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1. Introduction. It is well-known that the characteristic radiation photon
produced in an atom A inside the crystal by any particle, in particular, by a projectile ion I q+ (q-is the number of the pulled out electrons), can undergo Bragg
diffraction, and produce Kossel paterns [1-4]. This effect has been predicted in [1]
qualitatively and observed after 11 years (see [2-4]). On the other hand, when a
projectile ion passes through the crystallographic planes under certain condition it
can take place resonance coherent excitation (RCE) or Okorokov effect predicted
qualitatively in [5] and observed later in [6,7]. Let us note that in theoretical and
experimental works on coherent bremsstrahlung (CB) [8] and of parametric X-ray
radiation (PXR) [9] no energy levels are taken into account. In the works devoted to
Kossel and Okorokov effects, it is taken into account only the possible energy levels of the crystal atoms, ~!lm and of the projectile ions ~!ik , respectively. Especial
methods have been developed for detection of both effects [4,7].
However there are some other processes studied for amorphous targets (see,
[10]), during which also it takes place the excitation of A or I q+ . If these known
processes of excitation take place in crystals further they will be called as ”Kossel
type” and ”Okorokov type” processes. Naturally, they can be detected by the same
methods developed for Kossel and Okorokov effects.
In section 2 of this work it will be described these known processes. Then
in section 3 it will be shown that in the case of crystalline targets there are some
other new processes which also can be observed by the above mentioned methods.
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2. Known Kossel and Okorokov type processes. 2a. Processes without electron and photon production have the form
I q+ + A ! I q+ + ( A)
I q+ + A ! ( I q+ )

¤¤

¤¤

;

(1 )

+ A:

(2 )

The excited atom ( A) ¤¤ or ion ( I q+ ) ¤¤ further return to their main state emitting an
Auger electron or a characteristic radiation (ChR) photon
( A) ¤¤ ! A1+ + eAuger
or ( A) ¤¤ ! A + ( ~!) ChR
( I q+ ) ¤¤ ! I (q+1)+ + eAuger or ( I q+ ) ¤¤ ! I q+ + ( ~!) ChR :

(3 )

The well-known process of particle induced X-ray emission, PIXE, [11] which found
wide application in material analysis, archeology, gamma astronomy, etc, is based
on the process (1). Less attention has been paid to the projectile ”pure” (without
electron exchange) excitation process (2). Recently it has been shown [12] that the
cross section of the reaction of the type (2), namely, U 90+ + A ! A + ( U 90+ ) ¤¤, where
A is Kr, Xe or Au atom, at 20 GeV/u, is equal to ¾ » ( 1 ¡ 8 ) 1 0 ¡21 cm2.
2b. Resonant transfer of energy (RTE) processes are of the type
( Don)

¤¤

+ Acc ! Don + ( Acc)

¤¤

;

(4 )

where the object (molecule, atom etc) donor, Don, gives its excitation to the acceptor, Acc. I q+ or A can be Don or Acc in (4), and the excited ( Don) ¤¤ or ( Acc) ¤¤
return to their main state according to (3). In the work [13] a general expression
is derived for the matrix element for RTE, and it is shown that when Don and Acc
are almost in rest for some values of distance R between Don and Acc the rate of
RTE is proportional to R¡6 according to Forster’s prediction [14]. The process (4)
occurs in biological systems, in gas lasers, etc. Unfortunately, up to now no theoretical and experimental studies of RTE when Acc and/or Don move with velocities
greater than thermal ones have been carried out. Nevertheless, one can expect
that in the case of Don moving with higher or even with relativistic velocities the
cross sections for RTE may be large, because shorter R can occur.
2c. K - and L-shell ionization processes with emission of electron are described
by
+

¡
I q+ + A ! I q + A1+
K;L + e ;
(q+ 1)

I q+ + A ! IK;L + A + e¡ ;

(5 )
(6 )

q+ ion
After a short time, » 1 0 ¡14 s, the vacant levels of ( A) 1+
) K;L are fulfilled,
K;L and ( I
and with a probability proportional to the fluorescence coefficient a characteristic
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radiation photon is emitted. Recently the cross section of the process, U 90+ + A !
A + ( U 91+ ) ¤¤ + e¡ , where A is Kr, Xe and Au atom, has been calculated in [12] at 20
GeV/u with result ¾ » ( 0 :1 ¡ 1 ) 1 0 ¡21 cm2 for measurements at GSI.
2d. Non-radiative and radiative electron capture (NEC and REC) have the
form
I q+ + A ! I (q¡1)+ + A1+ ;

(7 )

I q+ + A ! I (q¡1)+ + A1+ + ~!;

(8 )

during which the flying ion captures an electron from the target atom, A, without
(NEC) or with (REC) photon radiation [10]. NEC and REC are important processes
which will be studied at high ion energies, and at a few hundred MeV the total
cross section of REC becomes larger than that for NEC [10].
2e. Resonance transfer of electron and excitation (RTEE)
I q+ + A ! ( I (q¡1)+ )

¤¤

+ A1+

(9 )

occurs at a few hundreds MeV when the velocity of I q+ equals to that of one of
Auger electrons (see the review [15]).
3. New Kossel and Okorokov type processes. Just as in the case of the
Kossel and Okorokov effects, all the above discussed Kossel and Okorokov type
processes with photon emission can take place also when an ion I q+ passes through
crystallographic planes under an incidence angle µinc with respect to them and be
detected with the help of characteristic radiation photons. Below it will be shown
that taking into account more accurately ~!lm and ~!ik some new type of resonance
excitation and radiation processes can take place.
3a. Projectile Ion Excitation due to NEC, REC and RTEE. Now let us take
into account only the levels hºik of I q+ .
In crystals the projectile ion can be excited not only due to RCE, but also due
NEC and REC, (7) and (8), respectively, when the RCE condition is not fulfilled.
Eventually the excited ion can be undergone resonance de-excitation, and a photon
detected. Unfortunately, there are only a few experimental works devoted to REC
of ions channeled in crystals at low energies [16], using 17-40 MeV oxygen ions
in Si, and [17], using 10-20 MeV/u U 91+ , Pb81+ in Si, as well as a theoretical study
[18]. There are plans to study them at high energies, of the order of tens GeV/u,
for instance, at GSI [19].
The theoretical cross sections for RTEE at resonant energies, »(50-300) MeV,
are in satisfactory agreement with the experimental results » ( 1 0 ¡21 ¡ 1 0 ¡20) cm2
(see [15]), measured, mainly in H2 and He gas targets. The experimental study of
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the processes 3a) in crystals when there is no channeling is realistic, since the cross
sections are large.
3b. Resonant Excitation of the Channeled Ions (RECI). Now let us again take
into account hºik and assume that the projectile ions are channeled between the
crystallographic planes with distance between each other d. As it is well known in
contrast to channeling of light particles, e or e+ , the channeling of ions, I q+ is a
classical phenomenum: I q+ make oscillations with frequency, which in the case of
harmonic potential U( x) = U0( 2 x=d) 2 is equal to [20]
r
V
2 U0
f=
;
(1 0 )
¼d
E
where U0 is the depth of the crystal potential. Just as in the case of RCE, one can
expect that RECI will occur if this frequency in the mean rest frame of the ion is
qual to hºik , i.e. the resonance condition of RECI is
r
2 ~c¯° 2 U0
hºik =
:
(1 1 )
d
E
For non-relativistic ions TK = MV 2=2 ¿ E ¼ Nnucl Mnucl c2 = Nnucl 1 0 9eV where Nnucl
is the number of nucleons (11) gives
s
4 ~c 1
TK U0
:
(1 2 )
hºik =
d Nnucl ( Mnucl c2 ) 2
Numerically taking d ¼ 2 Ao , TK ¼ 4 0 0 MeV and Nnucl ¼ 1 0 , one obtains
hºik ¼ 1 :2 keV. Therefore, the RECI experiments are possible.
RECI is an Okorokov type effect, and due to resonance or non-resonance deexcitation of the excited ions it will be produced a Doppler shifted RECI photon,
which can be detected as the photons of RCE. Let us underline that the resonance
condition of RECI, (11) or (12), differs essentially from that of RCE. RECI is similar to
the resonance processes due to influence of external fields on channeling radiation
[9, 21, 22] which occur under quite other resonance conditions.
3c. Resonant excitation of the crystal atoms (RECA) by Microbunched Electron Beams.
Now let us take into account only hºlm . Let an electron beam
microbunched with frequency fM B , such as are available at the end of the 100
m long undulators of X-ray SASE FELs [23], passes through the crystallographic
planes. If the microbunching frequency fM B is equal to hºlm
fM B =

c
¸M B

=

2 °e2c
= ºlm ;
dund

(1 3 )

then the RETA occurs. In (13) °e is the electron relativistic factor of the microbunched beam, ¸M B and dund are the microbunching wavelength and undulator
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period. Due to resonance or non-resonance de-excitation of the atoms, characteristic radiation photons will be emitted, which one can detect as PIXE or Kossel
effect in the presence of other types of radiation. One can use RECA in order to
study the parameters of microbunching. RECA will take place also when a single
two level ion is in the field of microbunched electron beam. The radiation process
is similar to that when the ion is trapped in a resonance cavity and emits according
to the QED theory described by the Jaynes-Cummings model [24]. If it takes place
a head-on collision of the moving ion with microbunched beam then the resonance
condition (13) must be multiplied by the ion’s relativistic factor, 2 °ion .
3d. Resonance Transfer of Energy (RTE) from Projectile Ion to Crystal Atoms
and vice versa. Now let us consider the process RTE taking into account both the
energy levels hºik and hºlm when there is no ion channeling. As donors can serve
I q+ moving with velocity V i) excited due to RCE in a crystal placed upward the
RTE target. ii) radio-active ions (RI) from the facilities of RI beams. iii) Another
method of obtaining preliminary excited relativistic ions has been proposed in [25,
26]. Before hitting the target the ions undergo head-on collisions with laser beam
with photon energy ~!L satisfying the resonance condition ~!ik = 2 °~!L .
As it has been mentioned above RTE experimentally and theoretically has
been studied only at very low energies [27]. Just as in [1, 5] in these short notes
we shall consider only some kinematical problems without developing dynamical
theory of RTE at higher energies. As in [8] one can show that RTE is a coherent
process and has a longitudinal coherence length Lcoh = 2 ¼°¯c=!lm . This means that
just as in the case of CB [8] at ° À 1 , Lcoh can exceed the distance between the
crystallographic planes, and the cross section of the RTE is enhanced. In this case
one must observe the ChR photons of crystal atoms in a Kossel type experiment
due RTE in crystals.
In principle there may be also other coherent processes, say, the interaction
of microbunched beams in crystal when the photons produced on various planes
are coherent and can interfere. Using the Hyughens principle, one obtains the
following asymmetric Bragg like formula
µ
¶
d
1
n¸ =
¡ c o s ( µinc + µ) ;
(1 4 )
s in µinc ¯
where ¸ is the wavelength and µ is the angle of the emitted photons with respect to
the crystallographic planes. In general, as it follows from (14), µ 6= µinc . For µ = µinc
and ¯ = 1 , i.e. when the primary particle is ultra-relativistic or photon, one obtains
Bragg formula n¸ = 2 d s in µinc . One should not mix this new type of radiation with
PXR which is produced by charged particles under angles » 1 =° with respect to
the Bragg diffraction angle because the pseudophotons, accompanying the ion,
propagate under angles » 1 =° with respect to the particle direction. In the same
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way one can consider the RTE in the case when instead of ions the crystal atoms
in rest are preliminary excited following the methods for the coherent radiation
produced in excited matter [28].
4. Conclusion. Thus, with the help of ions passing through crystals and microbunced electron beams it is possible to look for the above new effects. Of course,
as in the cases of Kossel and Okorokov effects besides the presented kinematical
considerations it is necessary to develop theory of the processes. Designing the experiments it is necessary to take into account that the energy spread ¢ T =T = ¢ °=°
of the projectiles results in decrease of the effective cross sections.
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Ì. À. Àãèíÿí, Ê. À. Èñïèðÿí, Ì. Ê. Èñïèðÿí
Ïðîöåññû òèïà ýôôåêòîâ Êîññåëÿ è Îêîðîêîâà, âûçûâàåìûå èîíàìè â
êðèñòàëëè÷åñêèõ ìèøåíÿõ
Ïîêàçàíî, ÷òî ñ ó÷åòîì ýíåðãåòè÷åñêèõ óðîâíåé èîíîâ è/èëè àòîìîâ êðèñòàëëà
ïðè óäîâëåòâîðåíèè íåêîòîðûõ äîïîëíèòåëüíûõ ðåçîíàíñíûõ óñëîâèé ìîãóò èìåòü
ìåñòî íîâûå ïðîöåññû, ïðèâîäÿùèå ê ÿâëåíèÿì, ïîõîæèì íà ýôôåêòû Êîññåëÿ è
Îêîðîêîâà.

Ø. ². ²ÕÇÝÛ³Ý. Î. ². ÆëåÇñÛ³Ý, Ø. Î. ÆëåÇñÛ³Ý
ÆáÝÝ»ñÇó ³é³ç³óí³Í Îáë»ÉÇ »õ úÏáñáÏáíÇ ¿ý»ÏïÝ»ñÇ ïÇåÇ åñáó»ëÝ»ñ‘
µÛáõñ»Õ³ÛÇÝ ÃÇñ³ËÝ»ñáõÙ
òáõÛó ¿ ïñí³Í, áñ »ñµ µ³í³ñ³ñí³Í »Ý áñáß³ÏÇ å³ÛÙ³ÝÝ»ñ, ³å³ Ñ³ßíÇ ³éÝ»Éáí
ÇáÝÝ»ñÇ »õ (Ï³Ù) µÛáõñ»ÕÇ ³ïáÙÝ»ñÇ ¿Ý»ñ·»ïÇÏ Ù³Ï³ñ¹³ÏÝ»ñÁ, Ï³ñáÕ »Ý ï»ÕÇ áõÝ»Ý³É Ýáñ
»ñ»õáõÛÃÝ»ñ, áñáÝù Ïµ»ñ»Ý Îáë»ÉÇ »õ úÏáñáÏáíÇ ¿ý»ÏïÝ»ñÇ ÝÙ³Ý Ñ»ï»õ³ÝùÝ»ñÇ:
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