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2D code was designed for the simulation and simulation algorithms and methods are discussed in this report. The
planar channeling is studying. Results of electron dynamics and radiation simulations are presented. The designed
algorithm can be also used to separate channeled and dechanneled particles. The dependence of the oscillation peri-

od versus electron oscillation amplitudes is simulated. It allows defining of the radiation spectrum. The fundamental
and high order harmonics radiation probability is discussed. The probability of radiation spectrums is presented.
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INTRODUCTION

The method of obtaining of the narrow-band X-rays
lies in utilizing the principle of so called channeling
radiation from crystals [1 - 3].

Channeling radiation is emitted by relativistic elec-
trons passing through single crystals along a direction of
high symmetry. The radiation is forward directed into a
narrow cone with an angle of emission @~y™.

There are two different types of channeling depend-
ent on the electron track — axial channeling and planar
channeling [4]. In the first case electron captured in the
channel is moving along the crystal axis and experience
the influence of the axially-symmetrical averaged cou-
lomb field of the crystal axis. In the planar channeling
the particle is forced by the fields of the atoms situated
on the crystalline plane.

The mechanism of channeling radiation can be de-
scribed in two principal ways: classical physics model
and quantum mechanics.

1. MAIN RELATIONS AND ANALYTICAL
STUDY

Electrical field formed between the crystallographic
planes forming the channel can be characterized with an
averaged potential U(x) where x is transversal offset
from the channel central plane. As a rule U(x) is
smooth, even and periodical function with period of 2d:
U(=x)=U(x), U(x+2dk)=U(x), where 2d is the
channel width, k — integer number. Potential value on
the border of the channel can be labeled as
U(|x|=d)=U,. Potential describing the electron chan-

neling phenomenon is often called “reversed parabola”
[3]. With fine accuracy it can be expressed as follows:

N X n
Uux)=U,>» a,|=| [x<d, 1
(x) Z [dj X (1)
where U, — potential of the field in crystal, 2d is the

distance between the crystal planes.

The schematic view of such potential is shown in
Fig.1 for diamond crystal with U,=23.6V and
d=0.67 A.
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Fig. 1. Schematic view of crystal potential [4]

In this field the particle with charge e, energy ¢ and
rest mass of m perform small transversal harmonic os-
cillations relative to channel central plane. If the magni-
tude of oscillations is much less then channel width

(x, <<d) and the period of the oscillations can be ex-

pressed as:
20,, 0,=2 [ 2)
d £

here y=e/mc®=(1-p) ™2 is reduced particle energy, p=vic,
v — particle velocity. It is obvious that the frequency of
transversal oscillations is reduced with energy gain as
-1/2
~y 7 [45]
Let us mention that the frequency of large transver-
sal oscillations x ~d depends on their amplitude.

Therewith in particle motion Fourier harmonic expan-
sion appears higher harmonics of the fundamental fre-
quency and the particles motion becomes anharmonic.
This fact is significant for investigation of the radiation
spectral characteristics

Radiation frequency of k-harmonic propagating with
angle & to the central plane of the channel in dipole
approximation for ultra-relativistic motion (y >>1) can

be written as:

Q =

_2kQy?
1+ 6%
Radiation frequency achieves its maximum at the ze-
roangle: o, = 2kQy’.
Based on mentioned equations maximum energy for

9 MeV electron channeling relative to (110) plane of the
diamond crystal estimation value of the radiated X-ray

(0<<1, y>>1). (3)

(2%
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photons can be obtained. For this case maximum value
appears to be ho=>5.90 keV that qualitatively matches
with experimental results [3].
Power of radiation losses of electron due to channel-
ing radiation is defined by the equation:
4 2 2
_ 2e" < E2 >y @)
3m°c
here < E? > is the mean square of electrical field along
the particle trajectory.
In the general the spectral and angle distribution of
the irradiated energy can be defined as the sum [5, 6]:

d?e e &|a(®6,0)| sin?(nKo
:_Z| K | k) (5)
dwd6 c Q? ol
2n/Q
Here the

vector a, =— J.a(t)e”‘Qt dt,
2n

a(t) = [n[n - B]Bkl— np)? exp[_i?w(nxx +n,y+ nZSZ)} ,

6, (®,0) = Q7w -n,B,)-kQ], n, =sin0coso,
n, =sin6sine, n, =cos0, 0 is the angle of normal n
and longitudinal axis z, ¢ is the angle of projection of n
to (x, y) plane, vector a, (,6,¢) defines radiation char-

acteristics versus electron oscillations form and ampli-
tude.

In the dipole case for the ultra relativistic electron
we can to simplify the equation for spectral and angle
distribution and the irradiation spectrum can be defined

. 2n/Q

from (5) as: a, :[n[n-—B]sz], LS JBe”‘Q‘ dt,
(1-np) 2n 3

o, = QY w-kQ] and we can to write equation of the

radiation energy spectrum

de 8e2y*

d_g ey

\B ‘2 sin? (nK (ug — k))%(l_ng 2 jdu,
k=E(e+1) (ug—k)? u uu
here &= w/2Qy°.

For the very large number of structure periods as it
is observed in crystal Eq. (6) can be rewritten as:

de _8re’Ky' &y 2 & 2 262
dg cQ k;‘lﬁk‘ k? ( K Jdu 0

The general view of electron phase trajectories in
ideal crystal with a harmonic potential are shown in
Fig. 2 [2].

Fig. 2. Analytically predicted electron phase space
trajectories in crystal with a harmonic potential [1]
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2. CODE FOR NUMARICAL SIMULATION

The numerical simulation of electron oscillations in
a crystal was performed for planar channeling. The
equations of electron motion in a crystal in 2D Cauchy
form are:

dy _
dt
dz
=V,,

dt

dv, __eau (%)
dt OX
dx

—=\V..

dt *
Here y=W/W, — Lorenz-factor. The crystal potential is
presented in the generalized form Eq. 1, coefficients a,
define the form of the crystal potential and are known
from numerous experimental data for a wide number of
the most useful crystals. It is proposed in the model that
the electron energy loss by radiation is much smaller
than beam energy and may be neglected.

New code for electron motion simulation in a crystal
was created using the BEAMDULAC code [7 - 9]. The
BEAMDULAC beam dynamics simulation code in-
cludes a basic core and a number of modules. It was
under development in DINUS research Laboratory at
MEPhI for the many years. The code has the modular
structure and numbers of routines to different task solve:
initial particles distribution (uniformly, Gauss, wa-
terbag), motion equation integration (4" order Runge-
Kutta method), beam emittance calculation, post pro-
cessing and etc. The code package has versions for own
space charge effects treatment both Coulomb part and
RF part (beam irradiation and beam loading).

The number of BEAMDULAC code modules (injec-
tion, integration, emittance calculation, post-processing)
were used to solve the channeling of electrons in crystal
problem.

Some modifications were made in the code to ana-
lyze results of the beam dynamics simulation of elec-
trons in crystal. First we should define the oscillation
period. It can be calculated as the distances between of

two zeros of trajectories |X—< x>|. Second the phase

(8)

trajectories (f3,) of each particle were expanded to the

Fourier series. The oscillations period of electron should
be defined for it and Fast Fourier Transform (FFT) algo-
rithm applying to define the oscillation harmonics. Fol-
lowing the averaged electron’s energy loses to radiation
are simulated as [5]:

r-Olcr'Y2
0
where < E,, > is the averaged field acting to the elec-
tron, Iy is the crystal length, Wo=mc?,
ro=e¥4neom?c*=1.82:10"° m. The number of photons
radiated by each electron can be calculated and the total

number of generated photons can be defined to the each
frequency.

<OW,yy >= <E, >°, 9)
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3. EXAMPLES OF SIMULATION

The test simulation was made for diamond crystal
having crystal potential Uy=23.6 V and coefficients
a;=4.0, a;= -8.0, d=0.67 A. The crystal length was cho-
sen as 55 pm because of the multiple electrons scattering
will influence sufficiently to results for thicker crystals.
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Fig. 3. Trajectories of channeled electrons in (z, x)
plane (a) and phase trajectories in (5, r)
phase plane (b) are shown

The results of simulation are presented in Fig. 3. The
trajectories in (z, r) plane (a) and phase trajectories in
(B, 1) phase plane (b) are shown. The beam energy is
21 MeV, waterbag initial distribution was used for sim-
ulation. Trajectories in Fig. 3,a are detailed because of
the number of oscillations is a thousands for 55 pm
length crystal. The values of length and transverse coor-
dinate are normalized: p=v/c, p=x/d. The phase motion
stability region and the separatrix are clear seen. Note
that the electrons phase trajectories in the crystal are
similar to the analytically predicted (see Fig. 2 and [1]).
Both the fundamental and the third spectrum harmonics
can be seen from the figure.

The maximal angle of electron’s trajectory and crys-
tal plane 0, can be easily defined with initial distribu-
tion conditions. An electron can be dechanneled in case
when this angle will be bigger than critical angle 8. As
the first example the maximal injection angle is restrict-
ed by 6, 2.5:10° and the part of dechanneled electrons
is about 7%.The dechanneling is more intensive in case
when injection angle increased up to 7.5:10°%. The part
of dechanneled particles grows up to 30% this case (Fig.
4). Trajectories of unchanneled electrons can be easily
seen in Fig. 4,a and they have the large angles with
crystal planes and unstable phase trajectories in (B, I)
phase plane are placed top and bottom of separatix. A
dechanneled particle cross a number of channels. The
oscillation period of such particles is much smaller than
of channeled one. The multiple scattering of electrons

1 L L L L
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moving in crystal close to the separatrix can brought to
the particle dechanneling.

Fig. 4. Channeling of electrons in case of large value
of injection angle 0, dechanneled particles can be seen
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Fig. 5. Typical energy distribution of radiated photons

The total energy distribution of radiated photons ng,
is shown in Fig. 5. The distribution is calculated with
W=21 MeV, injection angle is equal to 2.5-10°, number
of electrons in the bunch is equal to n,=6-10"" with cor-
responds to 1 mA of pulse beam current and 10 ps pulse
length. Such bunch parameters are typical for electron
linacs. The dechanneled particles are excludes from
spectrum calculation after particles dynamics simulation
by the simple algorithm. Following the probability of
one electron radiation is calculating using known oscil-
lation frequencies distribution and Eq. (4). At last the
probability density distribution is multiplies on the par-
ticles number in the bunch.

The simulation shows that the frequency density dis-
tribution maximums are shifted right with electrons en-
ergy increase which corresponds to the theory.

If we can to define the phase trajectories of chan-
neled electrons the period of oscillations can be calcu-
lated for all particles. The connection of electrons oscil-
lation period T and amplitude Xpax in crystal is shown in
Fig. 6.
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Fig. 6. Dependence of electrons oscillation period (T/d)
of oscillation amplitude (Xmax/d)

CONCLUSIONS

The oscillations of electrons in crystal are discussed
in the effective potential approach. The general analyti-
cal description was presented and main predictions are
made. Following the especially designed code to simu-
late electrons dynamics in crystal was discussed. Results
of simulation are presented and they are very close to
analytically proposed.

Let us discuss one possible channeling radiation ap-
plication. Nowadays angiography has become one of the
most commonly used medical procedures. However the
X-ray tubes are mostly used in angiography imaging
systems. The problem that encounters in using X-ray
tubes is low monochromaticity due to bremsstrahlung
while angiography imaging requires quasimono-
chromatic energy spectrum for better image quality and
lower dose rate obtained by the patient. There are sever-
al methods of eliminating undesirable spectrum parts of
the radiation: synchrotron or undulator radiation, Comp-

ton scattering, K-capture and radiations in aligned crys-
tals (such as channeling radiation, coherent bremsstrah-
lung, parametric X-ray radiation, etc.).

The new angiography facility was proposed in [10].
The channeling radiation and polycapillary optics to
prevent the irradiation of the patient by bremsstrahlung
from crystal is proposed to utilize in such new facility.
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E.G. Bessonov:

YUCJIEHHOE MOJAEJIUPOBAHUE JTUHAMUWKHU U N3JIYYEHUS DJIEKTPOHHOI'O ITYYKA
TP KAHAJINPOBAHNU B KPUCTAJIJIE

10.A. Bawumaxos, C.M. Ilonozoes

OnuceIBaroTCs AJITOPUTMBI U YUCJIICHHBIC MCTObI, UCITIOJIb30BAHHLIC TIPH pa3pa60TKe mporpaMmsbl Ut AByMEp-
HOI'0O YUCJICHHOI'O MOJCIIMPOBAHUS. PaCCMa’I‘pI/IBaGTCSI Cﬂy‘laﬁ TJIOCKOCTHOI'O KaHAJIMPOBAHWA U IPUBCACHBI PE3YJib-
TaTbl MOACIIMPOBAHUA TUHAMHUKHA 3JICKTPOHOB B KPUCTAJUIC U COIPOBOKAAIOMICTO U3JTYUCHUS. BI)I,HGJ'IHIOTCH qacTtu-
Ibl, 3aXBa4YCHHBIC B KaHAJ, U YaCTUILIbI, COBCPIIAIOIINC Ha,u6apbepHoe JABWOKCHUC. OHpe,HeJIHCTCH 3aBUCHUMOCTH IIC-
puoaa Koje0aHui OT HayvalbHBIX YCJIOBI/Iﬁ. JTa 3aBUCHMOCTH CYHICCTBCHHA JId OIPCACICHUA CIICKTPAJIbHBIX
CBOMCTB H3JTY4YCHUS. PaCCMOTpGHa BO3MOXHOCTb I'CHCpAllun OCHOBHOH M BBICIIHNX TapMOHHK U3JTyYCHUS. HpI/IBO-
JATCA CIICKTPbI BEPOATHOCTU U3JTYUCHUS.

YUCEJBHE MOJAEJIOBAHHA TUHAMIKH I BUITPOMIHIOBAHHSA EJIEKTPOHHOI'O ITYYKA
TP KAHAJTYBAHHI B KPUCTAJIIL

10.A. Bawumaxos, C.M. Ilono3zos

OnucyIoThCsl aNTOPUTMH 1 YNCETIbHI METOJIH, 110 OYJIM BUKOPUCTaHI MpU po3podii mporpamMu It ABOMipHOTO
MOJICTIOBaHH. PO3rIIsinaeThesl BUITAI0K IUTONIMHHOTO KaHATYBaHHS 1 HABEJCH] pPe3yIIbTaTH MOJICTIIOBAHHS TMHAMIKH
€JICKTPOHIB Y KPUCTaII 1 CYNPOBiTHOTO BUIIPOMIiHIOBAaHHS. BUIISIOTHCS YaCTUHKHY, 3aXOIUICH] B KaHAI, 1 YACTUHKH,
o poOnATh HaxOap’ epHUM pyXx. BU3HawaeThesl 3aI€XKHICTD Iepiofy KONHMBAHb BiJ MOYATKOBUX YMOB. Lls 3amex-
HICTB ICTOTHA ]ISl BU3HAUCHHS CIIEKTPAJIIHUX BIIACTHBOCTEH BHIIPOMiHIOBaHHS. PO3IIISTHYTO MOMKIJIMBICTH reHeparii
OCHOBHOI 1 BUIIIUX TAPMOHIK BUIIPOMiHIOBaHHS. [IpUBOAATHCS CIIEKTpH HMOBIPHOCTI BUIIPOMiHIOBaHHSI.
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