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Strong reduction of multiple scattering for channeled particles has been observed in an experiment on
the deflection of a 180 GeV/c w*-meson beam by bent silicon crystals. The RMS deflections due to
multiple scattering for the channeled particles were about six times smaller than for non-channeled
ones. It was shown that the approach suggested recently for the description of multiple scattering for
channeled particles using the experimental data for random crystal orientations gives fair agreement
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1. Introduction

When high energy charged particles enter a crystal with small
angles relative to the crystal planes, 6, <« 1, their transverse mo-
tion is governed by a crystal potential, U(x), averaged along the
planes [1]. If the angles are smaller than the critical angle 6, <
6 = (2U,/pv)'/2, where p, v are the particle momentum and ve-
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locity, respectively, and U, is the well depth of the averaged planar
potential, the particles can be captured into the channeling regime.
Channeled particles move in a crystal oscillating between two
neighboring planes. Channeling is also possible in a bent crystal if
its bend radius is larger than the critical value, R > R, = pv/eEp
[2], where Ej, is the maximum strength of the electric field in the
planar channel.

Incoherent (multiple and single) scattering in close collisions
with atomic nuclei and electrons of the crystal changes the trans-
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Fig. 1. The distribution of vertical deflection angles of 180 GeV/c 7 *-mesons for the
background conditions without a crystal. The curve is a Gaussian fit of the distribu-
tion.

verse energy of channeled particles, and they may leave the chan-
neling regime (the process of dechanneling).

In the case of planar orientations far from the main axes the
deflection angle distribution of particles in the direction parallel
to the crystal planes is determined only by incoherent scattering.
Therefore, these distributions can be used to study multiple scat-
tering for channeled particles. The variance of the distribution due
to multiple scattering in the crystal may be found as

2 2 2
0° =04 — Oy, (1)

where oex and oy, are the RMS deflections measured with and
without a crystal in the particle beam. The density of atomic nu-
clei and electrons averaged along the trajectories of channeled
particles with small oscillation amplitudes is smaller than for the
amorphous crystal orientations when only incoherent scattering of
incident particles occurs in a crystal. Therefore, a reduction of mul-
tiple scattering for the channeled fraction has been observed in [3].

This paper presents the measurement results for multiple scat-
tering of a 180 GeV/c 7 -meson beam in two bent silicon crystals
with length of 23 mm and 4 mm for their optimal orientations
for channeling. The critical angle in this case for the (110) planes
0c ~ 16 prad. We consider the Gaussian approximation of the pro-
jected angular distributions of pion multiple scattering in the ver-
tical plane which is orthogonal to the channeling one. Strong re-
duction of multiple scattering has been observed for the channeled
fraction of the pion beam. The experimental results are compared
with simulations using the model described in [4].

2. Experimental layout and results

The experimental setup at the H8 beamline of the CERN SPS
was the same as described in [5]. Five pairs of silicon microstrip
detectors D1-Ds5, two upstream and three downstream of the crys-
tal, were used to measure both incoming and outgoing angles of
the particles. The distances of about 10 m and 11 m were between
the two first and the two last detectors, respectively. The detec-
tor spatial resolution was measured to be about 7 pm. The beam
angular divergence in the horizontal and vertical directions were
0ox =(29+0.03) prad and oy, = (35.9 £ 0.04) prad, respectively.

The difference of the outgoing and incoming angles gives the
deflection angle for each particle. Fig. 1 shows the distribution
of vertical deflection angles for background conditions without a
crystal. The histogram was fitted by a Gaussian giving the RMS de-
flection opg = (11.2740.01) prad, which determines the resolution
of deflection angles.

The crystals with the largest faces parallel to the (110) crystal-
lographic planes were fabricated at INFN-Ferrara according to the

Table 1

Crystal parameters.
Parameter Crystal 1 Crystal 2
Length (mm) 23 4
Bend angle (prad) 1067 £1 62+1
Bend radius (m) 21.56 +£0.02 64.5+1.0
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Fig. 2. The distribution of horizontal deflection angles of particles for the opti-
mal orientations of crystal 1 (a) and 2 (b) for channeling. Peak 1 consists of the
channeled particles. Peak 2 is formed by non-channeled particles, which were not
captured into the channeling regime. Particles in range 3 were dechanneled during
the passage through the crystal.

methodology described in [6,7]. The crystal parameters are given in
Table 1. The crystal radii are large in comparison with the critical
one, R, = 0.3 m for the considered particle energy. Therefore, the
effective potentials are close to the straight crystal potential. So,
the channeling conditions are practically identical in both crystals.
The different results of the beam deflection are obtained because
of the different lengths and bend angles of the crystals.

The crystal under study was placed vertically and bent along its
height. The induced anticlastic curvature along the crystal length
was used to deflect particles in the horizontal plane. A high pre-
cision goniometer was used to align the (110) crystal planes with
respect to the beam direction with an accuracy of 2 prad. The ac-
curacy of preliminary crystal alignment using a laser beam was
about 0.1 mrad. An angular scan was performed and the optimal
orientation was found which gives the maximum of the deflected
beam fraction.

Fig. 2a shows the distribution of horizontal deflection angles
for the optimal orientation of long crystal 1. A narrow fraction of
the beam corresponding to those particles contained in an incom-
ing angular range +1.25 prad was considered. The angular res-
olution of incoming angles was estimated to be about 5.8 prad.
Particle trajectories in the horizontal plane are determined by the
averaged potential of the bent planes in the first approximation.
Peak 1 on the right consists of the particles which passed through
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Fig. 3. The vertical deflection angle distributions for the channeled (1) and non-
channeled (2) beam fractions shown in Fig. 2a. The curves are Gaussian fits of the
distributions.

Table 2
RMS deflections due to multiple scattering for channeled and non-
channeled fractions.

Parameter Och Onch Onch/Och
(prad) (prad)
Crystal 1 5.88+0.17 35.64+0.38 6.06
Crystal 2 2.56 +£0.32 14.61+£0.30 5.71
Table 3

Multiple scattering parameters for channeled (CH) and non-channeled
(NCH) fractions.

Parameter do?/dz CH/AM do?/dz NCH/AM
(prad?/mm) (prad?/mm)
CH NCH
Crystal 1 1.50 +0.09 0.031 55.23+1.18 1134
Crystal 2 1.64+0.41 0.034 53.35+2.19 1.096

the whole crystal in the channeling regime. The maximum of the
peak is at an angle 6., = 1067 purad and its position corresponds
to the crystal bend angle o = ;. The number of particles in
peak 1 determines the deflection (channeling) efficiency, which is
Py = (54.3 £ 0.8)%. Peak 2 on the left is formed by those parti-
cles which were not captured into the channeling regime. Particles
in range 3 with deflection angles between two maxima are the
dechanneled ones. They are seen clearly in the logarithmic scale
used for this purpose in the figure.

Vertical deflection angles of particles in the crystal are de-
termined only by multiple scattering in close collisions with the
atomic nuclei and electrons. Fig. 3 shows the vertical deflec-
tion angle distributions for the channeled 1 and non-channeled
2 beam fractions. The distribution for the channeled fraction is
about three times narrower than for the non-channeled one. Both
histograms were fitted by a Gaussian giving the RMS deflections
Oex1 = (12.71 £ 0.08) prad and oexy = (37.38 £ 0.36) prad, respec-
tively. Then the variance of the particle deflection distributions due
to multiple scattering in the crystal were found for the channeled
and non-channeled fractions as
0(:2h = 062)(1 - Ulvzg’ 01125I1 = Ge‘2x2 - obzg'

Table 2 shows the corresponding RMS deflections due to mul-
tiple scattering in the crystal. The RMS deflection value for the
channeled fraction is about six times smaller than for the non-
channeled one. Table 3 shows the average rate of the increase
of variance for multiple scattering of particles in the crystal and
its ratio to the value for the amorphous crystal orientation (AM).
The last one was measured for 400 GeV/c protons in [8] and was

recalculated for 180 GeV/c 7 T-mesons (see below). The variance
increase rate for the channeled fraction is only about 3% of the
amorphous orientation case.

The measurements for crystal 2 were similar. Fig. 2b shows
the horizontal deflection angle distribution for the optimal ori-
entation of the crystal 2 for channeling. The same narrow beam
fraction with an incoming angular range +1.25 prad was consid-
ered. The deflection efficiency is higher, about 71.7%, due to the
smaller dechanneled fraction for this shorter crystal. The chan-
neled 1 and non-channeled 2 fractions are shown by the hatched
histogram parts. Parameters of multiple scattering distributions ob-
tained for crystal 2 are shown in Table 2 and 3. The RMS deflection
due to multiple scattering in the crystal for the channeled fraction
is also about six times smaller than for the non-channeled one. It
should be noted that the variance increase rate for the channeled
fraction in this short crystal is higher than for long crystal 1, about
3.4% of the amorphous orientation value, see Table 3.

The variance increase rate for the non-channeled fractions con-
sidered are larger than for the AM case because the atomic density
averaged along the particle trajectories in the volume reflection
area near the crystal entrance is higher than the average one [9].

3. Simulations of multiple scattering

Multiple scattering of channeled particles in close collisions
with atomic nuclei (n) and electrons (e) in the crystal depends
on the particle position in the planar channel, and for the mean
square of the deflection angle projection per unit length is written
as follows [10]
do? do? do? do?

2P Y G W n

)

Nzt @

where d62/dzg are the corresponding values for a random (amor-
phous) crystal orientation, P,(x) is the transverse distribution of
the crystal plane atoms due to thermal vibrations, which was
considered as a normal one with the RMS vibration amplitude
u1 =0.075 A, N is the atomic density, Z is the atomic number,
NZ is the average electron density, p(x) is the electron density
in a planar channel. The latter was calculated taking into account
thermal vibrations of the crystal atoms and the contribution of the
two neighboring planes using the Moliere approximation for the
atomic potential [4]. The contribution from the scattering on nuclei
is much larger near the edge of the channel, whereas the contribu-
tion from the scattering on electrons is considerably larger in the
middle of the channel.

The mean square deflection (MSD) value for 400 GeV/c pro-

tons in silicon crystals for their amorphous orientations d@xz/dzR
has been recently measured in [8]. The corresponding value
for 180 GeV/c particles can be found using the proportionality,
dez/dzg ~ 1/p?, d6f/dzg = 48.69 prad?/mm. The partial contri-
butions due to the scattering on atomic electrons and nuclei can
be found from the MSD experimental value according to [11] as
follows
do? do? 1 do? do? Z 3
dzer dzr Z+1 dzng  dzr Z+1 3
This approach (2), (3) for the calculation of multiple scattering in
the oriented crystals has been recently used for the simulation of
180 GeV/c particles dechanneling in a 23 mm long bent silicon
crystal [12]. Fair agreement of these simulations with the experi-
ment has been observed.

Simulations of multiple scattering of a 180 GeV/c m+-meson
beam by the bent crystals 1 and 2 for the experimental conditions
described above have been made using the model [4]. The particle
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Fig. 4. The particle distributions in the transverse energy E obtained by simulations
for two different depths of 4 mm (1) and 23 mm (2) in crystal 1.

trajectories were calculated by numerically solving the equation of
motion in the effective potential of the crystal bent planes. The
change of the transverse velocity of a particle due to multiple
scattering on the atomic electrons and nuclei was calculated us-
ing the experimental values from (2) and (3) at each step along
the particle trajectory. The step length was much smaller than the
spatial period of the particle oscillations in the channel. The RMS
deflections due to multiple scattering for the channeled fractions
o, were found to be (5.57 & 0.02) prad and (2.53 £ 0.01) prad
for the crystal 1 and 2, respectively. The RMS values obtained
by simulations are close to the experimental ones shown in Ta-
ble 2.

Fig. 4 shows the particle distributions in the transverse en-
ergy Ex for two different depths of 4 mm (1) and 23 mm (2)
in crystal 1. The distribution evolution along the crystal length
due to multiple scattering reduces the fraction of particles with
large oscillation amplitudes. The evolution should reduce the mean
square deflection due to multiple scattering for larger depths in
a crystal. This is a possible explanation of the larger value of
the mean rate of the variance increase due to multiple scatter-
ing observed for short crystal 2 in comparison with crystal 1 (Ta-
ble 3).

4. Conclusions

The experiment has shown a strong reduction of pion multiple
scattering for the channeled beam fractions. The RMS deflections
for these fractions were about six times smaller than for the non-
channeled fractions. It was shown that the approach suggested re-
cently [12] for the description of multiple scattering for channeled
particles using the experimental data [8] for amorphous crystal
orientations gives fair agreement with the experimental results.
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