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Oriented crystal based light sources

MBN

Selected examples of the novel Crystal based Light Sources (CLSs). Black circles and lines
mark atoms of crystallographic planes, wavy curves show trajectories of the channeling
particles, shadowed areas refer to radiation.
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Figure from A.V. Korol, and A.V. Solov’yov, Eur. Phys. J. D (2020) 74: 201

Particle Acceleration and Detection

Andrei Korol
Andrey V. Solov'yov

Novel Lights
Sources

Beyond Free
Electron Lasers
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Springer Series an Atomic, Optical, and Plasma Physics

A.V. Korol, A.V.Solov'yov, Novel Lights Sources Beyond Free

Electron Lasers, Particle Acceleration and Detection series, ﬁggiw ?g{g\',.yw
Springer Nature Switzerland, Cham (2022) Walter Greiner

A.V. Korol and A.V. Solov'yov, Crystal-based intensive gamma-ray .

light sources (Topical Review), Eur. Phys. J. D, vol. 74, 201 (2020) Channeling
A.V. Korol, G.B. Sushko, and A.V. Solov'yov, All-atom relativistic and Radiation
molecular dynamics simulations of channeling and radiation in P eri 0 dl 3 “
processes in oriented crystals (Topical Review), Eur. Phys. J. D, y
vol. 75, 107 (2021) Bent Crystals

A.V. Korol, A.V. Solov'yov, Greiner, Channeling and Radiation in
Periodically Bent Crystals, Second Edition, Springer—Verlag, Berlin,
Heidelberg (2014)
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Crystalline undulator:
A,~10 ym, hw~0.1 ...10 MeV

Magnetic undulator:
A,~1cm, hw~10 keV

Fig. 1.3 Left: Magnetic undulator for the X-ray laser XFEL [179]. The picture is taken from [180].
Right top: laser-ablated diamond crystal. The crystal size is 4 x 2 x 0.3 mm?>. The undulator period
is A, = 50 um. The picture is taken from [74]. Right bottom: a Si;_,Ge, superlattice crystalline
undulator with four periods. Periodically varied Ge content (from x = 0 to xjax = 0.5%) gives rise
to the undulator period A; = 50 um. The picture is courtesy of J.L. Hansen. A. Nylandsted and
U. Uggerhg) (University of Aarhus).

13.10.2023 MBN Research Center (www.mbnresearch.com)



MBN

Research Center

CU-LSs versus FEL and SR

Brilliance of a photon source relates the number of photons of a given energy emitted
per unit time interval, unit source area, unit solid angle and per bandwidth:
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Figure 5. Peak brilliance of superradiant CUR (thick solid curves) and spontaneous
CUR (dashed lines) from diamond(110) CUs calculated for the SuperKEKB, SuperB,
FACET-II and CEPC positron beams versus modern synchrotrons, undulators and
XFELs.

A.V Korol, A.V Solov'yov, Eur. Phys. J. D (2020) 74: 201
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particle

1
Lorentz factor: ’}"':\/1_,”9/02 /\ (0, k)

O

The photon emission occurs within the (narrow) cone 6~y-’ along the instant velocity.

Figure from A. Korol, A. Solov‘yov, W. Greiner, Chan. and Rad. In Periodically Bent Crystals, Springer-Verlag
Berlin, Heidelberg (2013)

October 13, 2023 MBN Research Center (www.mbnresearch.com)
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Radiative spectra
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Spectral-angular distribution

6, — defined by the aperture for an individual trajectory

Quasiclassical formalism:

dgE q2w2 - - ) b(tq)—b 9 Vl . VQ ?_12
—ﬁdu,!d!?:& Q2 /dflfdfget{ )=t ) ( (1‘}_@ )( -2 _1)‘{"_}—2

Accounts for the radiative
recoil (a quantum effect)

V.N. Baier, V.M. Katkov, V.M. Strakhovenko, Electromagnetic Processes at High Energies in Oriented
Single Crystals. World Scientific, Singapore (1998).

13.10.2023 MBN Research Center (www.mbnresearch.com)
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Radiation from a crystalline undulator

Basic idea (Korol, Solov'yov, Greiner, J.Phys.G, v.24, L45 (1998); reviews: International
Journal of Modern Physics E, v.8, p.49-100 (1999); v.13, p.867-916 (2004) ); PRL, 98,
164801, (2007); Monograph, Second Edition, Springer—Verlag, Berlin, Heidelberg (2014)

The radiation is generated by a bunch of ultra-relativistic positrons (€=0.5...10 GeV)
channeling in a crystal along periodically bent crystallographic planes. The periodicity of
trajectories results in the undulator-type radiation due to the constructive interference of the
photons emitted from similar parts of the trajectory.

Springer Series on Atomic, Optical, and Plasma Physics

Andrey V. Korol

. Andrey V. Solov'
spontaneous stimulated il

undulator emission undulator emission

Channeling
and Radiation

in Periodically
Bent Crystals

Second Edition

channeling See o®
particles .T

L
1 I

@ Springer

d=1...2 A - the interplanar spacing

a=(10...50)d — the amplitude of bending > d<<a<</
A,=(10%...10°)a — the period of bending

October 13, 2023 MBN Research Center (www.mbnresearch.com)



Feasibility of a crystalline undulator

The summary of all essential conditions (Korol, Solov’'yov,Greiner 1998, 2004):

-

7 i - ” .
C = (2r)* <1 stable channeling
qUlax A° ‘ .
d << a< A large-amplitude regime
L : .
) N = X > 1 large number of undulator periods

[<<min|[L4(C'), Ly(w)] account for the dechanneling
and photon attenuation

<1 low radiative losses

If these are met then:

» within the length L the particle experiences stable planar channeling

» characteristic energies of the undulator and channeling radiation are well separated
» intensity of the undulator radiation is higher than that of the channeling radiation.

» emission spectrum is stable towards the radiative losses.

October 13, 2023 MBN Research Center (www.mbnresearch.com)



CU parameter ranges

bending amplitude a (A)
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Left figure. Bending amplitude, a, vs bending period, A, consistent with the condition C<1 and calculated for
various numbers of undulator periods N4 as indicated for e=0.5 Gev (y = 103) positron channeling in Si along
(110) crystallographic plane. Bending profile y=a sin(2zz/1).
A.Korol, W.Krause, A.Solov‘'yov, W.Greiner, J.Phys.G: Nucl.Part.Phys., v.26, L87-L95 (2000);

From A.Korol, A.Solov‘yov, W.Greiner, Chan. and Rad. In Periodically Bent Crystals, Second Edition,

Springer—Verlag, Berlin, Heidelberg (2014);

Right figure. Shadowing indicates the ranges accessible by means of modern technologies: superlattices
(grey), surface deformations (green), AWs (blue); From Korol, Solov’yov, Eur. Phys. J. D, vol. 74, 201 (2020)

October 13, 2023
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Experimental characterisation of PBCs [&#ven

TECHNO-CLS review meeting, July 12, 2023, on-line
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Undulation directions 760um

Fig. 1. Schemarics of the Si, ,Ce, undularor crystal. The available undulator has
four periods, period length iy = 9.9 pm, and an amplitude of the parabolic limbs of
4,64 A A Fourier analysis yields an amplitude for the fundamental of A = 479 A

Figure 2.3: RCI analysis: FWHM map (in degrees) of Sii«Gex. Image size is 0.76x0.37mm?.

Thu Nhi Tran Thi, J. Morse, D. Caliste, B. Fernandez, D. Eon, J. Hartwig, et
al. J. Appl. Cryst. 50 (2017) 561-569.

R. Camattari, L. Bandiera, et al, Phys. Rev. Accel. Beams 22, 044701 (2019)

MBN Research Center (www.mbnresearch.com)
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Experiments at
the DIAMOND Light Facility

Examples of crystal channellers: 15 pm bent Si
Active area l— 39mm—| |— 3.9mm—] « 15 keV X-rays from Si (111)
' | double-crystal mono

» Contour plots showing
pixel-by-pixel variation of
peak angle over rocking
curve:

16 mm

« Varying width of bright
region with height indicates
non-uniform curvature.

vy _ * Slant of bright region from

: : EEak: rahpe Peak: range top to bottom indicates
15 um thick bent Si crystal ¢702-0.847deg 0-0.850 deg t P )
Nomlnal radlus' 3 Cm Ontics and Metralaav OrSIOn dmmond

Slide the presentation by J. Sutter at the ISACC 2023, July 20-22, 2023 Iceland
Joint experiment with TECNO-CLS UNIFE and INFN teams.

October 13, 2023 MBN Research Center (www.mbnresearch.com)
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MBN Explorer and MBN Studio 5.0:
recent implementations and
TECHNO-CLS related case studies




MBN (MesoBioNano) Explorer 5.0

Volume 33 | lssues 29-30 2012
| o

o2
mls in aumbo Wszvzl

Journal of

( H EMIS I RY Organic * Inorganic = Physical
Biological « Materials

e

l.A. Solov yov, A.V. Yakubowch PV leolaev
|.Volkovets, and A.V. Solov'yov, Meso Bio Nano
Explorer -- a universal program for multiscale
computer simulations of complex molecular
structure and dynamics. Journal of Computational
Chemistry, volume 33, pp. 2412-2439 (2012) &

volume cover.

October 13, 2023
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MBN (MesoBioNano) Explorer is a powerful software package
for multiscale simulations and visualisation of complex
molecular structure and dynamics. It has many unique features,
a wide range of applications in Physics, Chemistry, Biology and

Material Science, and related Industries.
Technology and medicine
M

Multiscale phenomena i, Crystals, I|qU|ds gases, plasmas

clusters; nanoparticles

Materials and interfaces Biomolecular systems

Nanostructured materials

MBN Explorer is being developed by the MBN Research
Center www.mbnresearch.com in Frankfurt.

MBN Research Center (www.mbnresearch.com)



MBN EXPLORER 2 : : .
BN EXPLORE MBN EXPLORER: MBN EXPLORER:
riion SIMULATIONS DYNAMICS

OF NANOMATERIALS OF BIOMOLECULAR SYSTEMS

STRUCTURE AND DYNAMICS AND SELF-ORGANIZATION

llia A. Solov'yov
Andrey V. Korol

Andrey V. Solov'yov Andrey V. Solov’yov Editor

Nanoscale
MBN Explorer and lia . Solov'yov |nSig hts into

; | lexey V. Verkhovisev Multiscale Modeling
Andrei V. Korol
MBN Studio Tutorials Andiey\ Solovyov Edtors of Complex Molecular ~ |on-Beam

e i i TR . Structure and Dynamics
- Dynamics with MBN Explorer Cancer Therapy

Lecture Notes in Nanoscale Science and Technology 34

| —

Andrey V. Korol

e R 1 of Systems
Channelingand | Novel Lights ,on the Nanoscale

Radiation in
Periodically Sources

Bent Crystals Beyond Free
Electron Lasers

@ Springer

@ Springer

=,

October 13, 2023 MBN Research Center (www.mbnresearch.com)
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MBN EXxplorer: relativistic dynamics

Simulation of motion of relativistic particles in 1 v (F-v)
MBN Explorer is based on relativistic equations Vo U T2
of motion. = v

This system of equations is strongly nonlinear
and requires the use of high-order integrator in 1
order to be solved correctly. Y=

Springer Seried on Atomic, Dptical and Plasma Fliysics

Andrey V. Korol
Andrey V. Solov'yov
Walter Greiner

Channeling and
Radiation in

Periodically
Bent Crystals

The developed approach (G.B. Sushko, V.G. Bezchastnoyv, |.A. Solov’yov, A.V. Korol,

W. Greiner, A.V. Solov'yov, Journal of Computational Physics, 252, 404 (2013) is not
&Y Springer restricted to the crystalline medium and is applicable to describe the propagation of ultra-
relativistic projectile in an arbitrary medium.

October 13, 2023 MBN Research Center (www.mbnresearch.com)



electron channels

penetration distance, z (um) penetration distance, z (um)

Channeling of 855 MeV electrons (left panel) and positrons (right panel) in a 100um thick Si
crystal. The plots show randomly chosen trajectories of the particles initially collimated along
Si(111). Horizontal lines indicate the (111) planar channels.

G.B. Sushko, A.V. Korol, W. Greiner, A.V. Solov'yov, J. Phys.: Conf. Ser. 438, 012018 (2013)

October 13, 2023 MBN Research Center (www.mbnresearch.com)



Calculated characteristics

Simulated trajectories are analyzed further to

% Recearch Center

calculate/estimate:

5
Nacc 4: _________

> Acceptance: A= 3
Ny )

W)

o 2 n
> Fractions of gcho(z):N“hU(Z) 1) | segment  Rechanne
channeling particles: < Nchj(\,@) Q
&_}I(Z) — NO L N\ mwimant mw Al
) 0 0 20 30 a0 50
Z (um)

» Dechanneling length: N, (z) o« Nyexp (—z/Lq)

» Distribution in the
deflection angle

13.10.2023

MBN Research Center (www.mbnresearch.com)



Spectral and angular distribution of
emitted radiation: theory vs exp

ol g 1+ +  Comparison of
N | positon "} [ electron | experimentally measured
171 1 channeling radiation

4 - enhancement
(J. Bak, J.A. Ellison, E.Uggerhoj et

1t 1 al (1985))

I~
o
|

(%]
o
I

with theoretical results
(G.B. Sushko, V.G. Bezchastnov,
I.A. Solov’yov, A.V. Korol,

W. Greiner, A.V. Solov’yov,
Journal of Computational Physics,
v.252, p.404-418 (2013))

Enhancement

.
o

| | 1 | |
100 0 50
photon energy (MeV/) photon energy (MeV) electrons in Si(110)

0 50 00" for 6.7 GeV positrons and

Figure 6: Enhancement factor of the channeling radiation over the Bethe-Heitler spectrum.

The left and right plots are for the positrons and electrons, respectively. Open circles stand d El

for the experimental data [31]. Solid curves correspond to the calculations shown in Fig. 5 Enhancement = Si(110)
and correspond to the zero incident angle, ¥» = 0. Dashed curves correspond to the dE
calculations with the incident angle lying within ¥ = [, ¢y ] with ¢¥;, = 62 prad. See aln

also explanation in the text.

October 13, 2023 MBN Research Center (www.mbnresearch.com)



Advances and challenges in atomistic .MBN
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approach for relativistic MD

» Accounting for ionizing collisions

Inelastic scattering from target electrons results in the following instant changes:
(1) Random change in the projectile energy, Ae < 0.
(2) Random change in the direction of the projectile motion characterized by two
scattering angles 6 and ¢ measured with respect to the instant velocity.

At each step of integration of EM the collisions are treated as probabilistic events. Once the
event occurs and the value At is found, the scattering angles are determined leading to the
instant change in the velocity of a projecitile.

» Radiation damping

A charged particle moving in a medium looses its energy due to the emission of
electromagnetic radiation. The emission gives rise to a radiative reaction force f acting on a
projectile. Its action leads to the radiation damping, i.e. to a gradual decrease of the particle’s
energy. For ultra-relativistic projectiles of high energies (tens of GeV and above) this force
becomes quite noticeable so that it must be accounted when simulating the motion.

o 2¢°
3mc3

(y(v-V)E+ — (B-E)E— 7 |E*— (B-E)’| B)

W



Advances and challenges in atomistic .gIBN
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approach for relativistic MD

» Account for beam emittance

Beam particles are distributed in the transverse coordinates (x,y) and velocities. The latter define
the angular divergence, P, v of the beam. Two types of distributions are implemented:
(1) uniform distributions within specified intervals,

(2) normal (Gaussian) distributions with specified standard deviation o:

1 £2
f&) = S €xp (—2) where ¢ = (2,9, ¢z, 0y)

2mo 20
» Modelling quasi-mosaic bent crystals (qmBC)

gmBCs belong to a class of bent crystals featuring three
curvatures of two orthogonal crystallographic planes.

As a crystal is bent to a primary curvature by external
forces, a secondary .curvatl.Jre is generated within the RN
crystal, i.e. the quasi-mosaic curvature. curvature

Primary
The planes bent by the QM effect are orthogonal to the curvature

. f fth lat Schematic representation of a deformed
main surtace o € plate. plate with ‘quasi-mosaic’ curvature. Figure from

R.Camattari et al. J. Appl. Cryst. 48, 977 (2015).

» Irradiation-induced damage of the target material

~ October13,2023 . MBNResearch Center (Www.mbnresearch.com)
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Advances and challenges in atomistic
approach for relativistic MD

» Irradiation-induced damage
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TECHNO-CLS collaborative work

Atomistic simulations of CLSs and related phenomena with MBN
Explorer

Andrei Korol, A.V. Solov'yov (MBN RC)
Matthew Dickers, Klaudia Cielinska, Nigel Mason (UoK)

Manufacture and characterisation of linear, bent and periodically bent
crystal structures

Coactive patterning: Andrea Mazzolari (INFN)

Pulsed laser melting: Davide De Salvador (UNIPD)
Acoustical excitation: Konstantinos Kaleris (HMU)
Boron-doped diamond: Thu Nhi TRAN CALISTE (ESRF)



Crystal-based gamma-ray LS (CLS) @ggiimh o
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Superradiant CUR versus FEL and SR

Brilliance of a photon source relates the number of photons of a given energy emitted
per unit time interval, unit source area, unit solid angle and per bandwidth:

=, A4
AN P S e = anioy
B — Wy x 10 .
n 5 10%
107 (Ao, /o) Q1) ey e 21
E 4o%
. ol ®,
n — harmonic number 2 402 TESLA spontaneous 3
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photon energy (MeV)

Figure 5. Peak brilliance of superradiant CUR (thick solid curves) and spontaneous
CUR (dashed lines) from diamond(110) CUs calculated for the SuperKEKB, SuperB,
FACET-II and CEPC positron beams versus modern synchrotrons, undulators and

XFELs.
> A.V Korol, A.V Solov'yov, Crystal-based intensive gamma-ray light

sources (Topical Review), Eur. Phys. J. D (2020) 74: 201

MBN Research Center (www.mbnresearch.com)



Recent exemplar case studies: CU-LS

Simulations are performed for 10 GeV positron beam
available at present at the SLAC facility

TABLE II. Two sets of parameters of diamond-based CUs
used in the simulations: bending amplitude a, period Ay,
number of periods N,, crystal thickness L = NyA,. The
last column presents the energies hwp of the fundamental har-
monic in the forward direction.

Set «a (A) Au (pm) Ny, L (mm) hwo (MeV)
(I) 20.9 85 85 7.06 2.0
(1I1) 5.3 38 180 6.84 10.0

MBN
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FIG. 5. Comparison of the peak brilliance available at sev-

eral synchrotron radiation facilities (APS, ESRF, PETRA,
SPring8) with that for the CU-LS. The filled diamond sym-
bols show the brilliances that correspond to Sets (I) and (II)
in Table II. The dashed line stands for the model estimation
[1]; the filled circles marked the estimated brilliances for Sets

(1) and (II).
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EIC TECHNO-CLS research directions

» Atomistic level simulations of particle propagation and photon emission in
oriented crystals (linear, bent, PBBs, etc) with a predictive power

» Advances in technologies for manufacturing HQ crystals with desired
properties (periodicity, composition, quality, size, etc)

» Experiments with high energy and quality electrons and positrons beams
on verification of theoretical predictions

» Design, construction and characterisation of oriented crystal based light
sources with unique properties

» An utmost goal: adopting FEL principles to CU-based Superradiant light
sources operating with modulated beams of electrons and positrons

» Growing international community in the R&D area of oriented crystal
based light sources and their practical realisation
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MBN Explorer and MBN Studio 5.0

» MBN Explorer & Studio software 5.0 are the powerful instruments for advanced
theoretical and computational research and multiscale modelling of structure and
dynamics of complex Meso-Bio-Nano (MBN) systems.

» MBN Explorer & Studio software can be utilised for teaching of many disciplines

» MBN Explorer & Studio are being developed by the MBN Research Center in
Frankfurt, www.mbnresearch.com. You are welcome to contact us!
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