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Abstract 
The barrier bucket antiproton accumulation scheme is 

investigated for the RESR ring, which is proposed to be 
constructed using the existing COSY ring magnets. In the 
baseline design of the FAIR project, the RESR serves as an 
intermediate storage and accumulation ring for antiprotons 
precooled in the Collector Ring (CR) by stochastic cooling. 
The main objective is the accumulation of up to 10¹¹ anti-
protons within a few hours, enabling high-intensity anti-
proton beam experiments in the High Energy Storage Ring 
(HESR). The feasibility and expected performance of the 
proposed barrier bucket accumulation scheme are dis-
cussed based on numerical simulations and beam dynamics 
considerations. 

INTRODUCTION 
The operation of the Recycler Experimental Storage 

Ring (RESR) is planned to be supported by precooling of 
secondary beams in the stochastic cooling system of the 
CR prior to injection [1]. Precooled batches of 108 antipro-
tons will be delivered from the CR every 10 s at a kinetic 
energy of 3 GeV [2,3]. Once approximately 1011 antipro-
tons have been accumulated, the beam will be transferred 
to the HESR for subsequent acceleration or deceleration, 
depending on the requirements of the experimental pro-
gram [4]. In the original design, antiproton accumulation 
in the RESR was based on the momentum stacking method 
combined with stochastic cooling [5]. This approach re-
quired wide aperture magnets to provide sufficient trans-
verse acceptance for the injection and stacking orbits. 
However, in the current cost-optimized design, which re-
uses components from the existing COSY facility, the mag-
net apertures are too narrow to accommodate conventional 
transverse stacking. To overcome this limitation, the bar-
rier bucket accumulation technique combined with sto-
chastic cooling using barrier voltages is proposed for lon-
gitudinal stacking [6]. The present paper describes a brief 
description of the RESR conceptual design based on COSY 
magnets and assesses the feasibility of antiproton accumu-
lation in this ring using the stochastic cooling system pre-
viously built and tested at COSY [7]. The requirements for 
the RF barrier bucket and the injection system are also dis-
cussed.  

RESR DESIGN BASED ON COSY 
The new RESR lattice was designed using the existing 

COSY dipole and quadrupole magnets [8]. The main de-
sign objective was to keep the ring geometry as close as 
possible to the original RESR specifications, ensuring the 

machine fits within the planned building around the CR, as 
shown in Fig.1.  

 
Figure 1: Conceptual layout of the CR/RESR. 

The primary challenge was to facilitate compatible beam 
injection from the CR and extraction toward the HESR in 
accordance with the overall FAIR topology. The number 
and parameters of the available COSY magnets proved suf-
ficient to create a suitable lattice that meets the RESR de-
sign requirements. The main parameters of the RESR are 
given in Table 1. It should be noted that the COSY dipoles 
were originally designed for a slightly lower maximum 
magnetic rigidity than that specified in the initial RESR de-
sign. This reduction is not critical for the accumulation pro-
cess itself, but it slightly lowers the antiproton production 
yield (by a few percent) compared to the original energy 
[9]. The new injection and extraction systems are required.   

Table 1: RESR Parameters for Antiproton Operation   

Parameters Value 
Circumference, m 239.9 
Magnetic rigidity, Tm  12 
Acceptance hor/ver, mm·mrad 40 / 35 
Momentum acceptance, % ±0.5 
Injection  energy, pbar GeV 2.8 
Inj. number of particle per cycle  108 

Inj.emittance hor / ver, mm·mrad ˂ 5 
Rev. frequency (antiproton), MHz 1.209 
Betatron tunes Qx / Qy 3.44 / 3.43 
Momentum slipping factor,  0.01549 
Transition energy, γtr 4.5879 
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BARRIER BUCKET  
ACCUMULATION SCHEME  

To preserve the antiproton bunch structure during accu-
mulation, a barrier RF waveform is applied to confine the 
beam and shape the bunch distribution in preparation for 
the next ring refill. Compared with conventional RF cavi-
ties, barrier RF gymnastics provide more flexible and pre-
cise control of the bunch length and momentum spread. In 
the RESR, a one-turn injection scheme with RF barrier 
buckets is employed, as illustrated in Fig. 2. By applying 
two half-sine-wave RF voltages, the one-revolution period 
is divided into stable and unstable regions. Each new batch 
is injected into the unstable region (outside the separatrix) 
and subsequently cooled by the stochastic cooling system 
into the stable region. After a 10 s interval, the next batch 
is injected into the same unstable region. This process is 
repeated until the required number of antiprotons is accu-
mulated. Implementation of this scheme requires a fast 
kicker magnet with rise/fall time of ˂ 100 ns capable of 
injecting the beam precisely into the unstable region of the 
longitudinal phase space.  

 
Figure 2: The injection scheme in one turn revolution pe-
riod showing the allocation of barrier voltages (green), 
kicker magnetic field (black) and the separatrix (blue). The 
injected and cooled accumulated beam (red). The Δp/p of 
the injected beam is 1.75 x 10-3 (rms) and ±2σ truncated 
given with red dots.  

STOCHASTIC COOLING                            
PERFORMANCES  

A key element of the accumulation scheme is the reduc-
tion of the longitudinal emittance of the injected antiproton 
beam in the time interval between successive injections. 
The stochastic cooling system must therefore be capable of 
cooling a batch of 108 antiprotons to the required final mo-
mentum spread within 10 s. The parameters of the stochas-
tic cooling system, which has already been constructed and 
preliminarily tested with   proton beam at COSY, are listed 
in Table 2 [10]. The cooling process was investigated on 
the base of theoretical formulation and a Fokker–Planck 
solver [11]. 

Table 2: Parameters of SC System  

Parameters Value 
Bandwidth, GHz  2 - 4 
Number of PU/ Kickers (slot-ring) 64 / 64 
Shunt impedance (PU / Kicker), Ω 11.25 / 45  
PU temperature, K  40 
Kicker temperature, K   300 
Preamplifier noise temperature, K  40 
Total gain (adjustable), dB  140 
Flight time from PU to kicker, ns 414 
PU to kicker slipping factor, ηpk   0.01549 
Cooling acceptance,  Δp/p  ±7.14×10⁻³ 

 
In the simulations, the particle number was varied from 

108 to 1011, starting with an initial relative momentum 
spread ∆p/p = 1.7 x 10-3 (rms) and a Gaussian distribution 
truncated at ±2σ. The system gain was varied from 140 dB 
to 110 dB according to the particle number. Fig. 3 illus-
trates the   cooling performance - coherent and incoherent 
terms - for particle numbers of 108 and 1010.  

 

 
Figure 3: Stochastic cooling performances.  N - number of 
antiprotons. G – gain. The particle distribution at t = 0 s in 
red. Top panel shows the particle distribution at t = 5 s and 
bottom panel at t = 10 s in green.  

Due to the high transition energy the stochastic cooling 
has the relatively wide coherent term. As is characteristic 
of stochastic cooling, the efficiency decreases with increas-
ing particle number due to the enhanced Schottky noise and 
resulting increase in the incoherent heating term as shown 



 

 

in the simulation results. The 108  -  109 particles are easily 
cooled  within the 5 - 10 s. For more than 1010 particles the 
tails of the particle distribution are cooled slowly and re-
quires cooling time up to 20 s depending on the number of 
particles.  In this case a careful gain adjustment during the 
process is necessary. 

SIMULATION 
The barrier bucket accumulation process has been stud-

ied by means of multiparticle tracking. The basic equations 
governing the longitudinal motion are the coupled phase 
equations for the energy deviation ΔE of a particle from the 
synchronous energy and the time coordinate τ in the longi-
tudinal phase space: 
 
𝑑𝑑(∆𝐸𝐸)
𝑑𝑑𝑑𝑑

=
𝑞𝑞𝜔𝜔0

2𝜋𝜋
𝑉𝑉(𝜏𝜏) + 𝐹𝐹(∆𝐸𝐸) + 𝜉𝜉𝑠𝑠(Δ𝐸𝐸, 𝑡𝑡) + 𝜉𝜉𝑡𝑡ℎ(Δ𝐸𝐸)
+ 𝜉𝜉𝐼𝐼𝐼𝐼𝐼𝐼(𝑡𝑡), 
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= − 𝜂𝜂
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where q – charge state, η -  ring slipping factor, V(τ) - bar-
rier voltage, F(ΔE) - cooling force, ξs  –  Schottky noise,  
ξth - thermal diffusion, ξIBS  - IBS diffusion. Here the space 
charge effects are not taken into account because the anti-
proton particle number is as low as 1011 at the maximum 
even after the full accumulation and the energy is as large 
as 2.8 GeV. The allocation of barrier voltages and fast 
kicker magnetic field are illustrated in Fig. 2 in the one rev-
olution time 419 ns. The flat top of kicker field should be 
200 ns to cover the injected beam pulse width. The rising 
and falling time of kicker field are assumed as 100 ns, re-
spectively. The accumulated particles in the separatrix 
should not be disturbed by the kicker magnetic field.  

RESULTS OF SIMULATION 
Simulations of the antiproton accumulation process 

show that after 100 cycles, 8.5×109 particles can be accu-
mulated with an efficiency of approximately 85%, defined 
as the ratio of the accumulated particle number to the total 
number of injected particles. The injected beam is assumed 
to have a relative momentum spread of Δp/p =1.7×10-3 
(rms) and a bunch length of 50 ns (rms). The accumulation 
efficiency depends strongly on the proper adjustment of the 
stochastic cooling system gain. When the accumulated par-
ticle number exceeds 1010 the Schottky diffusion term be-
comes significant (see Fig. 3), degrading the cooling per-
formance. To mitigate this effect, the amplifier gain is re-
duced by 3 dB at 100 s and again at 600 s. To simulate 
accumulation up to 1011 particles, it was assumed that 109 
particles are injected per cycle, with a total of 100 injec-
tions. The results presented in Fig.4 show that 4.5×1010 an-
tiprotons are accumulated with an efficiency of 45%. Dur-
ing practical operation, the cooling system gain must be 
carefully adjusted in real time according to the instantane-
ous accumulated particle number. The final accumulated 
beam reaches a relative momentum spread of 

Δp/p≈3.5×10-4 (rms), indicating the formation of a high-
density core in the stacked region.  

 

 
Figure 4: The accumulated particle number (red), accumu-
lation efficiency (blue), ∆p/p (green) and the system gain 
(pink) are given as a function of time. The injection cycle 
time is 10 sec. 

CONCLUSION 
The present work demonstrates the feasibility of reusing 

the COSY ring magnet structure for the accumulation of 
antiprotons delivered from the CR. It has been shown that 
conventional stochastic stacking is not applicable in this 
case due to the severely limited aperture of the COSY mag-
nets. As an alternative, the barrier-bucket accumulation 
scheme, performed solely in the longitudinal phase space, 
has been proposed and justified. When combined with the 
existing stochastic cooling system developed for the HESR 
based on a slot-ring structure, this approach enables high 
accumulation efficiency under tight aperture constraints. 
Numerical particle tracking simulations confirm that, with 
careful control and adjustment of the amplifier gain, accu-
mulation up to 1010 antiprotons can be reliably achieved 
with an efficiency of approximately 85 %. Reaching an in-
tensity of 1011 particles appears significantly more chal-
lenging, as the increased Schottky noise from the high-in-
tensity beam substantially degrades the performance of the 
cooling. Overcoming this limitation will require dynamic 
adjustment of the cooling gain throughout the accumula-
tion process. The proposed concept fully respects the strin-
gent aperture limitations and is well aligned with the over-
all FAIR project timeline. Further studies will focus on de-
tailed parameter optimization and hardware tests using the 
existing infrastructure. The barrier-bucket accumulation 
scheme combined with the existing stochastic cooling sys-
tem represents a technically feasible and promising solu-
tion for antiproton accumulation in the RESR based on the 
COSY magnets.  
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