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Abstract
A small ring (S-ring) with circumference of 25 m has

been proposed at NIRS. It will produce an ion beam with
intensity higher 5·109 particle per second (pps), the
injection energy of 6 MeV/u, the output energy of 1-
28 MeV/u for charge to mass ratio of 0.5 and bunch
length of 10-1000 ns. The main peculiarities of S-ring are
the low energy after deceleration and the small
circumference. A feature of S-ring is a large relative
length of the cooling section, which occupies 3.6 % of the
ring circumference. This value is 3-5 times higher than in
the usual ion storage rings. A maximum intensity of
cooled ion beam can be restricted by the ion beam
instabilities. The application of intense electron beam for
fast cooling of ion beam in the S-ring is limited so-called
effect of electron heating. The stability analysis includes
the following effects: tune shift, longitudinal and
transverse beam instabilities, space charge effects in the
electron cooling system, multi-stream transverse
instabilities. Results of analytical estimations and stability
analysis are presented.

1 INTRODUCTION
A small synchrotron ring (S-ring) with circumference of

25 m has been proposed at NIRS [1,2]. The S-ring will
provide heavy ion beams from proton to Xe for
experimental users and to work as a booster ring for the
HIMAC synchrotron in the future.

An outline of the lattice design had been described in
Ref. [3]. S-ring will produce an ion beam with intensity
higher 5·109 pps (the operation circle 1 Hz), from the
injection energy of 6 MeV/u to the output energy of 1-
28 MeV/u for charge to mass ratio of AZ / =0.5 and
bunch length of 10-1000 ns. The electron cooler (EC) will
be installed to realize a beam with a high intensity and
small emittance. A multi-turn injection and cooling-
stacking scheme [4] will be applied.

The stability analysis should include the following
effects [5,6]: tune shift, longitudinal and transverse beam
instabilities, space charge effects in the electron cooling
system, multi-stream transverse instabilities. In this paper,
some results of such analysis are presented.

2 STABILITY ANALYSIS
The electron cooling reduces a phase space psV

occupied by an ion beam. If as result of the cooling, the
density psVN becomes larger than a given threshold, the

ion beam becomes unstable [5]. For standard heavy ion
machine this happens when the number of circulating

particles exceeds N =109 [5]. Let’s consider threshold
values of N for wide ranges of transverse beam sizes and
momentum spreads. The analysis will be done for
coasting beam in the vertical plane.

2.1 Tune shift
For a uniform coasting beam of elliptical cross section

with horizontal and vertical radii, xa and ya , tune shift

due to the ion-beam space charge is given by [5-7]:
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where 181054.1 −⋅=pr m is the classical proton radius, A

and Z are mass number and charge state number of ion
( A =40 Z =18 for argon*), R is the ring mean radius
( R =3.77 m), yQ is the vertical bare tune ( yQ =1.35),

scF is image-force correction factors ( 1≈scF ). The ratio

of the beam radii is constant ( 2=yx aa ). The depressed

tune d
�Q is given by yyy QQQQ ∆+= 22d

� [7].

Figure 1 shows values of the depressed tune on the
plane “ ya - N ” at the injection energy injW =6 MeV/u

( β =0.113 and γ =1.006). The number of circulating

particles up to N =1010 can be obtained at >ya 7 mm

with moderate values of tune shift 1.0≤∆ yQ .

Figure 1: Values of d
�Q on the plane “ ya - N ”.

2.2 Dispersion equation for dipole oscillations
The transverse coherent instabilities of unbunched

beam and effects of Landau dumping have been described
in Ref. [8-14]. The transverse dipole oscillations of the
beam are given as ( ) ( )[ ]Rsintitsy +Ω−∝ (exp, , where

s is the longitudinal coordinate, and n is the mode
number. The coherent frequency, Ω is determined by the
dispersion relation [9]:

*
Constant values used for our calculations are given in brackets.
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with HWHM
�0� )( ωωω ∆−Ω−= Snu , where 0ω and �ω

are the angular frequencies of beam revolution and

betatron oscillations, and HWHM
�ω∆ is the HWHM

betatron frequency spread given by:
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where HWHMδ∆ is the beam momentum spread, ξ is the

chromaticity (ξ =-5.1), 22
tr

−− −= γγη is the slip factor

( trγ =3.07). The beam response functions )(ug and )(uf

and coefficient S are determined by the frequency
spectrum of particle momentum distributions ( )δρ . The
l.h.s. of the dispersion relation is expressed as
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where bI is the beam current, q and E are the particle

charge and energy, c is the velocity of light, and

)( �01 ωω +⊥ nZ is the transverse coupling impedance.

The instability is generated by εi+Ω→Ω with the
growth rate, ε real and positive. This translates to

uiuu ε−→ , with the relation HWHM
�ωεε ∆= Su .

2.3 Transverse coupling impedances

The impedance )( �01 ωω +⊥ nZ is contributed by terms

due to the space charge, ))(( -2
eq

-2
eq

22
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resistive wall, 3
eqskin0RW )1( bRZiZ δ+−=⊥ , and kicker,

)2()( 2
KK0K hlZZ π−=⊥ [5,6,8,9,12], where Ω= 3770Z ,

eqa is the equivalent beam radius given by

( ) 2eq yxy aaaa += [12], eqb is the equivalent half-

height of the elliptic vacuum chamber [15]
( ≈eqb 0.03 m), skinδ is the skin-depth at frequency ω

given by σωµδ 0skin 2= ( 7
0 104 −⋅= πµ H/m,

16 m)(�104.1 −⋅⋅=σ ), Kl and Kh are kicker length and

half-height ( Kl =0.4m, Kh =0.03m).

2.4 Stability diagram for the elliptic distribution
Let’s approximate the momentum spectrum by the

elliptic distribution, which looks to be a good
approximation for the beam injected from the ion linac.
The distribution function is given by [8,9]:

( ) ( ) ( )υυωπυρ −−∆= 112 2HWHM HS , (5)

where H is the Heaviside step function, and 23=S .
The beam response functions are given by expressions

( ) [ ] ( )11)sgn(2 2 −−−= υυ Huuuf with the sign-

function, )sgn(u , and ( ) ( )υυ −−= 112 2 Hug . To

interpret the dispersion relation, one should trace the
locus of the r.h.s. of Eq. (2) on the complex plane as u is
scanned from −∞ to +∞ . The curves const=uε yield

lines of equal growth rate. In particular, the curve 0=uε
is the “stability threshold”. The l.h.s. of Eq. (2) yields a
point ⊥⊥ + iVU on the same complex plane. Figure 2

shows three curves of 0=uε , 1.0=uε and 2.0=uε for

the elliptical distribution. If the point ⊥⊥ + iVU is

surrounded by the curve 0=uε , the beam is stable.

Otherwise the point ⊥⊥ + iVU coincides with some curve

of const=uε and the beam is unstable.

Figure 2:Stability diagram for the elliptic distribution.

For the elliptical distribution the threshold curve on the

“ VU − ”-plane is a semi-circle of radius 31 . It
coincides with the Keil-Schnell type of stability
circle [8,9,13] with the stability condition written as

31≤+ ⊥⊥ iVU . The widely used Schnell-Zotter

criterion [14] with radius π2 differs less than 10%.

At a high beam current ⊥⊥ << VU , and the r.h.s. of

Eq. (2) can be approximated by the asymptote
34lim SU uε≈ . It provides the approximate expression

for the growth rate

EQnZqcI d
��01b 4)](Re[ πωωε +≈ ⊥ . (6)

This expression is the same as for beam with zero
momentum spread (see for example Ref [10, p.210]).

2.5 The stability diagram for S-ring
The dispersion relation (2) has been solved numerically.

Figure 3 shows the diagram for logarithmic values of
instability growth rate, εlog at two values of momentum

spread. The stable area with Landau dumping depends on

HWHMδ∆ . In the S-ring, an acceleration circle lasts about
0.5 s, and permitted growth time is limited by this value.

For %1.0HWHM ≤∆δ , mm10<ya and 9105 ⋅=N , the

instability growth-time is very short, s1.01 ≈= ετ (the

line 0.1log =ε in Fig.3). At %1.0HWHM ≤∆δ , only large

beams with mm10≥ya can be stabilized for 9102 ⋅≥N .
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Figure 3: Diagram for logarithmic values of ε at

HWHMδ∆ =0.1 % (a) and HWHMδ∆ =0.001 % (b).

A feature of S-ring is the low energy after deceleration.
Figure 4 shows diagram for the beam energy

outW =1 MeV/u at HWHMδ∆ =0.1 %. In comparison with
diagrams for the injection energy, the unstable area with
negative tunes and the stable area with Landau dumping
are shifted to the low values of N . The instability growth
rates are reduced.

Figure 4: Diagram for logarithmic values of ε at

HWHMδ∆ =0.1 % and beam energy outW =1 MeV/u.

2.6 The stability diagram with electron cooling
An electron beam of EC presents large impedance to

the circulating ion beam. Coupling impedances of EC has
been introduced in Ref. [16]. A real part of the EC-
impedance responsible for instabilities is given by [6]:

eee arnRZZ 2
EC0EC 5.5 βη−≈⊥ , (7)

where 151082.2 −⋅=er m is classical electron radius, ea ,
2
eee aceIn πβ= , eI are electron beam radius (1cm),

density, and current, respectively. The relative length of
EC for S-ring, Rl πη 2ECEC = =3.6% is 3-5 times higher
than in usual storage rings. From Eqs. (6) and (7), one
gets that the growth rate depends on electron current

as 21
eI∝ε . Figure 5 shows stability diagram calculated

with EC-impedance (7) at eI =0.1A. The growth-rates
are 20-30 times higher in comparison with the “EC-off”
case (see Fig.3,a). Note, that instabilities can be partially
or completely suppressed at high cooling rates [16].

Figure 5: Diagram for logarithmic values of ε at

HWHMδ∆ =0.1 % and eI =0.1A.

2.7 Other instabilities
S-ring will operate below transition. The imaginary part

of longitudinal impedance due to the space charge,

)Im( ||
SCZ is about several tens of Ωk . In this case, there

cannot be longitudinal instabilities. This is explained by
the “thermometer shape” of stable area [6].

S-ring will provide ion beams with bunch length of 10-
1000 ns using a bunch rotation technique [1,2]. Results of
numerical simulations with space-charge effects had been
reported in paper [17].

Multi-stream instabilities [5,6,9,18] due to interactions
between circulating ion beam, secondary electrons,
electron beam of EC, and secondary ions also can be
generated in S-ring. Analysis of these instabilities is a
subject of future studies.
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