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Abstract 10 meV, i.e. with a factor equal to the expansion ratio.

The effect of this reduction has been observed in
The CRYRING electron cooler is equipped with a supefnumerous measurements of radiative, dielectronic and
conducting gun solenoid since one year in order to reduggsociative recombination and also in measurements of
the transverse electron-energy spread to 1 meV. Thge cooling force, or drag force, that the electrons exert on
design of this magnet is described, and some results ik ions. Some results of studies of the cooling force and

measurements of electron temperatures, cooling forcege electron-energy spread are reported in [2].
and ion—electron recombination are presented

1 INTRODUCTION 2 SUPERCONDUCTING SOLENOID

The electron cooler at CRYRING has been operating with further increase of the expansion factor and reduction
an adiabatically expanded electron beam [1] since 1998f the transverse energy spread of the electrons requires a
The expansion was achieved using the original cooléigher magnetic field at the electron gun. For this reason,
magnets plus a shunt with a fixed resistance to reduce thesuperconducting gun solenoid, replacing the earlier
current through all magnets except the gun solenoi@-kG normal-conducting solenoid, was ordered in 1995
Usually, an expansion factor of 10 (in the cross-sectionflom Everson Electric Co. and was delivered at the end of
area of the beam) has been used. This is typicallyp96. As seen in Figure 1, the cryostat consists of two
obtained by having 3 kG in the gun solenoid, equal to itsarts. The lower part houses the coil and has a rather
maximum design field, and 300 G in the rest of theompact design since it had to fit on the existing support
cooler. The beam expansion has reduced the transvefigzame, with additional restrictions set by the ring dipole
electron-energy spread from its initial value of 100 meVinagnets next to the cooler. The bore of the solenoid has
deriving from the cathode temperature of 900°C, tan inside diameter of 123 mm and a length of 640 mm. Its
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Figure 1. Schematic diagram of the electron cooler. To the left is the superconducting gun solenoid with its helium reggrvoir o
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axis is inclined 50 degrees from the horizontal. On top dfhe cathode is a conventional dispenser cathode (oxide-
it there is a liquid-helium reservoir giving a total cryostaimpregnated tungsten). It is capable of delivering several
volume of approximately 70 litres. The solenoid isamperes per ¢ which is sufficient for our purposes.
surrounded by an iron yoke in order to minimize the straome data for the present version of the electron cooler
fields that would otherwise influence other ring magnetare listed in table 1.

nearby and the ion-beam trajectory. The superconducting

magnet sits on a 75-mm long extension of the iron yokeable 1. Some design parameters for the superconducting
of the small solenoid below it. This allows for ancooler. Values used for cooling or recombination are given
adiabatic field decrease without the need of any additiongjthin parentheses if they are not the same as the design values.

gg::jssto shape the transition between the high and the | Wagnetic field, gun solenoid 05 (0.3-4) T

The magnet is cooled with liquid helium and a two Magne_ztic field, cooling sol. 0-0.3(0.03-0.1) T
stage Cryodyne cryocooler from CTI-Cryogenics. The Gun diameter 4 mm
first stage of the cryocooler operates at about 68 K undeiElectron energy 0-20 (0.05-4.5) keV
steady-state conditions and is connected to a heat shielgt|ectron current 0-500 (1-100) mA
surrounding the upper part of the cryostat. The secon i i
stage, operating at about 32 K, is connected to shields erveance 0-5 (0.1-4.8) WA/

around the entire liquid-helium-containing volume. The
average boil-off of liquid helium is approximately
0.18 litre per hour with current leads retracted. The 4 RESULTS

qryostat volume of 70 litres thus leads to a hold time Of?he cooler has been running with the superconducting
I|tt|t=:\”r]nore thantt\;]vo Weeks._ | . field of 5 T at un solenoid since the summer of 1997. It has been
Fj'[ m?ggs AaSAatl r][ﬁmma ma}[mmumt Iet Ot MSIia .ivorking as expected, with the exception that the electron
current o : € acceptance test a ! nergy has been limited to, first, 1.8 keV; then, after some
quenched at 4.7 T, approximately the same field that Wasators in the gun were replaced, to about 4.5 keV. We
reached at the fa!CtOW- The reason was probably the tnge that we will be able to make some further
forces .that the sllgh.tly asymmetncal iron yoke exerts op,gjfications during the Christmas break 1998/99 so that
the coil together with an inadequate suspension and can approach the design voltage of 20 kV. From these

sr_nall radial misalignment of the coil. Although thaproblems, however, one can conclude that the small
alignment was improved after the quench at MSL, and W onsions of the gun together with the strong magnetic
believe that the magnet works up to 5 T, we have not y

. - > Iald have made the high-voltage insulation considerabl
tested it to the full field. The field can be ramped up any e gifficult than it wgs with g'ghe previous versions ofy
down with 1 T/min.

the cooler.
For most experiments, the cooler has been run with
3 ELECTRON GUN 100 times beam expansion, using 3-4T in the

superconducting solenoid and 300-400 G in the other

The electron gun now has a cathode with 4 mm diametépagnets. We have not run with much more than 100 mA
compared to 40 mm originally and 12 mm when 10 timegléctron current due to the high-voltage problems.
expansion was used. The new version of the cooler is thfi§hough this has hampered some experiments, it has not
designed for an expansion factor of 100. Since thl@.een. an issue for investigations of dissociative recom-
magnetic fields in the gun solenoid and the other cooldlination of heavy molecules, where energies afr‘d currents
magnets now are independent, however, also smali@re very low. For example, recombination of Qvas
expansion factorsan be used. The shape of the magnetigtudied with a 50 eV electron beam, and although the
field in the transition between the gun solenoid and thelectron current was only 1.0 mA, a small effect of beam
small solenoid below it is compatible with operation everooling could be observed on a spectrum analyzer.
without expansion. Of course, the electron-beam diameter Some cooling-force measurements were performed
in the cooling solenoid will then be just 4 mm. with the 100 times expanded electron beam. Figure 2
The gun has a conventional Pierce geometry with onlshows data for deuterons taken with an electron beam of
two anodes. This is a simplification of the gun geometrie20 mA at 1.7 keV (blue points). Earlier data taken with 10
used in the previous versions of the cooler, motivated Bimes expansion (green) and no expansion (red) are also
the fact that the strong magnetic field of theshown in the figure. The difference between 10 and 100
superconducting magnet makes transverse electric fieltiges expansion is not so dramatic, but most probably
in the gun relatively less important. The second anode lisgger than the measurement errors. However, the new
300 mm long in order to allow a complete ‘longitudinal-data were taken at a lower electron energy and a
longitudinal’ relaxation of the electron plasma before theomewhat lower longitudinal electron temperature. It is
electrons are accelerated to full energy. This is an easilyorth noting that all three measurements agree very well
implemented but useful approximation to the adiabatiat high relative velocities, indicating that the
(with respect to plasma oscillations) acceleration thatormalization of the data is correct, at least relative to
would minimize the longitudinal electron temperature [3]each other. The curves in the figure show theoretical
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Figure 2. Cooling forces measured at CRYRING with three

different beam expansions together with theoretical curves. Al

data are normalized to an electron density of Ixh0.

cooling forces according to the binary-collision model a

described in [2].

An accurate measurement of the temperature of tr|1
expanded electron beam can only be made by looking

the peak shape of sharp recombination resonances.

asymmetric peak shape at low relative energies (i.er
energies in the order of the transverse eIectron—energ
spread or lower) makes it possible to determine t
transverse and longitudinal temperature simultaneously.

With the ten times expanded electron beam, S. Mai;
nervik et al. studied dielectronic recombination of C
ions [4], which have narrow recombination resonances

around 0.2 eV. An analysis of their data yielded
transverse electron energy spread k¥ 9.4 meV and a
longitudinal energy spread KT= 0.08 meV. A similar
study with the 100 times expanded beam wesle by

R. Schuch et al. [5]. Here, the experimental background
was quite high due to the energy limitation mentionefiz]
above. The relative energy of 0.2 eV is also a little tOF3]

high for measurement of transverse energy sprbalisv
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Figure 3. Rates for dissociative recombination’tééH" ions
obtained at CRYRING [6-8] with 100 times beam expansion

Relative energy (eV)

(blue), 10 times (green) and no expansion (red).

10 meV. Nevertheless, it was possible to concltrds
the electron energy spread was below 4 meV transversally
and approx. 0.05 meV longitudinally. The two measure-
ments used the same electron density, so one can assume
that the reduction in longitudinal energy spread from 0.08
to 0.05 meV was due to the change in gun design that was
made possible with the stronger magnetic field.
Concerning the transverse energy spread, it can be
noted that the measurements of the magnetic field in the
cooling solenoid that were performed before the cooler
was assembled the first time showed that it deviated by
less than +0.1 mrad from a straight line after all
corrections were applied. Even if this would not quite
hold today after the installation of the superconducting
magnet, the contribution of such field imperfections to the
effective electron energy spread should be much smaller
than 1 meV at the low electron energies we have been
Iusing for recombination experiments and cooling-force
measurements. The same holds for the effects of the
electron-beam space charge.
The rate for dissociative recombination’pleH" ions

fias been measured both without beam expansion, with 10
and with 100 times expansion [6-8]. Figure 3 shows the

-energy part of theesults of these measurements and

arly illustrates the improvement in energgsolution
&t has been obtained (similar data were obtained at the
ARN-II storage ring, where a superconducting gun
¥lenoid has been in operation since early 1997 [9]). The

ure also demonstrates how the total count rate, i.e. the
area under the peaks, increases with lower electron
emperature, as expected.
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