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Si crystal



What happens in a bent crystal?
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Channeling efficiency

  

 

 

observed experimental images and directly account for the influence of dislocation Burgers vector.  Winkelmann et al 

[22] in 2007, in an effort to simulate ECPs in GaN, used the reciprocity principle to relate the incident beam 

dependence of an ECP to that of an outgoing diffracted beam by an EBSD process.  This work included a quasi-elastic 

backscattering event from atomic nuclei and assumed it was sufficient to account for all the energy losses. By using 

further approximations, the group was successful in simulating qualitative EBSD patterns with HOLZ effects and fine 

zone axis structure. 

3. Principles of Electron Channeling  

Although the term “channeling contrast” is used to describe the contrast of an ECP, the maximum contrast occurs due to 

the same electron-electron inelastic scattering processes that give rise to Kikuchi bands in TEM.  However, to 

understand the subtle contrast features of an ECP, the effects of other inelastic absorption processes needs to be 

accounted for as we have discussed in the historical progression of a better theory for electron channeling.  

 At the time electron channeling was discovered, the term Kikuchi-line was almost exclusively used for TEM.  Since 

the ECPs were obtained under a SEM, Booker et al [2] called them “inverse channeling patterns” because ECPs were 

more comparable to proton channeling patterns observed at the time.  The term channeling is not entirely misleading 

since it is used to describe the motion of charged particles inside a crystalline lattice.  Although the wave formalism is 

preferred for quantitative analysis, the particle approach is simple in its ability to explain orientation contrast and defect 

contrast qualitatively. 

 Rather than the lattice being a set of atomic points, channeling assumes that the effect of a crystal lattice can be 

described in terms of channels or paths where the particle can preferably penetrate to a higher depth before scattering 

(Figure 1a, 1b).  Hence, certain orientations of the crystal will backscatter more electrons than others, giving rise to 

orientation contrast. 
 

 

Fig. 1 Illustration of an atomic lattice relative to incoming electron trajectories so that a relatively more (a) “closed channel” or (b) 

“open channel” condition is obtained.  The presence of an edge dislocation (c) can locally convert an “open channel” to a “closed 

channel” condition.  

 

 At low magnifications the scanning motion of the electron beam ensures that many channels are accessed over a wide 

angular range, leading to the wide variations in backscattered electrons and the formation of an ECP in the resulting 

image.  At high enough magnifications a single ‘channel’ corresponding to a specific orientation can be isolated.  Hence 

the image for a perfect crystal at high magnifications should show no contrast or rather a constant signal.  But the 

presence of a local crystal defect like a dislocation or a stacking fault may block the channel and will preferentially 

scatter more electrons back towards the detector (Figure 1c).  Or the case might be that a dislocation may open a 

channel and let the electrons penetrate to a higher depth, reducing the number of electrons that scatter back towards the 

detector.  In either case, the effect gives rise to dislocation contrast via electron channeling.   

 The reader should be aware that the basic channeling description outlined here is a greatly simplified approach and is 

not the preferred method to describe contrast effects for ECPs and ECCI.  In modern literature, the reciprocity principle 

is used to relate ECPs to the widely known phenomenon of EBSD.  Although they are not exact reciprocal versions of 

each other, the wide angular collection of electrons by a 2-dimensional detector (phosphor screen) in EBSD can be 

corresponded with the large angular width of electron beam scanning via low-magnification imaging for ECP, as 

illustrated in Figure 2.  The important distinction between EBSD patterns and ECP is that the former directly informs us 
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Incident angle and dislocations affect efficiency.
Incident angle should be below the Lindhard angle θc .



Energy loss in the crystal

For e± with E >1 GeV energy loss is dominated by
photon radiation.

E (s) = E0e
−s/LR (1)

with LR =9.4 cm in Si crystals. For e± traveling for
5 mm in the crystal we lose 5% energy
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Kick from a Thin Wedge 

  The edge focusing calculation requires the kick from 
a thin wedge 

What is L? (distance in wedge) 

  Quadrupole-like defocusing term, linear in position 



Crystal focusing
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Crystal focusing in a beam line

182 5. The Use of Crystal Deflectors in Beam Lines 

where H is the crystal thickness, and F is the focal distance; this acceptance 
should be about ±O. 

Highly efficient partide trapping into the channeling mode may be ob
tained if the target size in the bending plane is 

(5.3) 

Then the particles entering the crystal are aligned with respect to the crystal 
planes within Oe , and the trapping efficiency Tl may be dose to the theoretical 
limit", 70%. In the realistic experiment the defects of the focusing device 
may lower Tl. 

The above conditions for the efficient extraction of secondary particles 
can be easily met at TeV energies. The estimates for the LHC collider (where 
the energy of the protons is 7 Te V) show that in this way one can extract the 
secondary partides with an intensity of up to '" 108 particles per second. 

The experimental investigation of the efficiency of capture and deflection 
of the beam diverging from a point-like source was made at the extracted 70-
GeV proton beam of the IHEP accelerator [119]. The experimental scheme 
is shown in Fig. 5.9. 
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Fig. 5.9. Scheme of the experiment. 

The crystal Si! (with flat faces and bent by 60 mrad) was exposed to the 
70-Ge V proton beam of 1011 particles per second, and bent the beam with 
moderate intensity, '" 107 particles per second, toward the magneto-optic 
system MQ-M where two other crystals were placed. The beam formed with 
the forward part of the magnet system was brought onto the crystal Siz , 
which had the focusing end face. This crystal was 2 mm thick, 15 mm high, 
and 70 rum long, and was bent by 18 mrad. The crystal focused the beam 
at a distance of 0.5 m into a narrow vertical strip with a width of :::' 80 pm 
FWHM at the crossover and a divergence of ±2 mrad. The beam formed 
in this way was used as a source of protons . In order to focus and deflect 

70 GeV protons beam of the IHEP accelerator

Si3 channeled ≈ 15% of incident protons



Crystal focusing measurement

W. Scandale et al. / Physics Letters B 733 (2014) 366–372 371

Fig. 5. The reconstructed measured profiles and envelope (the curve 1) of the beam for the first crystal. The curves 2–5 are calculations, for additional information, see text.

Fig. 6. The reconstructed measured profiles and envelope (the curve 1) of the beam for the second crystal. The curves 2–5 are calculations, for additional information, see
text.

the minimum scattering angle (mean square) is about θ2
c /3. The

curve 5 in Figs. 5, 6 corresponds to calculations of the beam enve-
lope for the ideal surface of a crystal deflector.

We also investigated the case of the best description of the
experimental data by a linear function ϕ(x) = ax. We find that

this takes place for a = 0.000719 mm−1 and 0.00131 mm−1 for
the first and the second crystals, respectively. Assuming a = k/R0

(see Eq. (6)) we find that k = 7.19 and 6.55 for the first and
second crystals, respectively. On the other hand, if k is deter-
mined from the ratio L0/Xmax, k = 6.25 and 6.52 for the first

W. Scandale et al, Phys. Lett. B 733 400 GeV/c protons

W. Scandale et al. / Physics Letters B 733 (2014) 366–372 369

Fig. 2. The crystal deflector cut along the z axis. At the top, the cross section of a
straight crystal is shown.

Fig. 3. The relative deflection angle as a function of coordinate z. The results of
measurements for the first crystal are shown by filled circles with error bars. The
curve 1 is the approximation ϕ(z)/ϕmax = (z − C z2/(2L0))/(L0(1 − C/2)) calculated
for C = 0.8. The curves 2 and 3 are obtained by approximating the experimental
data for the first and second crystals, respectively, with a second order polynomial.
The curve 4 is the linear dependence (C = 0).

Now we can take into account the natural divergence of the
beam due to the oscillating motion of particles in the channeling
regime. This consideration is similar to the one of Ref. [5] where
the overall distribution of particles can be represented as a convo-
lution of two independent distributions.

Really, the sum distribution function over X-coordinate at
the distance l is equal to ρs(X, l) = ∫ ∞

−∞ ρc(Y )ρX (X − Y )dY ,
where ρc(Y ) is the distribution function over Y -variable (Y = θl)
and ρX (X) is the distribution function over X-coordinate (dN =
ρ(x)dx = ρX (X)dX) with the mean square size σx(l) (see Eq. (5)).
All the distribution functions are normalized to unit. As a result,
we get for the total mean square size

σT (l) = σx(l) + (〈
θ2〉 − θ2)l2, (8)

where 〈θ2〉, θ are the mean square angle and mean angle of corre-
sponding distribution.

The function σT (l) has a minimum when

l = l f = − 〈xϕ〉 − xϕ

〈ϕ2〉 − ϕ2 + 〈θ2〉 − θ2
. (9)

Beam focusing takes place if l f > 0, which means that xϕ −〈xϕ〉 >

0.

4. Experimental set up

The experiment was carried out at the H8 beam-line of the
CERN SPS using a practically pure 400 GeV/c proton beam for the
measurements. The experimental layout was similar to that de-
scribed earlier in Ref. [6]. A high precision goniometer was used
to orient the crystal planes with the respect to the beam axis
with an accuracy of 2 μrad. The accuracy of the preliminary crys-
tal alignment using a laser beam was about 0.1 mrad. Five pairs of
silicon microstrip detectors, two upstream and three downstream
of the crystal, were used to measure incoming and outgoing an-
gles of particles with an angular resolution in each arm of about
3 μrad [4]. The geometric parameters of the incident beam were
measured with the help of the detector telescope. The width of
the beam along the horizontal and vertical axes was several mm.
The angular divergence of the incident beam in the horizontal and
vertical planes was ∼10 μrad. The average cycle time of the SPS
during the measurements was about 45 s with a pulse duration
10–11 s, with an average number of particles per spill of about
(1.3 ± 0.1) · 106.

5. Results of measurements

In the experiment, the single crystal was oriented with the help
of a standard procedure [7] which allowed to determine the range
of goniometer angles corresponding to the channeling regime in
the (111) plane for every crystal under study.

The results of measurements of x,ϕ-pairs are displayed in Fig. 4
for in the first (a) and second (b) crystals, respectively, for one
orientation when the proton beam was captured in the channeling
regime. Only a fraction of the events recorded was used in the
study of the focusing process. These events are shown in Fig. 4 by
red dots. The origin of the Cartesian coordinate system is located
at point B (see Fig. 2). A significant number of events with small
deflection angles (≤ 0.03 mrad) correspond to the non-channeling
fraction of the beam.

The following selection criteria for the x and ϕ coordinates
were used:

(1) they should satisfy the condition: 0.08 mm ≤ x ≤ 0.48 mm
and 0.08 mm ≤ x ≤ 0.46 mm, for the first and second crystals,
respectively;

(2) the deflection angles should be larger than 0.03 mrad;
(3) the non-channeling and dechanneling beam fractions (thin

straight line in Fig. 4) should be removed.

Due to the overlap between channeling and non-channeling
particles at small deflection angles, events reconstructed to be
close to the face of the crystal with coordinates 0 < z < 0.08 mm
were excluded from the study.

By inspecting Fig. 4, one observes two unexpected features of
channeling. The first is events clustering around certain x-coordi-
nates. We explain this by the discrete character of measurements
by the microstrip detectors because the width of each cluster is
approximately equal to the width of a detector element. The sec-
ond feature is manifested in a wide spread of exit angles at a fixed
coordinate x. The observed spread is about a factor three larger
than the critical channeling angle which determines the spread of

Measured

Expected

Focus x4, discrepancy maybe due to surface roughness



CLIC Crystal Final quadrupole?

e− e+



Crystal focusing to IP

5.6 Beam Focusing with Crystals 179 

the beam through a considerable angle, so as to form 'clean' focused beams. 
In this method the surface of the exit face of a bent crystal is shaped so that 
the tangents to the crystallographic planes on this surface pass through the 
same line and, consequently, the particles in the defiection plane are collected 
in a line focus because of the difference between the defiection angles [113]. 
When the crystallographic planes are bent to form a cylinder of radius R (Fig. 
5.6), it is essential to ensure that the line formed by the centers of curvature 
00' is located on the surface of a cylinder of radius r representing the shape 
of the exit face of the crystal. The focal length is then F = v' 4r2 - R2. 

Fig. 5.6. Focusing a beam with a crystal. Here, 
00' is a line through the centers of curvature 
of the crystallographic planes; 0 IO~ is the axis 
of a cylinder of radius r representing the shape 
which is imposed on the face of a crystal; n' is 
the focal line where the tangents to the bent 
planes converge, deduced on the basis of the 
well-known geometry theorem. 

In the case of ideal bending and shaping of a crystal the beam size L1x 
at the focal point is L1x = 2FBe and it is governed by its angular divergence 
within the limits of the critical channeling angle. Since this critical angle is 
quite small (Be = 0.02 - 0.002 mrad for particles of energies from 100 GeV 
to 10 TeV in the case of planar channeling in silicon) and the technology 
used to bend and shape a erystal makes it possible to aehieve a foeal length 
of the order of several centimetres, the attainable dimensions of the beam 
are '" 10 {.Lm for Ge V energies and '" 1 {.Lm for the Te V range. The linear 
magnification in the course of focusing is q = 2FBe / H, where H is the char
acteristic thickness of a crystal '" Imm, and can reach a fraction amounting 
to, respectively, hundredths and thousandths in the two energy ranges. 

5.6.2 Focusing of a Parallel Beam to Form a Point 
in the Particle Deftection Plane 

The described method of focusing was realized in a collaboration experiment 
involving IHEP and PNPI: it was carried out on a 70-Ge V proton beam 
[113, 114]. The experts at the PNPI developed a technology for bending 
a focusing crystal and made several focusing devices. Three silicon crystals 
were used: their width, height, and length along the beam were 2 mm, 15 mm, 
and 70 mm, respectively; the orientation was (111). The crystals were bent 

F =
√

4r 2 − R2

σIP = 2Fmin(θc , σpx)
In Si θc ≈ 0.002 mrad,
in CLIC σpx ≈ 1 nrad,
F≈ 10 cm (?),
σIP ≈ 0.2 nm
Sensitivity to errors?



Crystal funnel from µµ collider proposal

1 PeV = 
1000 TeV

n ~1000
nB ~100
frep ~106

L ~1030-32

“Dream” Collider = Muons + Acceleration in 

Crystals + Continuous Focusing (Channeling)

V.Shiltsev | XBEAM 2017 - Ultimate Colliders
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Crystal focusing advantages

F Potential to reach ≈0.2 nm IP beam size
F No disperion or chromatic effects:

The FFS can be a simple telescope without chromatic
sections (to verify that σpy aberrations at crystal are
low)
No limitation from Oide effect
FFS length down to ≈100m?

F Very small transversely:
e± crystals close to each other and to the IP
Easy position stabilisation
Low crossing angle → maybe no need for crab cavities

F Transverse radiation damping ?



Crystal focusing disadvantages

F Channeling efficiency
Angle stabilisation critical

F Energy loss
Leading also to larger energy spread

F Unchanneled beams, volume reflected beams,
radiation, background ...

F Damage / destruction

It will be fun to make crystal-based FFS designs and
luminosity estimates!!

Stay tuned!


