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Abstract 

CELSIUS is a storage ring for intermediate energy nuclear 
and particle physics with light and heavy ions from the Gustaf 
Werner cyclotron in Uppsala. Sweden. The ring features ex- 
tremely thin internal targets and an electron cooling system. 
The internal target which has been used so far for physics is a 
cluster-jet target. It has been operated with target beams of 
hydrogen, deuterium, nitrogen, and argon. An advanced target 
facility using frozen hydrogen micro-spheres of about 20 pm 
diameter is under development. Carbon fibres with 7 pm di- 
ameter have also teen tested as targets. They do, however, 
give beam lifetimes which are too short to be useful in the 
physics experiments. Much thinner carbon fibres will be tried 
in the near future. 

1. THE CELSIUS RING 
CELSIUS [l-3] consists of four 90’ arcs and four straight sec- 
tions, see fig. 1. This figure shows the planned layout, when 
the WASA detector [4] comes into place in 1994-1995. 

One straight section is used for injection into the ring [S]. 
WASA will be placed on the second straight section. This 
straight section is presently filled with beam diagnostics 
equipment [6], blut later during this spring (1992) a special 
scattering chamber with fibre targets will be put there, to be 
replaced in two and a half years with the WASA equipment. 
The third straight section holds the electron cooler and also a 
radio frequency cavity [7], and the forth straight section holds 
the cluster-jet target [8]. 
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Fig. 1. Planned layout of CELSIUS 

2. MODES OF OPERATION 

CELSIUS can be operated in static mode or in cycles. In 
the static mode the machine parameters have constant values, 
and the energy of the stored beam remains at the value at in- 
jection. During operation in the cyclic mode, the beam may 
bc accelerated or decelerated. The variation of the magnetic 
field during a typical cycle is illustrated in fig. 2. 
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Fig, 2. Variation of the main magnetic field in CELSIUS dur- 
ing a cycle with acceleration of protons to 1.3 GeV. 

Since the dipole magnets of CELSIUS are not laminated 
[9] the acceleration is performed slowly; the standard period 
used for acceleration is 22 s so far. This is consistent with the 
use of the ring for experiments with ultra-thin internal targets, 
even though the overhead time per machine cycle typically to 
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tals 60 s the duty factor is acceptable, 50 96 in two-minute 
cycles and 80 % in five-minute cycles. 

So far cycles have been developed for acceleration of pro 
tons to several final energies between 200 MeV and 1300 
MeV. and for experimental situations where a slow ramping 
of the proton energy is performed during the “flat” top. 
Examples of such slow ramps are from 270 to 310 MeV (I$ 
threshold in /?+p reactions) and from 1230 to 1300 MeV (q 
threshold in FC~P reactions). The maximum intensity after ac- 
celeration obtained so far is 15x10~~ protons at 1150 MeV and 
1~10’~ protons at 1300 MeV. o-particles have been acceler- 
ated to 600 MeV, and deuterons to several final energies up to 
783 MeV where they (lx 10 to) have also been cooled 
(measured A@p =3x1@). 

The electron cooling system can be used in order to build 
up the intensity [5] in cases when what is achieved with a 
single ordinary injection is much less than what corresponds 
to the stability limit of the ring. It can also be used to shrink 
the transverse beam sire, and improve the momentum spread 
in the beam after acceleration, provided that the velocity of the 
ions is within the velocity range of the electrons, i.e. for pro- 
tons up to 550 MeV and for heavy ions up to the maximum 
energy. 
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Fig. 3. Comparison between measured drag rates 
at LEAR (49 MeV p)e , NAP-M (65 MeV p)~ , 
FNAL (203 MeV p) w , IUCF (45 MeV p)O , 
INS (20 MeV p) n , and CELSIUS 
with 783 MeV deuteronsjr] , 
and 296 MeV oxygen ion SA. 

~.ELE~~RONC~~L~NG SYSTEM 

Electron cooling has been studied at the injection energies 
(using stripping injection) of protons (48 MeV), deuterons 
(24 MeV), oxygen ions (292 MeV), as well as after accelera- 

tion with 275 MeV protons and with 390 MeV, 600 MeV, 
and 780 MeV deuterons. 

The longitudinal drag rate has been measured with coasting 
beams of protons, deuterons, and oxygen ions with several 
energies. The measurement technique has been to step the 
output voltage from the electron cooler high voltage supply, 
and to measure how the revolution frequency of the ions 
changes as a function of time after the step. Fig. 3, shows 
several measured scaled drag rates for 783 MeV deuterons and 
a single measured point for 296 MeV oxygen ions together 
with measured scaled drag rates from several other laboratories 
[lO,ll]. 

Measurements of the longitudinal cooling time have been 
performed with bunched beams, where the momentum spread 
is proportional to the time spread in the bunch (unless space 
charge effects are important). One such measurement is illus- 
trated in fig. 4 

The horizontal size of a cooled beam of protons at 275 
MeV has been measured with a 7 pm carbon fibre at the target 
position. Measurements were done both with and without 
voltage on the rf cavity. The beam size is smallest when the 
rf voltage is zero. Then the FWHM of the cooled beam was 
measured to be 2.5 mm, corresponding to a transverse MIS. 
emittance of O.Snum (for /3, = 1.4 m) 
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Fig. 4. Measured FWHM time spread of a bunch of 275 MeV 
protons during cooling with 410 mA of electrons. 

A phenomenon, which is not yet understood, is that there 
is an apparent “heating” of the stored ion beam by the electron 
beam as soon as the electron beam is put together with the 
ion beam. This heating causes a dramatic drop in lifetime of 
the stored ion beam, particularly when the ion beam has a low 
energy [2]. This heating is more than compensated for by the 
electron cooling when the ion beam and the electron beam are 
well enough matched in velocity and direction. The heating 
seems to be always present, also when the beams have large 
relative velocity. It is suspected that the heating is due to ex- 
citation of resonances by non-linear electrical fields created by 
the electron beam. On the other hand, the tune shifts induced 
on the ion beam by the electron space charge is close to its 
theoretical values, so there does not appear to be any large un- 



expected stored charge due to trapped ions or electrons in the 
electron beam. 

4. bITEiRNAL TARGETS 

4.1 The cluster-jet target 

The cluster-jet target system [8] has been in operation for ex- 
periments since 1989 using target beams of hydrogen, deu- 
terium, nitrogen, and argon. 

Target thicknesses of 3~10’~ atoms/cm2 for hydrogen and 
deuterium, 4~10’~ atoms/cm2 for nitrogen, and 2~10’~ 
atoms/cm* for argon have been obtained. When the system is 
running with the$;e target thicknesses the pressure in the 
scattering chamber becomes 2~10-~ mbar. 

Life-times of the proton beam at CELSIUS have been 
measured at different energies with cluster-jet target beams of 
hydrogen, nitrogen, and argon. An example of such a mea- 
surement is given in fig. 5, which shows, in a logarithmic 
scale, the intensity of the stored proton beam during a cycle 
with acceleration to 200 MeV, with and without an argon tar- 
get with thickness 2xlOt3 atoms/cm2. The natural e-t life- 
time (8.7 dB) of the beam is 85 s with target on. With formu- 
lae in [121 we calculate that this is consistent with a circular 
acceptance of 40~ pm if the horizontal and vertical @values at 
the target are 1.5 m. This must be compared with the geomet- 
rical vacuum chamber acceptance of 125~ Len. 

Fig. 5. Proton intensity measured with a pickup electrode 
during a cycle which includes acceleration to 200 MeV. The 

intensity was measured with and without an argon target with 
thlickness 2~10’~ atoms/cm2. 

4.2 Fibre targets 

The use of thin fibres as internal targets has the potential ad- 
vantages of good vacuum conditions and the possibility of 
close to 415 detection of the nuclear reaction products. 

The life-time of stored proton beams in presence of carbon 
fibres with 7 p diameter has been studied. A prediction that 
the stored beam lifetime is longer when the fibre is placed 
right on the position of the closed orbit than if it is displaced 
from this position has been confirmed [2]. 

The stored beam lifetime with the 7 pm carbon fibres, 
which presently have been tested, are too short to be useful 
for nuclear physics experiments. At IUCF, ‘micro-ribbons’ of 
carbon, which represent two orders of magnitude less material 
per unit length than the 7 pm carbon fibres have been devel- 
oped 1131. We will1 have opportunity to try this kind of fibres 
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later during the spring of 1992. The fibres have been kindly 
supplied by IUCF, and will be tested in a small scattering 
chamber, which will be temporarily installed in the ring, at 
the place where the WASA detector will be installed later. 

4.3 The pellet target 

The elementary particle physics programme of the WASA 
collaboration [4] is intended to determine the branching ratios 
of rare decay modes of mesons. Their target system has to ful- 
fil a number of strict requirements. It has to produce a pure 
hydrogen target, giving a luminosity above 1O32 cme2s-l, 
possibility of close to 4n detection, a good spatial vertex def- 
inition, tagging possibilities, acceptable perturbation to the 
stored beam and acceptable gas load to the vacuum system of 
the ring. These requirements will be met by the so-called pel- 
let target system, in which frozen droplets of hydrogen pass 
through the circulating proton beam under well controlled 
conditions [14]. 

The production of frozen hydrogen pellets and their injec- 
tion into vacuum has been demonstrated during 199 1. 

An interesting phenomenon occurs when injecting directly 
into vacuum with the vacuum injection nozzle removed. 
During operation with these conditions a hydrogen fibre is dc- 
veloped. The fibre extends 1.5 m along the vacuum system, 
and is stable within millimeters for periods of hours. The hy- 
drogen fibre is another possible internal target for CELSIUS. 

[II 
PI 

[31 

[41 

151 
161 

[71 

PI 

[91 

1101 

L111 

[I21 

[I31 

[I41 

5. REFERENCES 
C. Ekstrhm et al.. Physica Scripta T22 (1988) 256. 
D. Reistad, Proc. 2nd European Particle Accelerator 
Conference, Nice, France, June 12-16, 1990. p. 128. 
A. Johansson, D. Reistad. Proc. 19th MS Symposium on 
Cooler Rings and their Applications, Tokyo, Japan, 
November 5-8. 1990, p. 15. 
H. Caldn et al., Proc. 19th INS Symposium on Cooler 
Rings and their Applications, Tokyo, Japan, November 5- 
8, 1990, p. 166. 
K. Hedblom et al.. These proceedings. 
T. Bergmark, Proc. 2nd European Particle Accelerator 
Conference, Nice, France, June 12-16. 1990, p. 780. 
T. Lofnes, Proc. 2nd European Particle Accelerator 
Conference, Nice, France, June 12-16, 1990, p. 946. 
C. EkstrBm. Proc. 19th INS Symposium on Cooler Rings 
and their Applications, Tokyo, Japan, November 5-8, 
1990, p. 228. 
G. Norman et al., Proc. 2nd European Particle Accelerator 
Conference, Nice, France, June 12-16, 1990, p. 881. 
T. Ellison. Proc. Workshop on Electron Cooling and New 
Cooling Techniques, Legnaro. Italy, May 15-17. 1990. p. 
29. 
T. Tanabe et al., Nucl. Instr. and Meth. in Phys. Res. 
A307 (1991) 7. 
W. Hardt, “A few simple expressions for checking vacuum 
requirements in a proton synchrotron.” CERN ISR-3OO/GS 
/68-l 1 (1968). 
W.R. Lozowski, J.D. Hudson, Proc 15th World Conf. of 
the INTDS, Santa Fe, New Mexico, September 9-14, 1990. 
B. Trostell. F. Kullander. Proc. 2nd European Particle 
Accelerator Conference, Nice, France, June 12-16, 1990, 
p. 1306. 


