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Abstract Bunch merging is a well-established technique to increase the intensity of synchrotrons and the luminosity of circular
colliders. We suggest to exploit a combination of channeling, volume reflection and amorphous interactions in a bent crystal for
beam merging in a transfer line. Two beams converging into the bent crystal along special directions should emerge in almost parallel
directions. A merging scenario is discussed, and data collected by the UA9 Collaboration are reprocessed to prove its feasibility.
Comparison with magnetic stacking, which is a similar process, is presented.

1 Introduction

Charged particle interactions with crystals depend on the incident angle 6 of particle trajectories with respect to the crystalline
planes because of anisotropy of the medium [1]. At small values of 8, particles may be captured in channeling states (CH) into the
electrostatic potential of the regularly distributed nuclei, giving rise to reduced probability of multiple Coulomb scattering (MCS),
inelastic nuclear interactions (INI) and ionization loss. Particle confinement requires that 6 < 6., where 6, = /2Uax/ pv is the
channeling critical angle, Unax is the potential well between two crystalline planes (~20 eV for Si (110) planes), and p and v
are the particle momentum and velocity, respectively [1]. In a bent crystal, particles may be channeled if the bending radius R is
larger than the critical value R, = E/eEn, where E is the particle energy and Ey, is the maximum strength of the atomic electric
field averaged along the planes (Ey, &~ 6 GV/cm for Si (110) planes) [2]. As R decreases, the inter-planar potential well becomes
increasingly asymmetric and ineffective, and the critical angle is reduced [3, 4]. Crystals bent by the angle 6, can deflect incoming
particles, through channeling (CH) or volume reflection (VR). Deflection angles are 6cy = 6, and Oyr >~ 1.3 x 6., respectively [5].
Particles in channeling states at the crystal entry face may be dechanneled (DCH), i.e., jump out of the potential well, because of
the MCS with the nuclei and the electrons of the crystal atoms. DCH particles are bent by an angle 6§ < 6}, proportional to the path
length in CH states. Particles entering the crystal with an incident angle 8 >> 6, see the crystal as an isotropic medium and follow
”amorphous” trajectories (AM) only perturbed by MCS [4]. Deflection efficiency, i.e., the ratio of deflected by incident particle flux,
differs for positive and negative charges [4].

A number of beam manipulations assisted by bent crystals [2] is routinely exploited for operational tasks in particle accelerators
and beam lines. Simultaneous kaon beams, produced in the North Area of SPS using a bent crystal as a splitter, were exploited
during several years by the NA48 experiment at CERN [6, 7]. Crystal assisted proton extraction is routinely performed in several
sections of the U70 synchrotron at IHEP in Protvino [8, 9]. Loss reduction at the SPS extraction relies on a bent crystal acting as a
smart scatterer in front of the electrostatic septum wires [10]. Halo collimation based on crystals is the operational base-line at the
LHC during ion collision runs and low-intensity proton operation (e.g., for TOTEM dedicated runs) [11].

In this article, we propose a method for beam merging assisted by a bent crystal. Two beams interacting with the crystal along
appropriate directions can be deflected along almost parallel paths. For the preliminary validation of such process, a high statistics
data set acquired earlier with the UA9 setup [12] is exploited and reprocessed. Emittance after merging by the bent crystal is
computed and compared to that resulting from transverse beam stacking [13].
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2 Schematic description of beam merging assisted by a bent crystal

The conceptual description of a basic two-beam merging scenario assisted by a bent crystal is shown in Fig. 1. Beam1 (red line)
and Beam?2 (blue line) converge at the crystal with an angle 6,. Beaml1 is in optimal orientation for CH. Beam?2 enters the crystal
with a different incident angle, headed toward the edge of VR and AM orientations. At the crystal exit, the CH fraction of Beam1
is deflected by 6y, the dechanneled fraction emerges in the angular range 0 < 6 < 6, (dotted red line) while the AM fraction
continues straight, experiencing MCS (dashed red line). Particles in Beam?2 are either deflected in VR or only undergo MCS along
AM paths. The CH fraction of Beam1 (red line) and the VR (blue line) and AM (yellow line) fractions of Beam?2 exit the crystal in
almost parallel directions. The dechanneling process that reduces CH fraction of Beam1 and angular spread of concurrent VR and
AM interactions in Beam2, brings inefficiency to the process of beam mixing. To increase the merging efficiency and maximize
the merged beam density, the incident beam emittances should be well matched to the crystal features. In particular, the size of the
incident beams should not exceed the crystal width, while the angular spread should be contained in the 6, range, to minimize
the number of particles that cannot contribute to the two-beam merging. The process optimization will be thoroughly discussed in
a separate paper.

An alternative procedure, exploiting VR and AM interactions only, will be discussed in a separate paper. It is expected to be
rather efficient in recombining negatively charged beam particles because of the large VR deflection efficiency [14]. However, its
practical implementation may be limited by small incident angles and reduced separation of Beam1 and Beam?2 trajectories.

3 Using a UA9 crystal data-set for a merging scenario

A thought experiment is proposed to investigate the feasibility of the merging process. The data collected in a high-statistics run, in
which a UA9 bent crystal was irradiated, are reworked to extract two subsets of trajectories representing Beam! and Beam2. When
superimposing the two beam trajectories, a realistic beam merging materializes, representing well the one discussed in Sect. 2.

3.1 The UA9 crystal data-set

The test crystal conceived to assist collimation in LHC was also exploited for accurate measurements of the INT cross-section [12].
It is made of a rectangular silicon strip, cut along the (110) planes, bent in a c-shaped titanium holder that imparts a vertical primary
curvature and an almost circular anticlastic curvature in the horizontal mid-plane. Its features are summarized in Table 1, where X
is the horizontal coordinate, Y the vertical one, and Z the longitudinal axis along which the incoming beam travels. The measured
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Table 1 Parameters of the crystal ACP80: physical dimensions (Lx, Ly, Lz), bending angle (6), bending radius (R), residual torsion around the Y-axis
(Ty)

Crystal Lx Ly Lz Op R Ty
mm mm mm prad m prad mm™!
ACP80 3.00 £+ 0.02 50.00 £ 0.1 4.00 +0.02 60.9 £ 0.5 65.7 %1 0.28 £0.25
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Table 2 Performance of the crystal ACP80: ecy is the CH efficiency, eyR is the VR efficiency, and (og,,, /09,,)AM and (og,, /04, )VR are the increase in
the beam divergence in AM and VR orientations, respectively

Crystal €CH €CH €VR (0Gout /06, ) AM (O9ut /06, VR
0 <0 0 <0c/2 20 <6 <36, —50. <6 < —46, 20, <6 <36,
ACP80 521+ 04H% (65.6 £ 0.9% (83.9 + 0.6)% 3.26 £0.05 3.39 +£0.07

values of the radius of curvature R and of the residual torsion around the Y-axis (Ty) are also reported. The name ACP80 was
originally assigned to the test crystal by the crystal builder. Data were collected in the CERN North Area by irradiating the crystal
ACP80 with a 180 Gev secondary hadron beam, composed of 70% protons and 30% pions with positive charge. At this energy, the
critical angle and radius are 6, ~ 16 prad and R, = 0.67 m, respectively.

The two-arm UA9 telescope was used to record the trajectories of the beam particles interacting with the crystal. The angular
resolution was 12.3 prad, determined by the MCS in the silicon strip stations and the residual air [15—17]. In a typical run, trajectories
were recorded while varying the crystal horizontal angle 6 with respect to the beam reference axis. The optimal orientation for
channeling 6cy was identified. The angular range —100 prad to 150 prad that encloses Ocy was explored in steps of about 10 prad.
The tracks were reconstructed in a reference frame, which was reoriented to be centered on the measured value of cy. The realigned
tracks of all runs were written to a single merged file and used for data analysis. Figure 2 displays the outgoing angles 6y, as a
function of the incident angles 6;,. Each vertical line of the plot gives the data collected at a fixed orientation of the crystal. The
color code represents the particle flux measured in a given outgoing direction. The colored vertical bands span the regions where the
particles of Beam1 (brown band) and Beam?2 (blue band) are selected (see next subsection). The CH and VR deflection efficiencies,
ecH and eyR, respectively, and the beam divergence increase induced by MCS in AM and VR orientations, (og,, /0g;,)am and
(09, /06,y )VR, TESpeEcCtively, evaluated by applying the UA9 procedures [18], are reported in Table 2. The latter results depend on the
selected angular range of the incident beam particles, as discussed in [4, 18]. In Table 2, efficiency and beam divergence evaluations
are shown for different angular ranges.

3.2 Incident beams and results of merging process
The particle trajectories of Beam1 and Beam?2 are extracted from the population in the brown and blue bands of Fig. 2, respectively.

This implies that the two beam axes converge toward the crystal at an angle 6g1_p2 = 80 prad >~ 6, + 6yr. For an efficient beam
merging assisted by a bent crystal, incident beam emittances should be matched in width and angular spread to the crystal features.
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To implement such a feature, we define Beam1 and Beam?2 with 2D Gaussian distribution in the (x, x’) phase space at the crystal
entrance. The data for each selection of the recorded trajectories are redistributed according to a normal Probability Density Function
(PDF). The distribution of incident points on the crystal entry face is Gaussian with mean value (x) = 0 and standard deviation o, =
0.2 mm, in both beams. The distribution of the incident angle is also Gaussian with standard deviation o,» = 8 prad in both beams
while the mean values differ for Beam1 and Beam?2, the former being (x’) = 0 and the latter (x") = 80 j.rad, to implement the desired
crossing angle. The entire set of particles of each beam crosses the crystal face because o, has been chosen to be sufficiently small
(Lx = 15 x oy). The dechanneling process in Beam1 is not predominant while the the VR and AM interaction rates in Beam?2 are
comparable due to the choice of incident angle [4] and because o >~ 6,/2. The beam density distributions at the crystal entry face
are shown in Fig. 3. During crystal traversal, a fraction of Beam1 particles is captured in CH, while Beam?2 particles experience either
VR or AM interactions depending on small variations of their path along the crystal. The distribution of the outgoing trajectories
at the exit face of the crystal, shown in Fig. 4 by light-blue and light-brown colored area, represents the distribution of the merged
beam. Black continuous lines represent the area that contains 68% of the outgoing particles, while the green continuous line is the
elliptical interpolation of such an area. Black and green dashed lines identify the area and its elliptical interpolation that contains
95% of the outgoing particles. Projections on the axes of the phase space, also shown in Fig. 4, illustrate the separate contributions
of CH and VR events to the merging process.

4 Merging performance

To provide performance evaluation of the merging scenario assisted by the crystal ACP80, we compare it with stacking schemes based
on magnetic devices. This gives useful indications, although our selected stacking schemes are not optimized. Indeed, the magnetic
recombination is obtained by emittance juxtaposition in the phase space either along x or along the x’ axis of the two incoming
beams, simply assuming a final separation of 60 of the recombined beam centroids. Figure 5 illustrates the phase space obtained by
stacking Beam1 and Beam?2 along x’ (5a) or along x (5b), with axis separations §x’ = 3 x 6. = 48 jurad and §x = 6 X 0, = 1.2 mm,
respectively. A two—dimensional Gaussian fit is performed to obtain contour lines in the phase space that contains 68% and 95% of
the total population, respectively. In the case of crystal assisted merging, the fit in the x” direction was performed considering the
convolution of three Gaussian peaks of interest i.e., the CH beam and the two obtained selecting the VR—AM region. The parameters
of the superimposed distributions are reported in Table 3, where the RMS emittance erys is evaluated as the product o, x oy [19].
The higher erms for crystal assisted merging is in our opinion due to the MCS occurring because of the particle interactions with a
4 mm crystal and to dechanneled particles of Beam1 emerging from the crystal in a direction too close to the CH one. To mitigate
the latter issue, we believe that a larger bending angle should help in producing a more suitable density distribution to allow scraping
of the dechanneled particles. It is worth observing that the crystal merging produces an occupancy of the phase space where it
should be easy to scrape the unwanted particles surrounding the core, while transverse stacking distribution is depleted around the
phase—space center.

@ Springer



Eur. Phys. J. Plus (2023) 138:981

Fig. 4 Phase—space distribution
density of the merged beam at the
crystal exit face. The level
contours highlight the 68% and
the 95% fractions of the merged
population (black dashed).
Histogram projections on x and x’
axes show the superposition of all
the particle tracks (black) and the
2D Gaussian fit (green hue) for the
evaluation of egyg in Table 3

Fig. 5 Stacking distribution in the
phase space (x, x’). The two
beams are colored in red and blue
hue. The best fit of the combined
population is shown by the
contour lines (green hue) at 68%
and 95% of the total number of
particles. The populations are
fitted to two-dimensional
Gaussian function

Table 3 Merging performance: @
and o are the two-dimensional
Gaussian mean values and
standard deviations in the
respective direction of the phase
space; epmMs is the RMS emittance

5 Conclusions
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Stacking along x 0.62 + 0.03 —0.15 £ 0.28 0.66 + 0.03 7.25 + 0.28 479 £ 0.27
Crystal merging —0.01 £ 0.01 61.5 + 1.1 0.26 + 0.01 27.0 + 1.1 7.08 £+ 0.42

In this paper, a possible scheme to merge beams using bent crystals has been discussed. A first estimate of the performance of the
crystal assisted beam merging has been successfully carried out, by reprocessing data collected by the UA9 Collaboration. Two-beam
merging in a bent crystal and transverse stacking with magnets have similar performance, although the latter is rather schematic.
The novel merging method extends the potential applications of bent crystals in accelerators. Compared to conventional techniques,
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the method under discussion requires compact and inexpensive installations, possibly of interest for future muon colliders. The
demonstration of principle obtained by reprocessing experimental data is fast and in our opinion very robust, for which the shortness
of the injection chain is of paramount importance. Our conclusion substantiates the importance of an experimental test of beam
merging assisted by a bent crystal at the upgraded UA9 installation in the CERN North Area to be carried out as soon as possible.
Optimization of the beam merging process will be performed by varying the direction and the emittance of the incoming beams and
the crystal parameters. Simulations based on Geant4 and FLUKA have begun to extend and accelerate detailed comprehension of
the merging process, including for low—energy beams.
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