

Ar 16+, 416 MeV/u
t (Si) ~ 1 μm

Tuning in coupling и probing resonances – by target rotation



Survival fraction measurements

“Dressed atoms in flight through a periodic crystal
field” –Y.Nakai, Y.Nakano, T.Azuma et al. -
Phys.Rev.Lett. 101, 113201 (2008)

“Kinetics of double resonant coherent excitation of
relativistic multicharged ions in crystals beyond
channeling conditions” –
V.V.Balashov, A.A.Sokolik, A.V.Stysin -
JETP 108 (2009) 1010

Red lines –calculation 
with 5x5 density matrix in basis
1s2:1S0; 1s2s:1S0; 1s2p:1P1(M=0;±1).

No fitting parameters.



Ω0 as a fitting parameter in the 
Autler-Townes formula =

= 3.72 eV;
Ω0 as calculated matrix element 

< 1s2p:1P1|V0,0,2|1s2s:1S0 >
of the field 

= 3.55 eV



X-ray distribution

Arbitrary normalization
for experimental data
and results of the 
calculations
Drastic change in both experiment and calculation [JETP
108 (2009) 1010] in profile of the Autler-Townes doublet 
for X-ray photons detected in the (2,-2,0) plane direction 
[horizontal] and perpendicular to this plane [vertical]  -
-clear demonstration of the potential of the Autler-Townes 
scheme in X-ray measurements to control polarization 
characteristics of double excitation of highly charged ions.  

Here - indication to “fine structure” magnetic quantum 
number splitting of the Autler-Townes dublet
1s2s:!S0 -- 1s2p:!PM=0;±1.

Autler-Townes doublet in characteristic
X-ray radiation

at double resonant coherent excitation



Conclusion

The insightful prediction on resonant coherent excitation of fast ions in crystals made 45 years ago by Okorokov 
opened a way to wide experimental and theoretical investigations of this nice phenomenon. Basic parameters of 
currently  studied  RCE processes with relativistic highly charged ions (produced photon energy, radiation 
energy flax in the ion rest frame) look close to those usually related to  XFELs. Also, one cannot ignore a unique 
feature of RCE as a tunable source of polarized X-ray radiation. True, RCE  will never compete with lasers in
whole. Bur wide experience gained in experimental and theoretical RCE studies, especially concerning 
polarization aspects of dynamics of various multi-photon processes in keV energy region, will be a good support 
among others for future XFEL experiments.
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