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Abstract 
The application of HTS coils for a matching device [1] 

and a large-aperture L-band linac [2] makes it possible to 
transport a substantial part of positrons generated in a 
positron production target through a Capture Linac (CL). 
It raises a question of how to manage their large 6D phase 
space to provide bunches matched to the damping ring 
acceptance. This paper presents the beam dynamics stud-
ies of the FCC-ee positron linac consisting of an Adia-
batic Matching Device (AMD) with theoretical field dis-
tribution combined with constant solenoidal field along 
9/10π large aperture L-band accelerating structures. AMD 
field drop rate, as well as the RF field phase and acceler-
ating structure length, were varied to find features of a 
bunch formation. It was shown that 5D normalized beam 
brightness is a useful parameter to optimize the initial part 
of the CL. A higher beam brightness can be obtained for 
the higher AMD field drop rate. Two peak structure ap-
pears in the normalized brightness dependence on the RF 
field phase. The peaks correspond to the acceleration of 
the head or the tail of the initial positron longitudinal 
distribution. The last one provides a higher positron yield. 

INTRODUCTION  
The Future electron-positron Circular Collider, FCC-ee, 

requires an intense positron beam [3, 4]. In all positron 
sources used for accelerators, positrons are produced as 
secondary beams from an electromagnetic shower cas-
cade generated by high-energy electrons impinging on a 
target made of high-Z material, which provides relatively 
high conversion efficiency. The resulting final 6D normal-
ized emittance is huge due to large transverse and longi-
tudinal momentum spreads of positrons caused by shower 
processes and multiple scattering in the target. At the 
same time, produced positron bunches are small in trans-
verse and longitudinal directions. Accommodation of 
these bunches to the acceptance of an adjacent accelera-
tor, mandates the reduction of angular spread. A special 
focusing magnet, so-called matching device, must provide 
a strong axial (or azimuthal) magnetic field of the order of 
several Tesla with a peak near the target (ideally at its 
output surface) that drops to a constant value, typically 
below 0.5 T for the reduction of the transverse momentum 
of the particles increasing their longitudinal momentum 
(see [5]). Particle trajectories lengthening after the match-

ing device results in bunch size increase both transverse 
and longitudinal. Therefore, it is necessary to place an 
accelerating structure with enough large aperture just after 
the matching device to accommodate a maximum number 
of particles as well as to manipulate the longitudinal 
phase space to bunch them. Obtaining short bunches at 
the initial stage of acceleration is essential for low energy 
spread of the beam at the exit of the positron linac.  

The aim of this work is to find features of a bunch for-
mation in a positron CL with a layout mostly based on 
that described in [6]. In the simulations, the field drop rate 
of the matching device, as well as the RF field phase and 
accelerating structure length were varied. The results of 
the simulation are presented below.  

SIMULATION TECHNIQUE 
Tracking of particles from positron generating target 

through positron accelerator was performed with the Astra 
(A Space Charge Tracking Algorithm) program package 
[7]. Initial positron distribution at the exit of the target 
was the same as that used in [6] obtained with GEANT4 
[8] simulation of the interaction between the primary 
6 GeV electron beam and the 17.5 mm tungsten target. 
The parameters of the positron beam at the target exit are 
listed in Table 1. 

Table 1: Initial positron beam parameters 

Parameter Value Units 
Positron yield 13.6 ne+/ne- 

Beam sizes σx, σy 1.3 mm 
rms emission time σt 4.4 ps 
Average kinetic energy  50.54 MeV 
Energy spread 123 MeV 
Transverse beam emittances  1.9⋅104 π⋅mm⋅mrad 

To study the influence of the field drop rate of the match-
ing device on beam performance, axial on-axis magnetic 
field was represented in a form of superposition of the 
AMD field [9] and constant solenoidal field Bsol 𝐵 𝑧 = + 𝐵  (1) 

where z is an axial coordinate, B0 is a field magnitude at 
the front end of the AMD at z = 0, α is a tapering parame-
ter. The study was carried out in two stages. At first, B0 = 
12 T and Bsol = 0.5 T were fixed to investigate the influ-
ence of α in the range of 10 m-1 to 60 m-1 on positron 
beam performance.  

-------------------------------------------------------------- __  
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There are two options to represent the accelerating 
structure in the Astra code. For the first (default) option 
traveling wave field is derived from a standing wave field 
map that contains an integer number of wavelengths and 
field of two couplers. For the 9/10π structure that number 
corresponds to twenty cells so accelerating structure 
length can be changed with 20 cell steps. To have a less 
coarse step of structure length change traveling wave field 
of an accelerating structure with any number of cells can 
be represented as a superposition of field maps of its real 
and imaginary parts. 

Two options of CL layout were considered.  
a. The 9/10π structure containing 60 cells and two 

couplers was placed downstream of the target in 
such a way that distance d from the target exit face 
to the structure input coupler centre was 0.33 m. 
The influence of the field drop rate of the matching 
device, as well as the RF field phase on beam pa-
rameters was studied. Then, the CL with four such 
accelerating structures was considered.  

b. The 9/10π structure of variable number of cells 
from 28 through 112 including the two couplers 
was placed downstream of the target in such a way 
that d= 0.36 m. The influence of accelerating struc-
ture length was studied. 

Beam 5D normalized brightness 𝐵   was taken as a 
figure of merit for the simulations because it combines 
three most important values for the injector part of a linac, 
namely: bunch phase length ∆𝛷, bunch charge 𝑄 ∙ 𝑁  
and transverse emittances 𝜀   , 𝜀   .  𝐵  =   ∙   ,  (2) 

2𝐼 ∝ 360° ∙ 𝑄 ∙ 𝑓 ∆ , (3)  

were 𝑄  is macroparticle charge and 𝑁  is the number of 
macroparticles in an output bunch.  

To estimate the accepted positron yield, the longitudi-
nal phase space of particles was cropped by longitudinal 
acceptance of the Dumping Ring (DR): ±3.8% at 
1.540 GeV in energy and 16.7 mm in longitudinal dimen-
sion. To bring the longitudinal phase space from CL exit 
to the energy of the DR the LiTrack [10] style formula 
was used: 𝑊 = W + (1.54 𝑊 ) cos φ + 2π(z𝑧 ) , where 𝑊  and W are particle energies at the DR 
level and at the CL exit respectively, 𝑊  and 𝑧  corre-
spond to peaks of energy and longitudinal spreads of 
particles at the CL exit respectively, while φ  is RF phase 
offset from the wave crest. 

RESULTS OF SIMULATION AND DIS-
CUSSION 

To show the influence of α in Eq. (1) on the bunch pa-
rameters in general, the first layout was simulated with 
the accelerating structure phase set for maximum acceler-
ation. The amplitude of the field was set to get maximum 

energy gain of 30 MeV. The maximum field in AMD was 
12.5 T. Results are shown in Fig. 1 (left). One can see that 
at slow field drop more positrons are collected, but the 
phase length of the bunch is larger because of the bunch 
lengthening. It should be noted that the transverse emit-
tance is lower with greater particle loss.  

To find how these values interplay at different field 
phases simultaneous scans on α and the field phase were 
performed at a higher accelerating gradient (maximum 
energy gain was 62 MeV). The results are shown in Fig. 1 
(right). 

 
Figure 1: Total positron yield and bunch phase length vs. 
tapering parameter α (left). Normalized brightness vs. α 
and field phase (right). 

The dependence of the brightness on the field phase has 
two ridges that grow with increasing α. The highest peak 
corresponds to the acceleration of the initial bunch tail 
and the other one to the acceleration of the head of the 
bunch. Analysis of the particle dynamics showed that at 
the maximum brightness the first RF bucket contains 99% 
of the particles. 

Three more accelerating structures were placed down-
stream of the first one with a distance between adjacent 
coupler centers of 0.35 m. The beam from the first struc-
ture at maximum brightness was used as input to that part 
of the linac but the reference particle was moved to the 
new bunch center. Phases of the three structures were set 
for maximum acceleration but with a phase offset of -15° 
to provide some additional longitudinal compression of 
the bunch.  

Figure 2 shows resulted longitudinal phase space 
cropped at the DR level. The accepted yield is 8.0 ne+/ne- 
and the total yield is 8.6 ne+/ne-. The root mean square 
(RMS) energy spread of accepted particles ∆W/W is 1.1% 
and RMS bunch length ∆Z is 2.8 mm. 

 
Figure 2: Longitudinal phase space at the DR level. 

To show how accelerating structure length influences 
beam bunching, scan of the RF field phase for the struc-
tures containing different number of cells was carried out 
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at α =60 m-1. The result is shown in Fig. 3 (left) for the 
maximum acceleration gradient of 16 MeV/m. Shown 
dependence has a two-ridge structure. The ridges corre-
spond to the acceleration of the head or the tail of the 
initial positron longitudinal distribution. The last one 
provides the higher positron yield for the longer struc-
tures. Although the figure does not show an optimal struc-
ture length, calculations have indicated a decrease in 
acceptable yield after a length of 100 cells. Figure 3 
(right) shows longitudinal phase space cropped by ±3.8% 
at 1.54 GeV. The length of the cut window is 16.7 mm in 
this case. The accepted yield is 8.3, 1σ ΔW/W is 1.03% 
and 1σ  ΔZ = 2.48 mm. 

 
Figure 3: Normalized brightness vs the structure length 
and field phase (left) and longitudinal phase space at the 
DR level (right). 

Evolution of positron longitudinal phase space along 
the linac with 112-cell accelerating structure is shown in 
Fig. 4. The actual distance between adjacent distributions 
is 1 m. For the convenience of presentation, the distribu-
tions artificially shifted back and placed with a period of a 
half of wavelength. High-energy particles at the head of 
the bunch are cut off on graphs. One can see that particles 
occupied the first RF bucket. Calculations showed that it 
contains at least 99% of the whole beam distribution. RF 
phase is set to accelerate a tail of the initial bunch, so 
phase space is rotating along the linac that leads to the 
short bunch formation. Then, RF phase must be readjust-
ed to accelerate dense part of the bunch on a RF wave 
crest in the downstream linac. 

 
Figure 4: Longitudinal phase space along the linac. Num-
bers above graphs correspond to distance from the posi-
tron target in meters. 

The 100-cell length accelerating structure with phase 
advance 9/10π per cell is a rather long both from manu-
facturing and filing time point of view. Therefore, we 
simulate two 50-cell (3.61 m) length accelerating struc-
tures. Obtained results are almost the same as for one long 
structure: accepted yield is 8.2 ne+/ne-, 1σ ΔW/W is 
1.09% and 1σ  ΔZ = 2.67 mm. Slight difference in beam 
parameters is probably due to the influence of two addi-
tional couplers in such a layout.  

Table 2 summarizes the best results obtained in this 
study with comparison of that for the FCC-ee capture 
linac Version 0 numbers (see [11], Table 10). It seems that 
beam parameters of the FCC-ee capture linac Version 0 
can be enhanced. Analysis shows the main difference 
between these cases is in magnetic field configuration in 
the region from the target-converter to the linac entrance. 
The magnetic field configuration should provide suitable 
bunch lengthening to keep particles within one RF bucket 
during longitudinal phase space rotation allowing short 
bunch formation. 
Table 2: Positron beam parameters and its comparison to 
parameters of CL Version 0 

Parameter This 
study 

FCC-ee 
V0 

Units 

Maximum acceler-
ating gradient 

16 20 MeV/m 

Mean energy at DR 
entrance 

1.54 1.54 GeV 

1σ ∆W/W at DR 
entrance 

1.0 1.6 % 

1σ ∆Z at DR en-
trance 

2.5(6.0) 3.0(7.2) mm (°) 

Accepted positron 
yield 

8.3 6.6 ne+/ne- 

εn rms x,y  13 13 mm⋅rad 

CONCLUSION  
The beam dynamics of the FCC-ee positron capture 

linac consisting of the AMD with theoretical field distri-
bution combined with constant solenoidal field along 
9/10π large aperture L-band accelerating structures have 
been studied. AMD field drop rate, as well as the RF field 
phase and accelerating structure length can be optimized 
to provide short bunch formation within one RF 
bucket with the accepted positron yield of 8.3 ne+/ne-. 
It is necessary to study the feasibility of the magnet-
ic field profile obtained in current studies.  
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