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CRYSTAL APPLICATIONS IN HIGH ENERGY PHYSICS FOR NEW PHENOMENA 
OBSERvATION AND ACCELERATION TECHNOLOGY DEvELOPMENT

Abstract. When high energy particles move along the crystal axis or plane, they experience the action of an extended 
effective field, the strength of which by orders of magnitude exceeds that of any stationary magnet. These fields give rise  
to wide possibilities of new phenomena observation, particle properties measurement, high energy beam control, generation 
and polarization. Many of their possibilities have been predicted by Belarusian scientists and observed at CERN, FNAL, 
IHPEP, etc. The revealed effects of channeling efficiency increase by crystal cutting and multiple volume reflection from dif-
ferent atomic planes of the same bent crystal make it possible to improve the radiation protection of superconducting magnets 
of both the high luminocity Large hardron collider phase and the Future circular collider. A drastic enhancement of both radi-
ation and pair production processes in crystals can influence the functioning of both the existing Compact muon solenoid 
electromagnetic calorimeter at CERN and Fermi gamma-telescope as well as can be applied to devise more effective calorim-
eters and gamma-telescopes in future. A remarkable effect of channeling particle spin rotation in bent crystals enables one to 
measure both magnetic and electron dipole moments of short-lived charm and beauty hyperons as well as to observe electron 
magnetic moment modification.
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ИСПОЛЬЗОВАНИЕ КРИСтАЛЛОВ В ФИЗИКЕ ВЫСОКИХ эНЕРГИЙ ДЛЯ НАБЛЮДЕНИЯ  
НОВЫХ ЯВЛЕНИЙ И РАЗВИтИЯ УСКОРИтЕЛЬНЫХ тЕХНОЛОГИЙ

Аннотация. При движении частиц высоких энергий вдоль осей или плоскостей кристалла они испытывают дей-
ствие протяженного эффективного поля, напряженность которого на порядки превосходит величины, создаваемые 
любыми стационарными магнитами. Столь сильные поля открывают широкие возможности наблюдения новых яв-
лений, измерения характеристик частиц, управления их пучками, а также генерации и поляризации последних. 
Мно гие из этих возможностей были предсказаны белорусскими учеными и наблюдались в ЦеРН, ФНал, ИФВЭ  
и других ускорительных центрах. Предложенные эффекты увеличения эффективности захвата частиц в режим кана-
лирования при помощи выреза в кристалле и усиления их отклонения вследствие отражения от различных плоско-
стей одного кристалла позволяют усилить защиту сверхпроводящих магнитов Большого адронного коллайдера  
и проектируемого адронного коллайдера Будущего. Значительное усиление процесса излучения и рождения пар  
в кристаллах может оказывать влияние на функционирование калориметра Компактного мюонного соленоида (CSM) 
гамма-телескопа «Ферми», а также быть использовано при разработке более эффективных калориметров и гамма- 
телескопов в будущем. Эффект вращения спина каналированных частиц в изогнутых кристаллах делает возможным 
измерения магнитных и электрических дипольных моментов короткоживущих очарованных и бьюти-гиперонов,  
а также наблюдать изменение магнитного момента электрона. 

Ключевые слова: кристалл, высокие энергии, электрон, позитрон, гамма-квант, сильное поле, квантовая элект-
родинамика, коллимация, излучение, рождение пар, магнитный момент
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Both the perspectives of Large hadron collider (LHC) energy and luminosity upgrades and the start 
of Future circular collider (FCC) project aimed to reach the 50 TeV energy at CERN, call for the develop-
ment of the physical research  programme for these accelerators, spanning from the coming years to the much 
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more distant future. The results of our more than 40-y year study of high-energy particles interaction 
with crystals [1–5], most of which have already been verified experimentally at CERN and other acce-
lerator centers, constitute themselves a core of such a long-term research program for both LHC and FCC. 

Intensive electromagnetic fields are crucial for many important applications. They are also the source 
of numerous fundamental physical phenomena, giving rise to the e+e− pair production by γ-quanta, 
γ-quanta birefringence and splitting, intense synchrotron-type radiation and both electron mass and 
magnetic momentum modification, greatly widening the understanding of the nature of electromagnetic 
field, electromagnetic interaction and particle structure [6–9]. Normally these effects are discussed only 
in connection with the atmospheres of neutron stars. On the Earth the accessible permanent magnet field 
strength determines the dimensions of tokamaks, high-energy particle detectors and circular accelerators 
as well as the highest available particle energies [10]. The undulator field strength limits both the spec-
trum and brightness of synchrotron and free electron laser x-ray sources [11]. On the other hand, a small 
extent of the strong atomic field limits the Bethe-Heitler radiation and pair production, making it ne-
cessary to use too bulky scintillator crystals for particle detection in both high-energy physics and astro-
physics.

The long-term investigation of high energy particle interaction with crystals [1–5, 12–17] revealed 
that the latter can serve a unique source of strong stationary electric field, unreachable in the Earth con-
ditions and having various applications both in fundamental science and accelerator technology. Such 
fields exert their influence upon fast particles moving close to parallel to atomic strings and planes – see 
Fig. 1 a–c. Since any considerable deflection of sufficiently energetic particles occupies hundreds and 
more interatomic spaces, strongly correlated particle collisions with individual atoms of an oriented 
crystal merge in a continuous deflection process, described by a slowly varying effective intracrystal 
field. The latter both exceeds an electric field atomic unit of 5.14∙109 V/cm [1–3,14–17] (see table) and 
extends in space to hundreds, thousands and more interatomic spaces, depending on particle energy. 

                              a                                                            b                                                            c

                              d                                                            e                                                             f
Fig. 1. The effective intra-crystal field origin (a) and manifestations through the coherent particle deflection (b),  

the crystal undulator (c), particle beam collimation enhancement by crystal application (d), multiple volume reflection (e)  
and the crystal cut idea ( f ). For details see the text

Typical values of effective crystal field and critical e± and photon energies

Crystal element Z plane / axis Eeff
  

(GV/cm) Heff 
 

(kilotesla) εcr = ħωcr
  

(GeV)

Si 14 plane (110) 5.7 1.9 1200
Ge 32 axis ‹110› 144 48 47
W 74 axis ‹111› 500 167 13.6
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The	strong	effective	fields,	describing	correlated	particle	collisions	with	atoms	in	oriented	crystals,	
readily	 explain	 the	 origin	 of	 the	 channeling	 phenomenon	 [12],	 the	 high	 intensity	 of	 both	 coherent	
bremsstrahlung	[13,	17],	x-ray	and	gamma-ray	channeling	radiation	[18,	19],	as	well	as	the	possibility	 
of	 extremely	 fast	 high	 energy	particle	 deflection	 by	bent	 crystals,	 predicted	by	E.	N. Tsyganov	 [20].	
Below	we	will	 dwell	 upon	 the	 subsequent	 studies	 of	 crystal	 application	 for	measurement	 of	 particle	
fundamental	characteristics,	narrow	spectrum	x-	and	gamma-ray	generation,	high	energy	particle	beam	
collimation,	deflection,	polarization,	acceleration	to	the	highest	energies	and	registration	by	both	acce-
lerator	detectors	and	gamma-telescopes.

1. Crystal assisted high energy particle beam collimation. Starting	from	the	time	of	the	Super-
conducting	super	collider	project	in	1980-th	[21]	it	became	clear	that	an	effective	beam	collimation	sys-
tem	is	necessary	to	protect	the	superconducting	magnets.	In	particular,	the	latter	will	be	crucial	for	both	
the	High	Luminosity	LHC	and	FCC	[22]	projects.	

A	collimation	system	has	 to	remove	the	beam	halo	which	inevitably	builds	up	due	to	 the	particle	
scattering	in	interaction	points	(IPs),	intro-beam	scattering	and	scattering	on	resudual	gas,	non-linearities	
of	magnetic	field,	RF	noise,	accelerator	elements	imperfections,	etc.	[23].	Each	of	these	effects	can	in-
crease	the	particle	amplitude	of	betatron	and	some	of	them	−	of	synchrotron	oscillations.	Further	con-
tinuous	diffusional	boil	up	of	the	particle	ascillation	amplitude	bring	them	to	the	collisions	with	magnets,	
detectors,	quadrupokes,	etc.	At	that	the	irradiation	of	superconducting	magnets	is	most	dangerous	since	
it	can	easily	induce	their	quenching.	

At	present	amorphous	collimators	are	used	at	the	LHC	which	deflect	halo	particles	only	−	see	the	up	
part	of	Fig.	1,	d.	The	amplitude	build	up	induced	therewith	is	stochastic	in	nature	and	needs	a	conside-
rable	number	of	the	collimator	hits	by	particles	to	reach	the	absorber	aperture.	Most	of	the	halo	sources	
[23]	 intensify	with	 the	beam	current	 rise,	strengthening	 the	requirements	 imposed	on	 the	collimation	
system.	It	is	recognized	for	a	long	time	that	the	latter	can	be	more	easily	met	using	the	effects	of	par-
ticle	correlated	scattering	in	crystals	(see	Fig.	1,	d).	Of	them	the	most	widely	known	is	the	channeling	
particle	deflection	in	bent	crystals	[20],	which	also	provides	an	alternating	particle	deflection	in	crystal	
undulators	[25,	26]	(see	Fig.	1,	c).	Besides	channeling,	the	volume	reflection	effect	in	bent	crystals	[24]	 
is	 also	 important,	 which	 both	 provides	 for	 a	 considerable	 coherent	 particle	 deflection	 in	 a	 sequence	 
of	bent	crystals	[27]	and	intensifies	the	random	particle	deflection	in	the	channeling	collimation	mode.	

However,	both	of	 the	effects	from	Fig.	1,	b,	widely	used	by	the	 latter,	possess	considerable	short-
comings.	Namely,	channeling	is	characterized	by	the	limited	capture	efficiency	of	85	%	or	less,	while	
volume	reflection	is	able	to	deflect	particles	by	the	angles	which	do	not	exceed	the	critical	channeling	
angle	much.	To	overcome	these	limitations,	the	ideas	of	crystal	cut	[4]	(Fig.	1,	f )	and	multiple	volume	
reflection	in	one	crystal	 (MVROC)	[5]	(Fig.	1,	e)	have	been	introduced,	respectively.	The	first	allows	 
the	planar	field	of	a	less	than	a	quarter	channeling	period	crystal	plate	(see	Fig.	1,	f )	to	redirect	incident	
particles	to	the	center	regions	of	the	inter-planar	channels	providing	for	the	channeling	efficiency	rise	
from	85	to	98–99	%	(see	Fig.	2).	The	MVROC	effect,	which	has	been	already	observed	in	a	number	 
of	 experiments	 [28–30],	 originates	 from	 the	 possibility	 of	 volume	 reflection	 from	 different	 planes	 

     

Fig.	2.	Collimated	particle	distribution	in	transverse	coordinate	(left)	and	collimation	efficiency	dependence	 
on	crystal	collimator	misalignment	(right)	for	the	different	types	of	suggested	crystal	collimators
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of the same bent crystal resulting in about five-fold increase of the deflection angle. Additional MVROC 
advantage consists in the possibility of its realization in parallel with the channeling by either “vertical” 
or some skew plane [31] in the same crystal.

Fig. 2 compares different crystal assisted collimation approaches. Its left hand side shows corre-
sponding transverse coordinate distributions while the right one − the orientational dependence of dif-
ferent collimation method efficiency. The former demonstrates both the deflection amplification by 
MVROC and decrease of non-channeling particle fraction by the cut, while the latter − both the ex-
tremely high collimation efficiency of the crystal cut and the large acceptance of the collimator using 
MVROC effect. An empty space on the left hand side corresponds to the small particle deflection lea-
ving the latter on a stable orbit.

2. Radiation and pair production enhancement in crystals and its applications. Lorenz boost 
magnifies the transverse effective crystal field [1–3, 14–17] up to the critical Schwinger one m2c3/eħ =  
= 1.32∙1016 V/cm (or 4.4∙109 tesla) in the reference frame of radiating or being produced e± with the critical 
energy εcr = ħωcr of tens of GeV (see table). The secondary electron-photon beams of up to 300 GeV  
the energy, being available since 1970-th at Super proton synchrotron at CERN, were used to observe 
experimentally the effects inherent to the atmospheres of neutron stars at CERN in 1980-th [1–3, 14–17]. 

A possibility of increase of both the intensity of gamma-quantum radiation by electrons (positrons) 
and the rate of e± pair production (PP) by gamma-quanta, induced by the coherent particle interaction 
with coordinated atoms in crystals, was predicted in 50-th and widely explored experimentally [13, 17]. 
However, the “Coherent Bremsstrahlung theory” [13] (see also [15, 17]) was based on Born approxima-
tion, which described all the particles in terms of plane waves, completely neglecting the crystal field 
influence on particle motion, on channeling process in particular. As a consequence, the Coherent 
Bremsstrahlung theory [13] incorrectly predicted both the unphysical growth of the probabilities of radi-
ation and PP with energy and a complete suppression of both of the latter at any energy at zero angle  
of particle incidence with respect to crystal planes and axes. 

Both the correct energy and orientational dependencies of the coherent processes in crystals at high 
energies were predicted by the theory [32, 1–3], based on the consistent consideration of particle inter-
action with the averaged field of atomic planes and strings [12], instead of plane wave approximation.  
In particular, it was demonstrated in [32] and, later, in [14–16] that, starting from the particle energies 
from several tens to hundreds of GeV, depending on the crystal chemical element and axis or plane 
choice, both radiation and PP processes shift to the smallest particle incidence angles, becoming more 
and more similar to that in the uniform electromagnetic field, justifying thus the name of synchro-
tron-type radiation and PP processes [1–3, 14–17]. Essential predictions for the synchrotron-type pro-
cesses in crystals are saturation of their intensity, reached after one-two order growth in the TeV-energy 
region at the smallest particle incidence angles, as well as the large number of accompanying polariza-
tion and spin effects [1–3, 32].

Some of the predicted features of synchrotron-type processes in crystals have been already observed 
in the large number of experiments, the most significant results of which were the 7–8 time increase  
of PP probability at zero incidence angle [33, 34] as well as a sudden observation [35] and immediate 
explanation [36–38] of the radiative cooling effect. The nature of the latter, illustrated by Fig 3, a, 
consists in the electron orbit shrinking to the region of the highest axial field, induced by the electron 
radiative energy loss. In its turn, the latter is further enhanced by the orbit shrinking making the cooling 
process self-accelerating and influencing the channeling particle dynamics stronger, than the ubiquitous 
Coulomb multiple scattering process. The radiative cooling effect was further observed in C, Si, Ge and 
W crystals of different thickness  [39, 40]. Its role will increase for long with the electron energy rise. 

Radiative cooling effect is essential for futuristic schemes of muon and proton acceleration to peta-
electronvolt and higher energies [10]. The point is that channeling effect is supposed to be used both  
in the future circular accelerator version for particle deflection and in the linear one for particle motion 
control. In both of them radiative cooling role consists in suppressing the dechanneling. It should be 
pointed out, that, contrary to electrons, the radiative cooling of both muons and protons proceeds in  
the dipole regime of channeling radiation for which a practically complete transverse oscillatory motion 
damping is possible without considerable loss of total (longitudinal) energy. 
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3. Electromagnetic shower acceleration in high energy particle detectors. A number of homo-
geneous electromagnetic calorimeters (BELLE, BaBar, CMS ECAL, KTeV, PANDA, etc.) and some 
existed and designed gamma-telescopes use crystalline scintillators for high-energy electron (positron) 
and gamma-quantum total energy measurements. The structure of scintillator crystals clearly has  
to influence the performance of the existing devises. In fact, both the discrepancy of shower development 
in different crystals and disagreement between the data and the simulations in the lateral dimensions  
of the electromagnetic showers have been observed in PWO already in the test beam experiments  
in 1990-th. To clarify the scale of crystal structure influence on the CMS ECAL performance and  
on the Higgs boson mass measurement in particular, we simulated recently the profile of energy de-
position by electromagnetic showers induced by detected e±, γ in a 23 cm long ECAL lead tungstate 
(PWO) crystals combining the power of radiation and pair production probability evaluation by Baier − 
Katkov formula with that of the extended electromagnetic shower simulation by GEANT4 [41]. 

The first realistic simulation [38] of the electron radiation in a quite thin 185 μm Ge crystal, despite 
they have been conducted on a supercomputer, yielded quite a modest statistics. The present simulations 
of radiation in 1–2 mm crystals [42–45] still remain time consuming for a PC. This made it clear [41] 
that the simulations of electromagnetic shower development in much thicker 23 cm PWO crystals  
of ECAL CMS would be impossible without drastic simplifications. In order to estimate the maximal 
possible effect of crystal structure influence on electromagnetic shower development as well as to ac-
celerate the simulation procedure, one can consider the case of zero angle particle incident with 
respect to a crystal axis having in mind that at high particle energy, say, above 5–10 GeV, for which  
the crystal structure influence is most significant, the angles of particle deflection from the initial particle 
momentum direction will not exceed the typical angle of synchrotron-type radiation and PP, which 
reaches a milliradian for PWO [2]. To neglect the rear and difficult-to-treat processes of channeled 
particle radiation [36–38] and PP, particle incidence angles were limited from below in [41]. Both  
the radiation and PP probabilities were simulated in a 10 μm PWO crystal at some discrete initial particle 
energies. Initial particles were directed at the incidence angles of 0.2÷0.5 mrad with respect to <100> 
(equivalent to <010>) PWO crystal axis when their trajectories were simulated. For that, as in [42–45], 
the particle stepwise motion in the averaged potentials of PWO crystal atom strings was evaluated  
by integration of relativistic mechanics equation and the particle incoherent scattering sampled at each 
trajectory step. The obtained realistic electron (positron) trajectories, along with Baier−Katkov method, 
were used, as in [42–45], to evaluate both the radiation intensity and PP rates.

To take advantage of the power of simulations of energy deposition by electromagnetic showers  
by GEANT4 at the minor modifications of the latter, the integral PP probability and radiation intensity 
were introduced to GEANT4 as the multipliers of Bethe-Heitler cross sections of PP and radiation 
respectively. The key feature of both PP probability and radiative energy loss rate was the saturation  

                                            a                                                                             b
Fig. 3. Synchrotron-type radiation and pair production manifestation through the radiative cooling (a)  

and crystal dichroisam and birefringence (b). For details see the text
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of their growth at practically the same level of a 7–7.5-time excess over the Bethe-Heitler values  
at the energies of about 1 and 0.4 TeV, respectively. It should be mentioned that, introducing only  
the integral PP probability and radiation intensity into GEANT4, we neglected all the specific features  
of the secondary particle spectra of synchrotron-type radiation and PP processes, assuming their Bethe-
Heiler behavior. Both the number and severity of all the undertaken approximations demonstrate the real 
complexity of the direct simulation of extended electromagnetic showers in crystals, which should be 
considered as a long-term general investigation goal. of this. Nevertheless, the simplified simulation 
method described above allows one to reveal the scale of crystal structure influence of the electromagnetic 
shower development in a typical ECAL barrel PWO crystal cell, having 22×22 mm2 front face and  
23 cm length, equal to 25.8 radiation lengths, illustrated by Fig. 4, which compares the energy deposition 
profiles by the electromagnetic showers simulated through both the standard and modified GEANT4 
applications, designated as “Geant4” and “mod Geant4”. One can see that the main consequences  
of the modification of both the radiation and PP processes by the PWO crystal structure are the shift  
of the electromagnetic shower maximum towards the crystal entrance by 2 cm (2.3 radiation lengths X0) 
and 3.6 cm (4.0 X0); the acceleration of the shower development rate at the crystal entrance by about  
5 and 7 times and the reduction of longitudinal energy leaks through the rear crystal face from 1–1.5 % 
to 0.1–0.2 % at 100 GeV and 1 TeV, respectively. 

The demonstrated significant modification of electromagnetic shower development make it possible 
to discuss the influence of the PWO crystal structure on the CMS ECAL performance in general. During 
CMS ECAL operation, the contributions to the resolution due to the channel-to-channel response spread 
must be kept to within 0.4 %, in order to retain the necessary ECAL intrinsic resolution [46]. The do-
minating contribution to the standalone channel energy resolution for high-energy electron and photon 
showers is given by the constant term of the energy resolution parameterization. Though the contributions 
of non-uniformity of the longitudinal light collection, energy leakage from the rear side of the calo ri-
meter, single-channel response uniformity and stability to the constant term had been taken into con-
sideration, the observed energy resolution was not correctly described by the Monte Carlo simulations 
and additional Gaussian smearing was found has to be applied upon a detailed simulation of the readout 
stage [46]. Also the enhanced fluctuations of the depth of the longitudinal centre of gravity can influence 
the photon coordinate reconstruction.

We conjecture that the discrepancy of the GEANT4 predictions with the experimentally observed 
ECAL energy resolution may be ascribed to the crystal structure influence on both the radiation and pair 
production processes which has modified the shower development in PWO crystals. First, the dependence 
of the “crystal structure effect” on the orientation of particle incidence direction with respect to the PWO 
crystal structure has to violate the main assumption of the φ-symmetry method, which originates from 
the reason that the total deposited transverse energy should be the same in all the crystals at the same 
pseudorapidity. Second, the dependence on the particle energy will be the origin of the nonequivalence 
of the calibration methods using invariant masses of the photon pairs from the π0- or η-mesons and  

     

Fig. 4. Dependence of the energy absorbed per incident particle per unit PWO crystal length on the depth of the development 
of the electromagnetic shower initiated by 100 GeV (left) and 1 TeV (right) electron and gamma-quantum. One pair of curves 
was simulated by the direct GEANT4 application while another − by GEANT4 supplied by the radiation and PP probabilities 

multiplied by the normalization coefficients reflecting the probability increase in crystals
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the isolated electrons from both W- and Z-boson decays. That is why the application of the intercalibration 
constants, obtained using both the φ-symmetry method and the π0, η, W and Z decay products, was 
accompanied by neglecting the channel response dispersion induced by the PWO structure influence  
on the shower development in PWO crystals, which stipulated the additional Gaussian smearing 
necessity reported in [46]. The only way both to understand the origin of the real ECAL CMS energy 
resolution and to clarify the possibilities of its improvement is to start a direct study of the role  
of the PWO crystal structure influence on the ECAL CMS performance. 

In future the acceleration of electromagnetic shower development in crystals can be applied for  
the thickness reduction of both electromagnetic calorimeters and gamma-telescopes intended for appli-
cation in the TeV-energy region. The same can be also used to increase the signal from the earliest stage 
of high-energy e± and γ registration. The strong orientation dependence of the radiation and pair pro-
duction can be used for the construction of gamma-telescopes with sub-milliradian angular resolution. 

The simple formulae of the radiation and PP processes in a uniform field, even after a considerable 
improvement, can be applied at the smallest incidence angles only. Since the quantum features of particle 
motion in the averaged crystal field become negligible at such e± energies and since the radiated photon 
energy becomes comparable with that of emitting e±, Baier − Katkov semi-classical method proves to be 
the most suitable tool for both synchrotron-type radiation and PP process treatment [8, 15]. A direct 
numerical integration of Baier − Katkov formula, which was both practically implemented and compared 
with experiments in [42–45], now allows one to extend the study of the role of radiation and PP enhan-
cement to the real conditions in crystal calorimeters and gamma-telescopes. Fig. 5 illustrates the orien-
tational dependence of PP probability in Si crystal which can be used to provide a sub-milliradian 
angular resolution of the space gamma-telescope [47].

According both to the prediction of QED of phenomena in strong electromagnetic field [6–9] and  
the theory [1–3, 32] of PP process in crystals, synchrotron-type PP is accompanied by strong dichroism 
and birefringence phenomena. On the strength of effective crystal field symmetry, the latter can be 
freely observed in the field of crystal planes only − see Fig. 3, b. Since the strength of the effective field 
of the latter is nearly one order of magnitude lower than that of atomic strings, the threshold energy  
of synchrotron-type PP is respectively higher and could not be reached in first experiments [33, 34]  
on synchrotron-type PP − see table and Fig. 6. However an observation of the synchrotron-type dichroism 
and birefringence phenomena will become possible at the LHC gamma-beams, the energies of which 
will definitely exceed one TeV. Synchrotron-type crystal dichroism and birefringence phenomena make 
it possible to generate polarized high energy gamma-beams and to furnish both high energy electro-
magnetic calorimeters and gamma-telescopes with the polarization measurement ability. 

4. Crystal undulators. Both the atomic strength and sub-atomic transverse scale of variation of  
the effective field of crystal planes result in one another perspective crystal applications for the develop-
ment of quasi-monochromatic sources of X- and gamma-radiation. High-intensity semi-monochromatic 
X-ray beams are important for both fundamental and applied research. Nowadays, intense X-ray beams 

Fig. 5. PP probability dependence on the γ-quantum angle of incidence on the <110>  Si axis for 0.3, 1 and 3 TeV γ-quantum 
energies. PP probability is measured in the units of Bethe-Heitler probability. The curves marked by 1/ψ demonstrate  

the asymptotic large incidence angle PP probability behavior
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are produced at synchrotrons by electron radiation in magnetic undulators [11], forcing electrons to  
a periodic oscillatory motion, resulting in semi-monochromatic electromagnetic radiation. With cur rent ly 
available magnetic undulators, the minimum achievable oscillation period of the order of centimeters 
limits the generated X-ray energy to a few tens of keV at the highest synchrotron electron energies [11]. 

An availability of the harder X-ray or even γ-ray sources will pave the way to the development  
of innovative applications [48, 49]. For instance, a γ-ray beam can induce nuclear reactions through 
photo-transmutation, i. e., it can be applied for changing the atomic numbers of nuclei. This technique 
can be employed for eliminating nuclear waste by transmuting the contained ultra-short-lived nuclei  
to the isotopes used in medicine. Another possible application lies in the field of photo-induced nuclear 
fission to induce the fragmentation of heavy nuclei resulting in the production of medium mass neu tron-
rich nuclei. 

In order to produce photons with the energies most suitable for many applications, undulators with  
a shorter periods, than that of the currently available FELs, are needed. Various constructions of  
mm-period undulators have been proposed suffering from low magnetic field strength, need of expen-
sive cooling system and strict requirements on beam quality [48].

A more promising solution for reaching higher photon energies is the usage of a crystalline undula-
tor (CU) [25, 26, 3] − see Fig. 1, c. In the latter, the electrons (positrons) are forced to an oscillatory 
motion by the strong effective field, generated by the atoms of aligned crystal planes or axes. For in-
stance, the Si (110) planes act on charged particles with an effective electric field of about 6 GV/cm  
(see table), which is equivalent to a 2 kT magnetic one. CUs can be formed [25, 26, 48–50] by ultrasonic 
or electromagnetic waves, by periodic modulation of Ge content x in the Si1–xGex super-lattice, by 
periodic micro-scratches on the crystal surface, by thin strips producing periodic surface strain through 
the grooving method.

Though CUs were proposed quite long ago [25, 26], reliable realistic description of their functioning 
has become possible only after the development and wide experimental validation of the corresponding 
simulation tool [42–45]. The latter was applied for an extended analysis of both conducted and suggested 
experiments in [50, 51]. In particular, limited perspectives of any electron CU was demonstrated [50]  
as well as an “optimal positron CU” construction was elaborated [51]. First of all, trying to assure both 
the maximum intensity and minimum spectral width of the positron CU radiation, we concluded that  
the “optimal CU” should work at the positron energy of a few GeV. Than, fixing the latter at 1.5 GeV,  
the “optimal CU” period, amplitude and length of, respectively, 12 μm, 0.4 nm and 0.48 mm as well  
as the radiation spectrum width of 3 % (see Fig. 7) and quantum yield of 10–3 γ/e+ were establish by 
means of thorough optimization. 

 5.1. High energy particle spin rotation. The phenomena [1–3, 52] of spin rotation and depolarization 
of high-energy particles in crystals provide unique possibilities of measuring anomalous magnetic 
momenta of short-lived charm and beauty hyperons as well as of quadrupole moment of Ω-hyperon  
in the energy range of both LHC and FCC. In addition, crystals with polarized nuclei make it possible  
to measure polarization of the short-living particles as well as the characteristics of spin-dependent 
strong and, both parity and time symmetry violating weak interaction of the same with nuclei. 

Though magnetic momenta are important characteristics of elementary particles, their values have not 
been measured for many of them, as for charm and beauty baryons and τ-lepton. The problem is the small 

        

Fig. 6. Optimal length of the dichroic synchrotron-type polarizer (up, left) and the corresponding pair production asymmetry 
(bottom, left), quarter-wave attenuation coefficient (middle) and thickness (right)
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lifetime of both charm ( 13= 2 10−τ ⋅  s for ,c
+Λ  133.5 10−⋅  s for c

+Ξ ) and beauty baryons, produced by TeV 
energy protons, results in a few-cm decay length, making it impossible to measure their anomalous 
magnetic momenta by the conventional method. However, an application of the strong crystal field can 
change the situation essentially for the better. 

Indeed, the phenomenon of spin rotation of particles channeling in bent crystals (see Fig. 8) was pre-
dicted in [52] and successfully tested on Σ+ hyperon at Fermilab [53]. The point is that a particle channe-
ling in a bent crystal is, in average, deflected by the action of an atomic-scale effective electric field E 
(see table). The latter induces the spin preseccion with the angular frequency [52]

 = 2 / ,E′ω m   
proportional to the particle anomalous magnetic moment μ .́ The high crystal field strength results  
in the radian-scale spin rotation angle per the decay length of charm and beauty baryons produced  
at either the LHC or FCC [54]. In addition, it was also shown in [54], that despite the decrease  
of the Lindhard angle at high particle energy, the necessary statistisc acquisition time remains limited  
to 10−100 hours, acceptable for the future fixed-target experiments at both the LHC and FCC.

The preparations for the experiment on c
+Λ  magnetic moment measurement using the spin rotation  

in a bent crystal [55] has resently been started by UA9 CERN collaboration [55], while nother group [56] 
has recently proved that the same makes it possible to tighten the limitations on the c

+Λ  electric dipole 
moment up to the level of 1710 e cm.d −< ⋅

Fig. 7. Spectral distribution of the radiation emitted by a 1.5 GeV positron in the linear (top) and logarithmic (bottom) scale: 
solid line − in the Si (110) CU and dotted line − in a plane 0.48 mm Si (110) crystal. Positron beam incidence angle equals zero, 

its angular divergence is 10 μrad and radiation collimation semi-apex angle is 42.6 μrad

Fig. 8. Spin rotation in a bent crystal
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The efficiency of the spin rotation effect [52] in a bent crystal is assured by the stability of channe-
ling motion inherent to positively charged particles only. However, along with the positively charged 
short-lived hyperons, a family of negatively charged ones also exists, bottom baryons  ( )12= 1.56 10 sb

− −Ξ τ ⋅  
and ( )12= 1.1 10 sb

− −Ω τ ⋅  in that number. The strong dechanneling processes of the latter makes it necce-
sary to search for an alternative method of their magnetic moment measurement. 

5.2. Spin depolarization of both charged and neutral particles in crystals.  When a particle tra-
vels through a crystal at some angles to its axis, effective crystal field of atomic strings changes randomly 
on the particle trajectory [17]. These fluctuations of the strong effective crystal field induce stochastic 
spin rotations, resulting in a dispersion of the particle polarization directions behind the crystal [3, 57]. 
Since the polarization rotation angles are also proportional to the particle anomalous magnetic momen-
tum, the latter can be extracted from the result of simulataneous measurement of the mean-square 
scattering angle and depolarization degree. This alternative method [3, 57] of anomalous magnetic 
momentum measurement can be realised in stright crystals and applied to both positively and negatively 
charged short-lived baryons, to the number, for bottom baryons.

Among  the hyperons, there is also a family of short living neutral ones: 0
cΞ  hyperon has a lifetime 

131.1 1 s,−τ ≈ ⋅  33.6 ,c mτ ≈ m  0 147 10 s,c
−Ω − τ ≈ ⋅  21 ,c mτ ≈ m  and 0 1210 s,b

−Λ − τ ≈  427 m.cτ ≈ m  It has been 
revealed [57] that depolatization of the neutral particles increases sharply in crystals as well. The esti-
mates show that the time for observation of this effect for the neutral charm hyperons is of the same or-
der as that of the spin rotation effect for charged c

+Λ  hyperons in a bent crystal. Though the production 
rate for the neutral bottom baryons is noticeably smaller than that for the charged ones, the increase  
of the proton energy in future will make it possible to measure their anomalous magnetic momenta  
for about 200 hours.

It should be also mentioned that, as reported in [1−3], the experiments on electron and positron spin 
rotation in bent crystals provide a unique possibility for studying the effects of quantum electrodynamics 
of a strong field [6–9], namely, the dependence of the anomalous magnetic moment on both the electric 
field strength and particle energy [6, 8]. The same possibility exists in observation of both electron and 
positron spin depolarization.

More detailed consideration of the diverse new possibilities of measurement of particle proper and 
interaction characteristics can be found in [1–5, 57].
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