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ilbstract 

The heavy ion cooler storage ring in Heidelberg has been 
operated in the synchrotron mode. A 12C6+ ion and a 
CD+ molecular ion beam have been accelerated up to the 
rigidity limit of the ring of 1.5 Tm. At the electron cooler 
a new heated cathode has been installed and together with 
an adiabatic expansion of the electron beam considerably 
reduced transverse electron beam temperatures have been 
reached. Using the beam profile monitor transverse elcc- 
tron cooling was investigated for different ion species and 
indirect transverse cooling of a longitudinally laser-cooled 
ion beam could be demonstrated for the first time. 

1 INTRODUCTION 

The Test Storage Ring TSR [l] installed at the Max Planck 
Institut fiir Kernphysik is used for accelerator, atomic and 
nuclear physics experiments. The ring has a circumference 
of 55.4 m and a maximum rigidity of 1.5 Tm and can 
receive heavy ions up to iodine from a 12 MV tandern Van 
de Graaff and a normal conducting RF linac combination. 
Electron cooling is used to reduce the phase space of the 
stored beam and for the accumulation [2] of ions. 

2 BEAM ACCELERATION 

The magnet system of the heavy ion cooler storage ring 
TSR was designed for a beam rigidity in the range be- 
tween 0.2-1.5 Tm. In order to change the energy of the 
stored ions a new resonator [3] was built and the control 
system of the TSR was modified and enhanced. With this 
new system one can now vary simultaneously the mag- 
netic fields and the frequency of the resonator to acceler- 
ate or decelerate stored ions. It was possible to accelerate 
a stored 12,576+ (E 0 = 73.3 MeV) beam, without phase 
feedback loop, by more than a factor of three in kinetic 
energy (Ef x 240 MeV- corresponding to an increase of 
the revolution frequency of 0.7707 MHz. to 1.394 MHz) 
with particle losses of less than 10%. The maximum en- 
ergy reached for 12C6+ was about 300 MeV corresponding 
to a rigidity of 1.44 Tm. Deceleration of 12C6+ ions was 
possible from 73.3 MeV to 19 MeV. 
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Synchrotron acceleration was used to enable the research 
on dissociative rec.ombinat,ion of CD+ molecules with elec- 
trons. In t,he experiment a beam of 2.0 MeV CO+ was 
supplied by a Van de Graaff accelerator using a standard 
Penning source and injected into the TSR. After injec- 
tion the energy was ramped up from 2.0 Me\’ to 7.5 Me\’ 
by synchrotron acceleration, which allowed to increase the 
density of the velocity matched electron beam and which 
facilitated the detection of the neut,ral reaction products. 
The time required for ramping was 5 s. Up to 5 10’ 
particles were stored in the TSR at an average vacuum of 
1.10-l’ mbar with a beam lifetime of 4.5 s. After reaching 
the maximum energy, the beam was merged with the elec- 
tron beam of the cooler. Typical values for the electron 
current were 10 mA corresponding to an electron density of 
5. 106cmm3. It was possible to detect and resolve previosly 
unknown resonances (41. 

3 ADIABATIC EXPANSION OF THE 
ELECTRON BEAM 

The electron beam in the TSR is used as a beam cool- 
ing device and as an electron target. The transverse tem- 
perature of the electron beam is of particular importance 
for recombination experiments at small relative velovities. 
Small transverse temperatures can be obtained by adia- 
batic expansion of the electron beam after acceleration 
[5]. The transverse temperature r~ divided by the lon- 
gitudinal magnetic field Bli of the cooler is an adiabatic 
invariant: 

‘TL - = const, 
Bll 

which is preserved, if the change of magnetic field within a 
cyclotron wavelength A, = 3 is very small compared 
to the total field: 

(+g =G=Tr F <<I, 
I I I / eH2 i 

where El1 is the electron energy and nl the electron mass. 
In the cooler an adiabatic expansion of the magnetic field 
by a factor approximately 7 and a corresponding reduction 
of Tl from 1lOmeV (cathode temperature z 1000 “C) to 
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approximately 16 meV was realized with adiabaticity pa- 
rameters [ at a typical electron energy of Eil = 5 keV of 
less than 0.09. The expansion was realized by replacing 
the old heated (2”) cathode by a smaller one with 0.75” 
diamet,er, by adjusting the Pierce shield and by running 
the existing gun solenoid at, a magnetic field up to 3 kG 
with a smooth transit,ion to the next solenoid having typ- 
ical firald of about 0.4 kG. 
The transverse electron temperat’ure of the electron beam 
could he measured with laser induced recombination [6]. 
In this experiment the induced recombination rate of the 
ions with an electron beam as a function of laser photon en- 
ergy was measured and a transverse electron temperature 
of 17 Y& 2 meV could be deduced. Measuring the width of 
dietectronic recombination resonances of 8@Se23f (EL350 
MeV) at low rtxlative energies between ions and electrons, 
a transverse electron t,emperatur of 19 i 5 meV was deter- 
mined. Figure 1 shows the measured recombination rate 
coefficient as a function of relative energy between ions 
and electron The solid curve is a fit to the data resulting 
in temperatures given in t,hc insert. 
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Figure 1: Dielectronic recombznation rates for 8aSe23+ 
ions. 

4 INDIRECT TRANSVERSE LASER 
COOLING 

One of the main t,opics of the experimental program at the 
TSR is the study of cold, dense ion beams. Indirect trans- 
verse cooling expected as a result of longitudinal laser cool- 
ing in connection with intrabeam scattering (IBS) could 
now be observed for the first time [7] . The experiment 
was performed with 10 7 ‘Be+ ions stored at an energy of 
7.3 MeV with a storage lifetime of 25 s. In order to precool 
the ion beam, having initial t,emperatures of ql x 4000 K 
and T, x lo6 K, it is first merged with the cold elec- 
tron beam in the electron cooler. Electron cooling reaches 
equilibrium aftc,r about 7 s and leads to temperatures of 

?I M 300 K and Tl M 4000 K. The transverse tempera- 
tures are derived from the transverse beam sizes, measured 
with a beam profile monitor [9]; at Tl x 4000 K the av- 
erage beam diameter is about 0.5 mm. After switching 
off the elcct,ron cooling longitudinal laser cooling is per- 
formed. In Figure 2 the transverse temperature evolution 

of an ion beam is shown. After the electron cooling is 
switched off the ion beam starts to heat up due to intra 
beam-scattering if no further cooling is applied. But when 

longitudinal laser cooling started 2 s later, the transverse 
temperature reduces again to an equilibrium value of 2500 
K. The longitudinal beam temperature at the beginning 
of laser cooling first drops to x 5 K and then heats up to 
an equilibrium value of 15 K. 
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Figure 2: Evolutzon of thP homontal beam temperature 
observed u&h and without longitudznal laser cooling after 
electron precooling. 

5 TRANSVERSE ELECTRON 
COOLING 

IJsing the method of beam accumulation by stacking with 
electron cooling intensities can be enhanced by factors of 
several thousand as compared to a single turn injection. 
For this stacking method the total intensity multiplication 
factor N is given by [a]: 

N = n, M,ff T 

where n, is the repetition rate, M,ff the effective inten- 
sity multiplication factor of a multiturn injection and T is 
the beam life time. As the repetition rate n.,. for the mul- 
titurn injection depends on the time TcoOl necessary for 
cooling the ion beam (n, = l/T,,,/) systematic measure- 
ments of cooling times were carried out with lZC6+ and 
32S’6f ( E--11.4 MeV/u) ion beams using the adiabatic ex- 
panded electron beam. In the experiments the horizontal 
phase space was filled by multiturn injection resulting in 
a horizontal beam diameter at, the position of t,he beam 
profile monitor of 40.4 mm (fig. 3) and an accrptancr of 
approximate 110 Tmmmrad. At t,he position of the Plec- 
tron cooler the Twiss parameters have the following values: 
PI = 3.0m, ,& = 0.7m and D, = 0.35m. The beam pro- 
file of the “C”+ ions after cooling (also shown in fig. 3) 
displays a 1 mm beam with extending to ir8 mm. In the 
following the cooling time TcoO~ is defined as t,he time net- 
essary to coot 80% of the part,icles outside the region of 
the cooled beam (marked in fig. 3) into the marked re- 
gion. For “C”+ with E/A=11.4 MeV/u a cooling time of 
1.02+0.02 s at an electron density of n, = 0.32. 108cm-3 
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Figure 3: Measured beam profile for lzCfif zons aj?er mul- 
titurn injection (top) and afler electron cooling for 1.5 s 
cooling (bottom). 

was measured. To examine the dependence on the mass 
(A) and charge (Z) transverse cooling was also measured 
with 32S’6f having the same velocity and beam profile af- 
ter the multiturn injection. In this case a cooling time of 
0.39 f 0.1 s was obtained. Assuming a Z2/A dependence 
the ratio of the cooling times should be e = 2.66. 
The experimental value is 2.62 f 0.1 in good agreement 
with this value. Figure 4 shows the measured inverse cool- 
ing time for 32S16+ as a function of the electron density 
n,. Up to a density of 0.3 . 1010cm-3 l/Teeoo, is propor- 
tional to n,. Increasing of the electron density further 
leads to a deviation of the linear behavior, which can be ex- 
plained by the increasing space charge parabola of the elec- 
tron beam. For ions with p = 0.156 (E/A=11.4 MeV/u, 
n, 5 0.3. 10’0cm-3) l/T,,,, is given by l/T,,,r = k.n,$, 
where k M lo-acm3/s. As the cooling time decreases with 
decreasing ion velocity 0, l/TCoOl can be estimated by 

for @ < 0.15. 

1 Z-2 
- > k.neA 
T cool 

Transverse cooling was also examined for different di- 
ameters of the electron beam. In this experiment the 
electron beam size was changed using different’ expan- 
sion factors but keeping the electron density constant by 

z 0.3. lO*~rn-~. This experiment was carried out with 
?32S16+ (11.4 MeV/u) ion beam having in the electron 
cooling section a horizontal diameter of 4 cm after multi- 
turn injection. With electron cooling the equilibrium was 
reached after about 0.5 s if an electron beam diameter of 
5 cm was used, only when decreasing the diameter of the 
electron beam below the ion beam size the cooling times 
were increased; for an electron beam diameter of about 2 
cm the cooling time increased to about 1 s. 
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Figure 4: Measured inverse cooling trme for 32S16+ 

(E=ll.d MeV/u) as a function of electron density. 

6 ACKNOWLEDGMENT 

We would like to thank the technicians of MPI for their 
valuable work which made these developments and exper- 
iments at the TSR possible. 

7 REFERENCES 

[l] E. Jaeschke, D. Kramer, W. Arnold, G. Bisoffi, M. Blurn: 
A. Friedrich, C. Geyer, M. Grieser, B. Habs, H. LV. Heyng, 
B. Holzer, R. Ihde, M. Jung, K. Matl, R. Neumann, 
.4. Noda, W. Ott, B. Povh, R. Repnow, F. Schmitt, 
M. Steck, E. Steffens, 1988 European Particle Accelera- 
tor Conference. Rome, vol. 1, p. 365. 

[2] M Grieser, D. Habs, R. v. Hahn, C. M. Kleffner, R. Rep- 
now, M. Stampfer, E. Jaeschke and M. Steck, 1991 IEEE 
Particle Accelerator Conference, San Francisco, vol. 5, p. 
2817 

1.31 M. Blum, M. Grieser, E. Jaeschke, D. Kramer, S. Papure- 
anu, A New Type of Acceleration Cavity for the Heidel- 
berg Test Storage Ring, 1990 European Particle .4ccelera- 
tor Conference, Nice. vol. 1 p. 955. 

[4] P. Fork, C. Broude, M. Grieser, D. Habs, J. Kenntner, 
J. Liebmann, R. Repnow, D. Schwalm, A. Wolf, Z. Amitay, 
D. Zajfman, Phys. Rev. Lett. 72, (1994) 2002. 

[5] D. Habs, S. Pastuszka, D. Schwalm, A. Wolf, A. Zwickler. 
Workshop on beam cooling and related topics, Montreux, 
CERN 94-03, p. 188. 

[6] U. Schramm, J. Berger, M. Grieser, D. Habs, E. Jaeschke, 
G. Kilgus, D. Schwalm, A. Wolf. R. Neumann, R. Schuch. 
Phys. Rev. L&t. 67, (1991) 22. 

[7] H. Miesner, M. Grieser, R. Grimm, A. Gruber, D. Habs, 
W. Petrich, D. Schwalm. B. Wanner, H. Wernoe. Work- 
shop on beam cooling and related topics, Montreux, 
CERN 94-03, p. 349. 

[S] W. Petrich, M. Grieser, R. Grimm, A. Gruber, D. Habs, 
H.-J. Miesner, D. Schwalm, B. Wanner, H. Wernoe, 
.4. Wolf, R. Grieser, G. Huber, R. Klein, T. Kiihl, R. Neu- 
mann, S. Schroder. Phys. Rev. A48(1993) 2127-2144. 

[9] B. Hochadel, F. Albrecht, M. Grieser, D. Habs. 
D. Schwalm, E. Szmola, A. Wolf, Nucl. In&r. and Meth. 
.4 343(1994) 401. 

520 


