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Abstract 

CRYRING' is a small storage and acceleration 
ring for very heavy highly charged ions from an 
EBIS type ion source (CRYSIS). The kinetic energy 
range is from 100 keV/u to 10 MeV/c. The functions 
of the ring and the respective beam optical con- 
straints are discussed. 

Introduction 

A special feature of CRYRING is that it will 
be a multi-purpose ring: It will be operated both 
in synchrocron mode and in storage mode. In storage 
mode various kinds of experiments are planned to be 

made in the ring and then one usually wants to cool 
the beam (e--coaling). There are, therefore, different 
requirements as regarding beam quality at different 
pa-ts of tte accelerator. However, the size of the 
ring itself is limited (max circumference 25-30 m 

- four long straight sections) due to different circum 
stances like financial questions (vacuum equipment) 
and the existing hall where the ring will be placed. 
Therefore, we cannot have special insertions for 
different functions (injection, extraction, cooling, 
acceleration/deceleration, merged beams, crossed 
bearrs, . . . ). Some functions liust be combined and this 
calls for beam flexibility. 

Extraction and Injection 

At this stage of the study it is foreseen 
that multi-turn injection is used. To achieve a large 
dG:y cycle (30 %) slow extractior. will be used and 
hence the operation point should be in the vicinity 
Of a horizontal third order resonar.ce. The resonance 
is excited with scltably phased sextupoles. 

For injection and extraction it is good to 
have large hcrizontal n-values. It has been planned 
to use electrostatic deflectors as proposed for ELENA*. 
Eecause the maximum rigidity of the extracted beam 
1s 1.55 Tm, we need a relatively long septum and thus 
it was decided to separate injection and extraction. 
In principle both injection and extraction need simil- 
ar properties of the beam and hence it is natural 
to place them on opposite sides of the ring, since 
it is obvious that the two other straight sections 
will not have the same kind of beam optics. 

To have the most effective extraction, disper- 
sion should be forced to zero. This would provide 
US with the possibility to place the acceleration 
cavity on the injection straight section. From now 
or. the straight section for injection and acceleration 
is labelled as SSl and the straight section for ex- 
traction as SS3. 

More rigorous studies of injections and ex- 
traction schemes have been started. 

Electron Cooling 

Most experiments planned to be done in the 
ring need very good longitudinal and transverse energy 
resolutior.. This calls for small A p/p and a small 
emittance. To attain such a beam quality electron 
cooling is used. It is the transverse cooling that 
depends on the lattice functions. Cooling time sets 
the lower limit to By-values and the requirement of 

* Permanent address: Department of Physics, University 
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decreasing the transverse emittance sets the upper 
limit. 

If space-charge effects are neglected, 
the equilibrium beam divergence ei can be written 
as 

Qi = 7GJ-ir e, (11 

where m is the electron mass and M the mass of 
the ion. Space-charge effects and intrabeam scattering 
of course increase the equilibrium divergence. 
Thk transverse electron energy is a function of 
the electron 2u* cathode temperature. A cathode 
temperature of 850°C corresponds to an electron energy 
of 0.1 eV. Ti-.is value has been used in the calculations 
as the lowest electron temperature. If one wants the 
transverse emittance of the ions to be decreased, the 
initial divergence of the beam should be larger than 
shown above. The maximum divergence of the beam corre- 

sponding to emittance Zy is 

Q(max) = w ( 2 ;I 

where f3 must be taken at a synmetry point where we 
have an%rect phase space ellipse. 

From equations (1) and (2) we see that for 
given emittances Ry is proportional to the mass of 
the ion, so that the lightest ions give the lowest 
upper limit for $,-values in the cooling section. The 
lightest ion planned to be cooled is Ar. It has been 
planned to decelerate beams to as low energies as 100 
keV/u. This energy corresponds to an electron diver- 
gence of 43 mrad which leads to an Ar-bearr, divergence 
of 0.16 mrad. If we now require the cooling to act 
at least on the "outer" 30 96 of the beam (Gaussian 
distribution) we get the maximum permissible By-values 
from 

8 'Ey/40; (3: 

where 5 'ts given in units (n m 'ad\, ITfrl;e assunes 
as small initial emittance as 1 TI t 0r.e gets 

Ry < 9.8 m (4) 

This is not a bad assumption, since in some of the 
experiments planned to be done in the ring the final 
emittance must be smaller than 1 n mm mrad. 

The cooling time is proportional to 

T = (OZe + Q?)3/2 1 (51 

Thus an ion divergence 20 % smaller than the electron 
divergence gives only a factor 2 compared to zero ion 
divergence. We want that at least 95 % of the beam 
has smaller divergence than 80 % of the electron diver- 
gence also with the highest beam energies. This re- 
quirement is fulfilled if Ry is larger than 0.5 m. 

So, we have the condition 

3.5 m < ny < 9.8 m (61 

If there is no dispersion and the transverse emittances 

are not too large all particles will be cooled loagi- 
tudinally i.e. Ap/p will be decreased. If the disper- 
sion and the initial momentum spread are large enough, 
there is a certain portion of ions whose momentum vi11 
be increased over the optimal value whereas the other 
ions will be cooled normally (and even faster than 
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without dispersion). The electron velocity as a func- of these should have no quadrupoles (552 and 55.3). 
tion of d:stance from the symmetry axis is a parabola I$ has also been chosen to use rectangular laminated 
due to electron beam space charge. The ion velocity dipoles with zero gradient for many reasons (easy 
distribution follows a 11ne whose slope is l,'C,. These to manufacture, fast cycling, injection of the 
can be seen in Figure 1. negative ions in-;0 the merging region, reaction 

In longitJdina1 cooling the velocity of the 
iCnS tends to approacn the electron velocity. Hence, 
tne ions in the stable region move towards the crossing 

of the curves and the ions in the unstable region move 
away from the beam axis making up a tail in the moment- 
um distribution. This tail may be a useful tool to 
overcome the Keil-Schnell lini: for microwave instabil- 
ity (see later in the text:. 

Nerged Seams 

One of the mcst interesting (and most diffi- 
cult) experiments planned to be done in the ring is 
an experiment with two merging ion beams. In such, a 
situation it is possible to achieve very low center- 
of-mass energies, below 1 eV may be possible (uith 

certain restricticns). Very low center-of-mass energies 
call for a very good energy resolution, both longitud- 
inal and transverse. Hence one musf have as small 

Ap/p and beam divergence in both beams as possible. 
Small divergence means a small transverse emirtance 
and/or large fly-values. The properties of the external 
beam are determined by the injection line and therefore 
we discuss only the focJsing of the stored beam. 

The center-of-mass energy is determined by 
the velocities of the two beams and she possible angle 
betideen them. Even if the two beams were absolutely 
parallel we should, b.owever ) get some contribution 
from the transverse mot;on, since it is not possible 
to have zero emittance. If we assume that the angle 
between the two beams sta:ys constant and is very small, 
'Lu,n get a contribution to Ecm only and not to b E,,. 
The normal transverse motion of the ions in the beam 
due to a non-zero emittance increases both Ecm and 
AE..,. 

product analysing especially in the merged beams 
experiments). We also want to have zero dispersion 
in SSl and SS3. These conditions together with 
the constraints on Ry -values somewhat limit our 
possibilities to choose the operating point. One possi- 
ble lattice is shown in Fig. 2 and the lattice func- 
tions of one quadrant in Fig. 3. The operation point 
of the ring is Qx = 1.40 (1.333 during the extraction) 
and Qz = 2.40. Table 1 gives the maln parameters of 
CRYRING. 

Operation Limits 

Space charge limit 

Tune shift due to space charge sets a limit 
for maximum number of stored ions in the ring which 
is proportional to A/q' and for non relativiszic par- 
ticles to kinetic energy. Table 2 gives the space 
charge limit for the injection energy and for the low- 
est planned energy corresponding to tune shift 6Q=O.l 
with different emittances. 

Keil-Schnell limit 

For a given momentum spread the Keil-Schnell 
criterion' gives us the maximum number of ions that 
we can have in the ri.r?g without getting the microwave 
instability. For low energies the space charge compo- 
nent is dominating in the longitudinal coupling imped- 
ance and thus there is not much to be done to increase 
the K.S.-limit. In this case the limit can be written 
as 

2 

(2) > (7) 

P 

In a typical merged beams experiment the re- where 6p/p is the FWHM value of the momentum 
quired center-of-mass energy is of the order of 1 eV. distribution 
The specific energies of the beams would then be of 
the order of 100 keV/u. In these cases we need extreme- z, = P" c = 377 R 

ly good energy resolutions (Ap/p = lo-* - 10m5) and & = 1 + 2 ln(b/a! 
very small beam d:vergences to achieve small CELL . 

The energy resolution mentioned should be possible 
b = radihs of the vacuum tube 

to get via electron cooling whereas that for the ex- 
ternal beam is relatively easy to achieve with electro- 
static acceleration (HV platform). In merged beams 
experiments the beam must be cooled and the cooling 
gives equilibrium divergences (eqs. 1 and 2), i.e. 
Ey/fiy, in the cooling section. So, we see that By- 
values in the merging region should be "normalized" 
to the values in the cooling section and thus one can 
say that the betatron amplitude functicns in the merged 
beams interaction region should be at least as large 
as in the cooling section. 

We have decided to do merged beams experiment 
in the same straight section as extraction. Approximat- 
ive calculations show that it is possible to achieve 
AFcm as small as 0.05 eV (rms) when the beam energies 
are of the order of 100 keV/u. However, this calls 
for very small emittances (divergences! and it is clear 
that :t is not allowed to have any quadrupoles in the 
interaction region. This is a relatively strict con- 
straint on the lattice but necessary for merged beams 
experiments. 

The Lattice 

In the lattice calculations the program MAD has been 
Iused. The aim )was to find a lattice that would fill 
all (or most) of the beam optical requirements set 
by the different functions of the ring. Due to the 
limit of maxirrum circumference (about 30 m) it has 
been chosen tc have four long straight sections. Two 

a = average radius of the beam 

In the case of CRYRIKG (7) can be reduced to 

NK.S. 
< -! R* (+ R 1.3.1017 ( 8 :I 

q2 

Above we have left y3 nut since for energyes in CXYRING 
it is = 1. R is the average radius of the ring. Again, 
we have (A/q' 1.3' dependence, which does not favour 
highly charged ions with low energy. 

Table 3 gives NK.S. for three different beam 
energies corresponding to different &p/p. 

In merged beams experiments one needs Op/p 
of the order of lo-* and hence at the first sight it 
does not seem very promising from the intensity point 
of view. There are, however, some theoretical predic- 
t!ons for cases where N >> NK.S, that this condition 
could lead to a non-destructive instability with a 
"stabilizing tail" in the momentuT distribution'. The 
momentum distribution would consist of a very narrow 
peak and a tail which contains N(tai1) > 0.67 * N(tot- 

al) * (ReZ/ImZ) particles (Z is the longitudinal coup- 
ling impedance). One could get this stabilizing tail 
by electron cooling if there is enough dispersion as 
mentioned before. For the beam energies in CRYRING 
the imaginary part of Z is of the order of some k5l'S 



[space charge component) and the resistive (real) part 
LC ~is~:ally 50 R tit the most. Therefore only a minor 
part of the ions has to be in the tail of the momentcm 

distribution. 

Figure 1. Ion and electron (rest frame) 
velocity distributions. 
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Table 1 

Main parameters of CRYRINS 

Circumference 30.51 P 
BP,,, 1.35 Tm 

Dipoles, laminated, rectangular 
no field gradient 
bending radius 1.1 m 
vertical gap 10.0 cm 

QuadrJpoles 
F (4 x 20 cm, 4 x 30 cm) 8 

max gradlent 5 T/m 
D (20 cm) 12 

max gradient 4 T/m 
Sextupoles 

F (20 cm) 4 
D (20 cn) 4 

Table 2 

Space charge limit far CRYRING 

a) Ex = E, = 100 n mm mrad (multi turn injection), 

T = 300 keV/u 

b) Ex = E, = 0.1 7 mm mrad, T = 100 keV/u 

Ion N (a) N (b) 

Table 3 

Keil-Schnell limit for ions in CRYRING 

a) T = 100 keV/u, &P/P = 10 -4 

b) T = 300 keV/u, &p/p = 10-2 (injection) 

c) T = 5 MeVlu, 6p/p = 10-3 

Ion a b C 

ArIg+ 1.6 * 105 4.9 ' 109 8.2 * 108 

Kr34+ 9.7 * 104 2.9 * 10s 4.8 - 108 

Xe44+ 9.1 * 104 2.7 - 10' 4.5 ' 108 

Pb6'+ 7.7 * 104 2.3 * 109 3.8 * 1.08 

Figure 2. The lattice of CRYRING. 
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Figlure 3. The lattice functions of one quadrant 
(the sextupoles are not shown). 


