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ABSTRACT: The phenomenon of deflection of a charged particle beam due to channeling in a
bent crystal has been well investigated and successfully applied for beam extraction at high-energy
accelerators, for energies about 10 GeV and higher. However, it is of a big practical interest to con-
sider the task of bending and extracting charged particles with energies below 1 GeV, for example,
for production of ultrastable beams of low emittance for medical and biological applications. How-
ever, for low energy, i.e. below 1 GeV, the bent crystal channeling is not efficient. That motivates
us to consider in this article an other crystal technique, based on thin straight crystal targets, as el-
ements for the extraction and collimation of the circulating beam in an accelerator ring. The main
advantages of reflection in straight crystals, in comparison with bent crystal channeling, consist in
the small length of straight crystals along the beam, that reduces the amount of nuclear interactions
and improves the background.

KEYWORDS: Instrumentation for particle-beam therapy; Instrumentation for particle accelerators
and storage rings - low energy (linear accelerators, cyclotrons, electrostatic accelerators); Beam dy-
namics; Beam-line instrumentation (beam position and profile monitors; beam-intensity monitors;
bunch length monitors)
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1 Introduction

The phenomenon of deflection of a charged particle beam due to channeling in a bent crystal is
well investigated and successfully applied for the extraction of beam in high-energy accelerators,
at energies of about 10 GeV and higher (see for example ref. [1-3]).

However, the task of bending and extraction of charged particles with energies below 1 GeV is
particularly interesting, e.g. for production of ultrastable beams of low emittance for medical and
biological applications [4]. The innovative technique based on crystals could significantly reduce
the costs for setting up a beam line dedicated to medical beam creation.

There exists a big experimental problem in steering of such energy beams which is connected
with small sizes of bent crystal samples. The think is that characteristic parameter L,, called
dechanneling length is relatively small for low energy. For E = 500 MeV, we have L; = 0.4 mm [1].
With usual channeling bent crystals (about 1 mm in length) only 10% efficiency was achieved for
the deflection of sub-GeV energy particles [5] in beam line.

More serious problems arise when a circulating beam is extracted from a circular accelerator,
since crystals required for this task must have large transverse dimensions exceeding the crystal
length. In addition, the bending angle of the crystal must be ~1 mrad in order that the deflected
beam could be easily separated from the circulating one in the energy region below 1 GeV. Po-
tentially, quasimosaic bent crystals [6] or thin flat crystals [7, 8] can be used for this purpose;
nevertheless, in either case, the angle of deflection of particles must be increased several times.

2 Principle of the method of particle beam steering by reflections in short crystals

The method is based on particle reflection from very thin straight crystal plates [7], the thickness
of which is equal to an odd number of half-waves of particle path oscillations during channeling:
L= (2n+1)/2x A, where A = nd/8c, d = 2.3A — interplanar distance in silicon. It should
be noted here that an analogous effect in axial crystal channeling has been reported [9]. It is
characterized by the pronounced maxima of zero-degree yield corresponding to an odd number of
half-waves of oscillations of axially channelled particles. The effect of particle deflection by a thin
crystal is shown in figure 1.



Figure 1. Effect of particle trajectory bending in a thin crystal.

Figure 2. Fan-type reflector for bending of particle beam with use of thin straight crystals. Reflection of
trajectories of particles from nuclear planes is schematically shown.

This means that, e.g., the optimum crystal length must be about 1 um for 500 MeV particles.
The maximal reflection angle in a single optimum length silicon plate is approximately equal to the
doubled critical angle for channeling 6, = (2U,/ pv)l/ 2, where U, ~ 20eV is the planar channel
value in silicon; p and v are the momentum and velocity of the incident particle, respectively. But
for real accelerator applications this angle of deflection is not sufficient. Several oriented crystal
plates unfolded like a fan (see ref. [10]) can be used to increase the deflection angle (figure 2).

To ensure optimum beam deflection in this construction, each successive crystal is deflected
through angle about 6,. As a result, the total deflection angle may be as large as 6¢ x N, where N
is the number of crystal plates.

3 Experimental feasibility of beam deflection by thin crystal targets

The first experimental testing of the fan-like reflector was made in [10] in 50 GeV circulating beam.
Good efficiency of deflection, up to 80% was achieved, but deflection angle was limited because
of non-optimal construction of first crystal device. For optimization of crystal targets we propose
a research about the deflection of particles in the Beam Test Facility of the LNF INFN, where a
particle beam with energies of 50-700 MeV is readily available [S]. The necessary experimental
facility contains a remote controlled goniometer for installation of crystal targets, beam collimator
and detector. The scheme of experimental setup is shown in figure 3
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Figure 3. 1: steel collimator in vacuum pipe; 2: crystal sample in goniometer; 3: drift space in vacuum
about 1 meter long; 4: microstrip detector with 50 micron resolution.

It is well-known that only particle beams with small angular divergence within the limits of
a critical channeling angle can steer with the help of straight crystals ([1], page 34). Low emit-
tance e+ beam is obtained using special iron collimator. The horizontal emittance of the beam
€ ~ 0.5mmx0.5mrad and ¢ ~ +0.25 mrad are achieved. So, in our case the ratio (6,/¢) < 1 is
achieved (6, is about 360 microrad for 300 MeV particles), which is appropriate for efficient parti-
cle deflection observation. Efficiency of beam deflection in our case is understood as a fraction of
the particles bend by the crystal device on angle more than 1 mrad in relation to intensity of all the
beam falling on a crystal.

First of all, the opportunity of beam bending by a fan-like deflector will be investigated. Pre-
liminary Monte Carlo calculations of 300 MeV positron beam deflection with the help of the fan-
like reflector were performed by the code SCRAPER [11]. In simulations a narrow beam with
zero angular divergence with an incident angle ¥ = —o/2n relative to first fan crystal is assumed.
The turn of the next plates of a fan is about ¥ = —a/n. The angle o = 1.4 mrad here is the total
beam bending, and n is the number of crystal plates. A good efficiency was found for a reflector
consisting of five silicon single crystals of the (110) planar orientation (see figure 4). In this case
52% of beam is deflected on an angle larger than 1 mrad.

In addition to the bending of particle beams, this crystal technique can be used for shaping
the beam profiles for different applications. In this case particle interactions with the array of short
straight crystals give a new possibility of beam angular divergence regulation.

The task of beam profile shaping is needed for example in radiation therapy. Usually transver-
sal filters (the special volume collimators) are used for obtaining a beam with given shape and size,
for producing a fixed dose in cancer tumor therapy applications. The shortcoming of this method is
the necessity to utilize rather thick targets, due to the resulting additional harmful background and
intensity decreasing of useful beam taking place. Besides, the beam shaping in one plane brings
distortion in the other plane (due to multiple scattering, mainly). The new method of beam shap-
ing based on a sequence of thin crystals, allows us to change the angular distribution in one plane
without influencing the angular distribution in another plane. Due to the small target thickness (of
about several microns), additional secondary backgrounds as a result of beam interaction with the
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Figure 4. Deflection of the beam with the help of fan reflector consisting from n = 3,5, 8 single crystals.

dNdX %1 N

X mr ady

Figure 5. The samples of initial angular divergence (curve 1) shaping with the help of two (curve 2) and
four (curve 3) crystals. The turn of the crystal plates in array is about +0.3 mrad in this case.

target there are absent. We carried out computer simulations for the investigation of possibilities
of creating such crystal targets. Figure 5 illustrates the shaping of the flat angular distribution of
particle beam at 300 MeV energy from the initially Gaussian distribution.

One can see from the figure that, in the case of usage of the four silicon single crystals of
the (110) orientation, the resulting angular distribution is 5 times wider initial distribution and
has a plateau. At a definite distance downstream the crystal fan the particle angles transform to
coordinates and we may get the beam with uniform angular distribution and required size.



4 Conclusion

In the paper a method of beam steering by fan-like crystal reflector and its theoretical and exper-
imental feasibility for sub-GeV energy are discussed. This method yields a good perspective for
the creation of cheap medical beams with energy below 1 GeV. Advantages of reflection in straight
crystals, in comparison with bent crystal channeling, consist in the small length of straight crystals
along the beam that reduces the amount of nuclear interactions and improves the background.

Very interesting research developments will probably occur with the application of nanoporous
materials and aligned nanostructures. The realization of such special targets is in a stage of devel-
opment [12—-14].
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