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One of our research is an experimental research for unstable nuclear structures by means of the electron and heavy-ion 
accelerators. We address the technical development in an RI beam production driven by a high-energy electron beam, an 
electron scattering from the RI’s in combination with the RI target inserted in an electron storage ring, and the precision 
mass measurement for extremely short-lived and rare exotic nuclei using a heavy-ion storage ring. We will address some 
technical development aiming at a nuclear photo-absorption cross-section measurement and the beam recycling in a 
heavy-ion storage ring to study the nuclear reactions involving rare exotic nuclei.
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Analytical Formalization of Beam Recycle 
Operation at RUNBA

A compact heavy ion storage ring RUNBA (Recycled 
Unstable Nuclear Beam Accumulator) is under construc-
tion at the RIKEN RI Beam Factory in collaboration with 
ICR. It aims to develop beam recycling techniques, which 
will provide a new tool for precise nuclear reaction studies, 
especially for rare radioactive nuclides (RIs). It is assumed 
that a few RIs are accumulated in a RUNBA with an inter-
nal target and the RIs hit the target many times until a nu-
clear reaction occurs. This is a beam recycling, which is 
established by compensating the energy loss, energy strag-
gling, and angular straggling. Therefore, the RUNBA will 
be equipped with a radio-frequency cavity, an energy dis-
persion corrector (EDC) and an angular diffusion corrector 
(ADCh, ADCv). These devices correctly modulate the 
beam motion in 6D phase space on a turn-by-turn basis. 
Assuming a thin internal target, beam information such as 
the timing and position of the beam as it passes through the 
target can be obtained. The beam information is converted 
into correction signals, which are transported to each cor-
rector in synchronization with the arrival of the beam. As 
this is the first time such a process has been attempted in a 
storage ring, we formulate analytical equations describing 
the beam motion under the above configuration and situa-
tion.

The beam motion is described by a Hamiltonian with 
canonical variables q and p, and the invariant of motion is 
defined as W(q, p). The target changes the variables sto-
chastically and the correctors change them compensatory 
manner. Including those effect, the change of the invariants 
is expressed as ΔW = W(q + Δq, p + Δp) − W(q, p). The time 
differential equation is obtained from it divided by the rev-
olution time T. Assuming the probability density function 
Ψ(Δp) for straggling at the target and ϕ(δ) for uncertainty 
in the beam information measurement, averaged differen-
tial coefficient is expressed as

The numerical values in (q, p) phase space are shown in 
Fig. 1(a) for transverse case and Fig. 2(a) for longitudinal. 
Since this value depends on the position (q, p), it should be 
averaged in the acceptance of RUNBA as

where S is a volume of the acceptance and κ is a param-
eter of the correction at EDC and/or ADC. An example of 

Λ(κ) for transverse motion is shown in Fig. 1(b) and that 
for longitudinal motion is shown in Fig. 2(b) in the case of 
10-MeV/u 12C6+ beam accumulated in RUNBA with 1018/
cm2-thick 12C target. The calculations show that the mini-
mum correction required to maintain beam circulation is κ 
- 3 µrad/mm and that a technically realistic ADC field of 2 
kV/m gives an adequate correction.

We formulated the Fokker-Planck equation for the beam 
recycling process to reveal the time evolution of the prob-
ability density distribution f(W, t) of circulating particles in 
phase space. That for transverse motion is expressed as

where β is a beta function at the target, V(κ) a function of 
the correction parameter, σt a standard deviation of the 
straggling. The friction term is expressed as F(W, κ) = {βσt

2 
+ V(κ)W} / T, and the diffusion coefficient as D(W, κ) = 
{3β2σt

4 + 2βσt
2V(κ)W + V(κ)2W 2} / 2T. This formulation 

completely generalizes the beam recycle process, which is 
new concept.

Figure 1. (a) Numerically calculated averaged time differential coeffi-
cient <dW / dt> in transverse phase space and (b) Λ(κ) values as a function 
of ADC correction in some cases of beam information measurement un-
certainty.

Figure 2. (a) Numerically calculated averaged time differential coeffi-
cient <dQ / dt> in longitudinal phase space and (b)  Г(κ)  values as a 
function of EDC correction in some cases of beam information measure-
ment uncertainty.


