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The recirculating electron accelerator S-DALINAC provides beams for a wide variety
of nuclear and radiation physics experiments and since December 1996 it is also success
fully used to drive a free electron laser (FEL) in the mid infrared wavelength region.
The sc cavities of the S-DALINAC operate at 2997 MHz and therefore at a temperature
of 2 K. Up to now the S-DALINAC has provided some 16000 h of beamtime for experi
ments. Guided by operational experience numerous developments concerning equip
ment directly associated with the superconducting (sc) cavities like tuners, rf couplers,
etc., were performed. The operational principle and performance of the respective parts
is discussed. Manufacturing of the sc cavities themselves, tuning for field flatness of the
'if-mode, and treatment prior to installation as well as treatment after degradation is
presented together with a summary of the current cavity and accelerator performance.
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1 INTRODUCTION

In 1987 the sc injector of the S-DALINAC became operational and in
January 1991 a first electron beam which had been accelerated three
times in the main linac (using two recirculating beam transport
systems) was produced. During installation, commissioning and the
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following years of operation of the accelerator regular reports on its
status were given at the respective conferences. For a most recent
overview see Ref. [1] and for further details, references therein. In this
article we will try to summarize briefly our experience in operating a
small sc electron accelerator having been developed and being used in
the environment of a university for research in low energy nuclear
and radiation physics.

In Section 2 we will give a brief description of the accelerator itself
and of the different experimental areas using the electron beam. Fab
rication of the sc cavities, treatment prior to their installation in the
accelerator and after degradation as well as the current cavity perfor
mance are described in Section 3 whereas Section 4 covers the devel
opment of several components necessary for reliable operation of the
sc cavities themselves. In Section 5 we will summarize the perfor
mance of the accelerator and draw conclusions from our operational
experience.

2 ACCELERATOR AND EXPERIMENTAL AREAS

The S-DALINAC provides electron beam for several experimental
areas. A layout of the entire facility is presented in Figure 1. The
hall to the left houses the accelerator itself (described below) and
two experimental areas. At energies below 10MeV an area (1) allows
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FIGURE 1 Layout of the S-DALINAC facility. Encircled nUlnbers denote experi
Inental areas and are referred to in the text.
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for nuclear resonance fluorescence experiments and for production
and investigation of channeling radiation and parametric X-rays
(PXR). In the same hall the FEL (2) which was successfully operated
in December 1996 for the first time2

,3 is installed. Its beam is trans
ported to the optics lab (6) for experimental use. In the experimental
hall the electron beam at energies above 25 MeV can be used for
radiation physics (3) or for nuclear physics investigations using the
electron spectrometers in locations (4,5).

An enlarged layout of the accelerator is presented in Figure 2. The
electron beam is produced by a thermionic gun (1) and electrostatically
accelerated to 250 keV. Its time structure, necessary for rf acceleration
at a frequency of 3 GHz, is prepared at room temperature in area (2)
before it enters the sc injector linac (3) which contains a 2-cell and a
5-cell capture cavity and two 20-cell cavities, and provides beam
energies up to 10 MeV. Then the beam is bent (4) by 1800 and after pass
ing a diagnostics station (5) injected into the main linac (6) which con
tains eight 20-cell cavities and provides an energy gain ofup to 40 MeV.

For further acceleration the beam can be recirculated twice by
means of the two beam lines in the lower part of figure, before it
is extracted to the experimental hall. In the center of the Figure 2
alongside the main linac, the installation of the FEL, containing the
undulator (7), diagnostics stations (8), and two optical tables (9,10)
carrying the mirror chambers of the optical cavity, is located.
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FIGURE 2 Layout of the accelerator. Encircled numbers denote main components
and are referred to in the text.
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Except for the 2-cell and 5-cell capture cavities housed in the injector
linac the S-DALINAC uses 20-cell cavities operating at 3 GHz for
acceleration of the electron beam. The decision for this rather high
frequency and the large number of cells per unit was the result of
economic considerations: at 3 GHz the diameter of the cells at the
equator amounts to some 92 mm and consequently the accelerator
cryostat has an outside diameter of 500 mm only, which allows a
fairly inexpensive realization. Simultaneously the large number of
cells per unit reduces the number of rather expensive auxiliary equip
ment like frequency tuners and rf couplers. The risk of exciting higher
order modes (HOM) at high Qvalues is minimized by selecting a very
low cut-off frequency of 3.5 GHz for the end tubes of the cavity. This
allows all HOMs (except for the very lowest electric dipole mode) to
propagate to the rf couplers where they can be damped. Also the exci
tation of HOMs is very weak because of the fairly low beam current
(:::; 60 JlA for a single-pass beam and :::; 20 JlA for a three-pass beam)
of the S-DALINAC.

A photograph of a 20-cell cavity is shown in Figure 3. Fabrication
and preparation of the cavities was performed in a close interaction

FIGURE 3 Photograph of a 20-cell cavity operating at 3 GHz. The cavity consists of
18 identical center cells and two end cells which con1pensate the influence of the
attached beam tub-es.
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between industry and our institution. The cavity cells are made from
2 mm thick niobium sheet material with a nominal RRR of 280. In a
first step half cells were formed by deep drawing and machining of
the rims. Next two half cells were electron beam welded at the equa
tor to form a cell, which then was tuned to a predetermined frequency
by inside chemical polishing. The order in which 18 center cells and
two end cells should be welded together to form a 20-cell cavity was
determined from field profile measurements of 20 individual cells,
only stacked together.

After electron beam welding at the irises between the individual
cells and adding the beam tubes to both ends, the interior of the
20-cell cavity was chemically polished again. Final tuning of the
cavity to a predetermined frequency and field flatness of the accelerat
ing mode (7f-mode) was achieved by introducing small radial defor
mations in three equally spaced locations along the equator of
individual cells. For this purpose a special algorithm had been devel
oped, based on the assumption that these deformations changed only
the eigenfrequencies of the cells, but not the cell to cell coupling
strengths. This proved to be the case so that the algorithm provided a
prediction of eigenfrequencies and field profiles for each intermediate
step of the tuning procedure. Finally, for the 7f-mode, a nonuni
form.ity of the accelerating field in the individual cells of less than 20/0
was achieved. The final step of the manufacturing process and the
preparation of the cavities consisted of a final inside chemical polish
ing (for cleaning and to tune the cavity to the desired operating
frequency of the accelerator) and outgassing of hydrogen (several
hours at 750°C) in a DHV furnace. It is worthwhile noticing that the
cavities were not tested at low temperature in an external cryostat
prior to their installation and operation in the accelerator.

If the performance of a cavity has degraded due to a contamination
of its surface (caused e.g. by a vacuum failure) cleaning and chemi
cally polishing the affected surface are recommended methods to cure
the degradation. However, since the chemical treatment affects the
eigenfrequency of the cavity, care has to be taken to remove as little
material from the cavity surface as possible. This can be achieved
if chemical polishing is applied under very well controlled conditions,
as it is the case for the excellent infrastructure of the Tesla Test
Facility (TTF) at DESy.4 There, two 20-cell cavities were cleaned
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using ultrasonic agitation in demineralized water, followed by chemi
cal polishing at a constant temperature of 100 e and a final rinsing
with ultrapure water. A thickness of only one micron was removed
from the surface changing the eigenfrequency of the 7r-mode by as
little as 20 kHz. Both cavities fully recovered from the observed
degradation. For several other cavities we successfully used a different
cleaning method which can be applied in the modest infrastructure of
our own institution. After ultrasonic cleaning, the inner surface of the
cavities was first oxidized using nitric acid and then rinsed with
water. In a second step the oxide was removed by hydrofluoric acid
before the cavity was finally rinsed with highly demineralized water.
Recently we have added a system for high pressure (10 MPa) rinsing
of the cavities but results from this treatment are not yet available.

The current performance of the ten 20-cell cavities installed in
the S-DALINAC is as follows: they reach accelerating gradients of
5-10 MV/m, averaging 6.7 MV/m. This is far below figures which are
reached presently for sc cavities intended for linear colliders, but
exceeds our design gradient of 5 MV/m in all cases. Disappo,inting is
the fact, that the unloaded Q values of the ten cavities yield an aver
age of 7.7 x 108 only, well ..below 3 x 109 which we have aimed at. We
will return to this subject in Section 5.

4 ASSOCIATED EQUIPMENT

Almost as important as the cavity performance is the reliable and
reproducible operation of equipment closely associated with the
cavity itself. These parts quite often operate at low temperatures and
either in helium atmosphere or in vacuum. Therefore it is usually not
possible to obtain complete devices commercially, they rather have
to be developed for their usually very special application. At the
S-DALINAC two very typical devices of this type are in routine use
now, but first had to be designed and then tested following guidelines
from earlier operational experience: frequency tuners and rf couplers
for the sc cavities. They will be briefly described in the following.

Tuning of the cavity eigenfrequency to the accelerator frequency
is performed by elastically stretching the cavity in axial direction.
The sensitivity of this method is ~f/~l == 500 kHz/mm. It has to be
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compared with the loaded bandwidth of the cavity which in our case
amounts to 100 Hz at an operating frequency of f == 3 GHz. Control
of the cavity eigenfrequency to within 1Hz requires that the cavity
length (I == 1m) needs to be controlled to within 2 nm. Therefore we
decided to use a combination of a motor driven coarse tuner and a
magnetostrictive fine tuner, operating at a temperature of 2 K and in
a helium atmosphere of some 32 mbar. Two guidelines were followed
for the design: all parts inside the cryostat should move slowly and
the number of parts sliding on each other had to be minimized (roll
ing was preferred). The prototype of the construction has been
discussed earlier. 5 It proved to work reliably and with the necessary
accuracy, and since several years the ten 20-cell cavities and the 5-cell
capture cavity of the S-DALINAC are equipped with these tuners
which, for a 20-cell cavity, provide a range of 1MHz for the coarse
tuner and ~ kHz for the magnetostrictive fine tuner, respectively, with
a resolution of better than 1Hz.

The most important requirements for the rf couplers were:
(a) mechanical rigidity to avoid variation of the coupling strength due
to vibrations and (b) externally variable coupling strength for the
input coupler whereas the probe coupler should have a fixed but well
predictable coupling strength. Furthermore, the couplers had to fit
into the existing modules of the cryostat and in particular the input
coupler had to match the existing 7/8in coaxial rf input line of the
cryostat. The operational principle of the couplers and a measure
ment from a prototype have already been discussed,6 therefore we
only recall the basic idea: coupling of e.g. the rf input line and the sc
cavity is performed in two steps through an intermediate, strongly
reentrant cylindrical resonator. The axis of this resonator coincides
with the cavity axis (and thus also with the beam axis) allowing the
beam to pass through its hollow center conductor. The coaxial rf
input line is radially attached to this resonator and the distance
between the center conductor of this line and the center conductor of
the resonator determines the coupling strength. This distance can be
varied from outside the cryostat. On the other hand the power trans
fer from the resonator to the sc cavity is determined by the distance
between the end of the hollow center conductor of the resonator and
the iris opening of the first cell of the cavity. This distance was opti
mized during the design and is fixed. A series of warm prototypes and
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one partly superconducting prototype showed that the coaxial reso
nator of the input coupler had to be built from niobium to achieve
reliable operation. Because of their weak coupling strength and the
low po\ver flow the probe couplers are fabricated from stainless steel.
Since 1994 all sc cavities of the S-DALINAC (except the 2-cell cap
ture cavity) are equipped with these couplers and it has turned out
that in particular the variable input coupler is very useful to optimize
the performance of the sc cavities according to the strongly different
beam loading conditions, the S-DALINAC has to cover.

5 SUMMARY

The S-DALINAC has to cover a very wide range of beam energies
and currents according to the demands of the different experiments
(see Section 2). Table I contains a summary of typical beam param
eters for the individual experiments. The upper four rows of Table I
show that electron energies from as low as 2.5 MeV up to 120 MeV
and beam currents from below 1nA up to 50 JlA have been used in
the 3 GHz cw mode of the accelerator where every rf bucket is loaded
with an electron bunch and no macrostructure is superimposed on the
continuous beam. For the FEL a peak current much higher than it
can be produced in this mode is absolutely essential. Therefore, using
a subharmonic injection scheme, only every 300th rf bucket is loaded
with an electron bunch, which in turn carries 300 times the charge of
a "normal" bunch. The operation is still continuous at a bunch repeti
tion frequency of 10 MHz. The lowest row of Table I shows typical
figures for a 3 GHz cw beam which has been recirculated two times.

TABLE I

Experiment Energy (MeV) Current (JlA) Mode Time (h)

Nuclear resonance 2.5-10 20-50 3 GHz cw
fluorescence

LE-channeling, PXR 3-10 0.001-30 3 GHz cw
HE-channeling, PXR 30-85 1 3 GHz cw
Electron Scattering 30-120a 0.5-5 3 GHz cw
FEL 30-38 2.7 Apeak 10 MHz

Resolution: ~EFwHM = 50 keV at Eo = 85 MeV, ~E/Eo = ± 3 x 10-4

aAt a duty factor of 33%.

3900

2100
800

6600
2900

2: 16300
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The last column of Table I shows how much beamtime has been used
by each type of experiment since commissioning of the accelerator.

The fact that the maximum beam energy produced by the
S-DALINAC is still somewhat below the design figure of 130 MeV
is due to the still modest unloaded Q values of the sc cavities quoted
in Section 3 above. If all cavities are operated at 5 MV/m or above
their average value of 7.7 x 108 leads to an rf power dissipation
exceeding the capacity of the closed cycle helium refrigerator, which
amounts to 100 W at 2 K only. Besides the experimental program we
are therefore still investigating possible reasons for this phenomenon
in order to find a cure. Present studies concentrate (despite the out
gassing procedure described in Section 3 above) on hydrogen content
of the cavity material and on the possibility of insufficient magnetic
shielding of the cavities, which cannot be excluded a priori because of
the complicated geometry inside the helium vessel of the cryostat.

Acknowledgement

We are very much indebted to H. Lengler for his continuous support
throughout the course of our project. We have always benefitted
from stimulating discussions with B. Aune, D. Bloess, B. Bonin,
S. Calatroni, E. Haebel, A. Matheissen, A. Mosnier, D. Proch,
H.A. Schwettman, K. Shepard and T. Weiland and are grateful for
their contributions. The tremendous help of H. Gaiser and the galva
nic workshop at GSI as well as the support from the mechanical
workshop at CERN and the mechanical and electronics workshops at
our institution are gratefully acknowledged.

References

[1] A. Richter, Proc. Ftfth EPAC, eds., S. Meyers et al., lOP Publishing, Bristol (1996)
p. 110.

[2] S. D6bert et al., "First Lasing of the Darmstadt Free Electron Laser" (to be
published).

[3] S. D6bert et al., Proc. Eighth Workshop on RF Superconductivity.
[4] TESLA TEST FACILITY LINAC - Design Report, ed., D.A. Edwards, DESY

Print, TESLA 95-01 (1995).
[5] K. Alrutz-Ziemssen et al., Proc. Fourth Workshop on RF Superconductivity, ed.,

Y. Koshima, KEK Report 89-21 (1990) p. 53.
[6] J. Auerhamtner et al., Proc. Sixth Workshop on RF Superconductivity, ed., R.M.

Sundelin, CEBAF (1993) p. 1203.




