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I Abstract 

The subject of this paper is a review of 
superconducting cavities for accelerator application 
(5 q 1). The layout of a typical accelerating unit is 
described and important pugmeters are discussed. 
Recent cavity measurements and storage ring beam tests 
are reported and the present state of the art is 
siarmarized. 

II Introduction 

About twenty years ago developement work started to 
use superconducting cavities for accelerator 
application. Superconducting cavities premise to 
reach high field gradients. In the case of Niobim 
values around E(acc) = 50 MV/mcan be expected as a 
thermodynamical limit. Superconducting cavities can 
be operated under continuous wave conditions so that 
they are superiour to conventional normalconducting 
cavities wherever cw operation is needed. In the 
first years lead was used as superconducting 
material. At moderate field gradients and with 
tolerable RF-losses, especially at lower frequencies 
(f < 200 MHz), eleotroplated lead-copper cavities 
still offer an economic solution. In most 
applications, however, Niobium is used as favourite 
material, Niobium compounds, for example Nb(3)Sn 
promise even higher values in respect to low losses 
and high field gradients but they still show only 
moderate field gradients. 

Early cavities were plagued by multipacting 
phencnnena and quenches at welds or material defects. 
Ten years ago one point multipacting in cavities was 
understood and different remedies were successfully 
applied: sharp corners at the iris to cylinder wall, 
grooves and rounded design. Improved techniques of 
fabrication were developed (rhombic raster welding, 
chemical or electrochemical cleaning, dust free 
rinsing) and the Niobium material itself could be 
fabricated in better quality and with a (nearly) damage 
free surface finish. Reducing the impurity content of 
Ta, 0, H, C either during the sheet production or after 
the cavity fabrication by heating together with getter 
material greatly improved the thermal ccnductivity of 
the Niobium (typically from /1 = 10 W/m/K to 2 = 100 
W/m/K). A higher thermal conductivity allows more 

heating (i.e. higher fields) at a defect until a 
thermal runaway triggers a quench. Today Niobium 
cavities are usually limited by field emission. Quench 
limitations below E(acc) = 5 MV/m still cccur but they 
are exceptional due to material, fabrication or 
handling errors. 

Work with superconducting cavities is done at my 
places in the framew ork of planned, approved or 
operating accelerator projects. A recent compendium of 
all this work can be found in the proceedings of the 
third workshop of superconducting cavities [l]. In this 
paper recent work with 13 = 1 cavities is described. 
Different problems and operating experience with 5 < 1 
structures are not given here but are referred to that 
reference. Literature references concerning the 
fundamentals of superconducting cavities can be found 
in [2]. 

III The SuperconductingRF-Mod&=&e 

Standing wave structures (R = 1) are developed for 
linear or storage ring application at different places: 
CEBAF, =, -9 Darmstadt/WupIzertal, DEFY, HEX'L, 
KEK and SACLAY. The cavity itself is one important part 
of the complex accelerating system. The other 
subsystems like cryostat, cryogenics, coupler and tuner 
have to be developed, too, for an operating module. In 
the following the complete module with all subsystems 
will be discussed. Fig. 1 shows the cross section of a 
typical modul layout. Here two cavities are housed in 
one cryostat. Each cavity has its own high power input 
coupler and several higher order mode couplers are 
located at the beam pipe. Tuning is done by lengthening 
the whole cavity. Cavity and coupler are cooled in a 
bath of LHe. 

1 Cavity Design 

Rounded design is generally adopted to avoid one 
point multipacting. A weak barrier of two side 
multipacting at the equator still oocursbutcanbe 
processed easily [3]. In contrast to normalconducting 
cavities superconducting resonators are not optimized 
for shunt impedance values. Here design criteria are: 
small values of surface field enhancement 
(E(peak)/E(acc) and H(peak)/E(acc)), field flatness of 
higher modes to allow beam pipe couplers and to avoid 
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Fig. 1: Cross section of the HERA superconducting RF module as an example 
for the complex layout 
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trapped modes. Frequencies from 350 MHz to 8 GHz have 
been used. High accelerating gradients (E(acc) > 15 
MV(m) could be demonstrated in small (i.e. high 
frequency) cavities. High voltage gain lJ(acc), however, 
is needed for linac or storage ring application which 
have been measured at lower frequencies. The choice of 
frequency is governed by arguments like low transverse 
impsdances, non subatmospheric LHe system, low number 
of cells and high stored energy per metre (low 
frequencies) or easy handling because of small size, 
reduced material costs, small Uie volume (high 
frequencies) or by given requirements of the specific 
application. The number of cells per structure should 
be as high as possible in order to get a high filling 
factor. In contrast the number of cells should bs small 
to get a strong damping of higher order modes by beam 
pipe couplers. Intensive higher order mode measurements 
and calculations show (41 that for a typical storage 
ring application the number of cells should not be 
higher than five. In the case of high beam current the 
maximum allowable window power sets another limit to 
the length of the structures and thus to the m.anber of 
cells. 

The diameter of the beam pips is chosen to be as 
large as possible to propagate the higher frequencies 
to the location of the coupler. A cut off frequency of 
the beam pipe below the higher order mode frequency of 
interest is not in all cases a sufficient condition for 
an energy propagation. In addition the pointing vector 
at the interface plane cavity to besm pipe has to be 
non zero, i.e. the field petterns on both sides should 
not cancel each other. This condition is not always 
fulfilled and this is why, as shown by measurems nts and 
calculations [5], the idea of a single mode cavity [61 
cannot be realized. 

2 Higher Order Mode Coupler Design 

Higher order mode couplers at the cavity cell have 
been abandoned because of the danger of multipacting. 
At the beam pips different oouplers have been 
successfully developed: coaxial type of couplers with 
one or two step fundamental filters 17, 8, 91 or 
waveguide couplers with natural fundamental cut off 
damping [lo]. The couplers might be flanged or be 
welded to the cavity. The higher order &es of a 
superconducting cavity can be clamp& to quality factors 
equal or even smaller to those of a normal conducting 
copper cavity. 

3 Input Coupler Design 

With increased beam current the input window 
becomes acruoialpartof the superconductingF@ 
module. For example at the HERA beam current of 60 mA a 
500 MHz 4-cell cavity at 4 MV/m transfers 200 KW RF 
power. Under those conditions a restriction of the 

Fig. 2: Variation of accelerating voltage by 
changing beam current. The cavity is matched 
to the generator (no RF reflection) for a beam 
current IO to E(aoc),O. Fixed coupling and 
fixed forward RF power is assumed (SL: super- 
conducting cavity, NL: normalconducting cavity) 

window power limits the achievable accelerating 
gradient. A break of the input window is considered to 
be the most likely and at the same time also the most 
dangerous accident because of innnediate LHe boil off. 
For high power coaxial input lines windows of disc- 
[ll] or cylinder [12] design are used. Also double 
windows have been built [13]. Sensitive diagnostics 
interlock the klystron power. So far no window accident 
has been reported but it is clear that for a large 
scale application of superconducting cavities the 
failure rate of windows experienced with normal 
conducting cavities cannot he accepted. 

In a superconducting cavity the coupling between 
generator and cavity strongly varies with beam current 
loading. Cnly nearby matched condition all the offered 
generator power is transferred to the beam. Furthermore 
the achievable accelerating gradient decreases to zero 
for a beam current twice the matched value (see fig. 2) 
[14]. Therefore a variable high Dower coupler is needed 
to operate a superconducting cavity in an economic way. 

4 Tuning of a surerconducting Cavity 

Because of the danger of multipacting tuning 
pistons in a cavity cell are not used.The resonance of 
the cavity is controlled by shortening or lengthening 
the whole length like an accordion. This is done by a 
variety of driving systems: motors and gear boxes at 
cryogenic or at room tempsrature, piezo-electric or 
msgnetostrictive or thermal e-ion or hydraulic 
drivers. The tuner has to fullfill different 
requirements: to adjust the Cofiect frequency after 
cooldown, to follow any frequency swing during 
operation, to detune in case of a bad cavity and to 
compensate for any unwanted frequency vibration. 
According to different operating conditions only slow 
or also fast tuners are needed. Frequency (and phase) 
jitter due to mechanical vibration cannot be eliminated 
byamechanicaltunerbutneec&acanplex RF phase and 
amplitude control [15]. 

5 Cryostat 

Horizontal LHe-bath cryostats are used for beam 
tests. Different techniques are applied to close the 
inner LHe-vessel: Indium joints, brased or welded 
connections. The standby losses range from 3 W/m to 6 
W/m. These nuabers are high as compared to typically 
0.5 W/m for superconducting magnets. 

Considerable safety problems exist at DESY snd KEK 
applying the rules of the high pressure vessel index. 
The lack of mechanical data of NiobiLw at cryogenic 
temperatures is not only a problem of "legal safety". 
Thesedataare aneed forcryostatengineeringunder 
safety aspects ("real safety") and more attention has 
to be paid to this field. Following safety arguments 
the large volume of LWe of several hundred liters per 
metre is reduced by &aping the helium vessel or by 
using displacement bodies. 

Superconducti~~etscanwithstandpressure up to 15 
bar because of their tubular construction. Super- 
conducting cavities might collapse above 3 bar. This 
results in big vent-lines and low pressure safety 
valves. One way out of these problems is the consequent 
application of pipe cooling to superconducting 
cavities. This cooling technique also simplifies the 
LHe distribution system snd decouples the cavity from 
pressure variations in the LHe room. 

At CERN an easy dismountable vacuum shell has been 
developed. This construction allows to have access and 
to exchange one out of several cavities which share a 
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eomon vacuum system. 

6 Materials for cavities 

Niobium sheet material is used for most parts of a 
resonator. It can be delivered with high surface finish 
but a careful inspection (by eye, rust test, ultrasonic 
oxydation) before and after the fabrication step is 
still needed. Material with high thermal conductivity 
is preferred because it stabilizes quench centres. On 
the other hand the purification process needed lowers 
mechanical properties (yield strength) and also leads 
to higher RF losses. This is especially true for 
cavities which have been purified after fabrication by 
a heat treatment. Recently sheet material with high 
thermal conductivity and still high yield strength 
> 100 N/mm2 is available. Here the increase of the RF 
losses is less pronounced and is explained by a thin 
uppermost layer of reduced thermal conductivity. 

C&cavities with a sputtered Nb surface have been 
intensively investigated [16]. Single cell cavities 
showed fields up to E(acc) = 15 MV/m at RF losses less 
than those of bulk Niobium. It is astonishing that 
sputtered Nb-Cu cavities are insensitive to frozen in 
magnetic flux. Rut still difficulties have to be 
overcome concerning reproducibility, especially for 
multicell structures with input and output coupler 
parts. 

1 Costs of a supercond~ting RF-module 

The price of a superconducting RF-module might 
vary with design and number of modules. The following 
data are based on the 500 MHz HERA design. Fig. 3 shows 
the relative cost distribution of the major components. 
The absolute costs are around 400 ITPi per 1 m active 
structure. It should be pointed out that this number 
does not include costs for 
- Me production and distribution 
- high power RF production and distribution 
- interlock and controls 
- assembly of the cavities in the cryostat 
- cryogenic measurements 
- repair cycles. 
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Fig. 3: Relative cost 
distribution 
(1: cryostat, 
2: cavity, 
3: coupler, 

tuners 
4: Nb-material 
5: PI=9 

valves..) 

I\' Storage Ring Ream Tests 

A Summary of beam tests up to the middle of 1987 
is given in 1171, Meanwhile several more tests have 
been carried out. 

PETRA beam test 

In November 1987 a prototype module for HERA has 
been tested in PJPRA [16]. The two 500 MHz 4-cell 
cavities showed before and during the beam test values 
for E(acc) of 5.1 MV/m snd 2.5 MV/m. The lower value 
was due to a quench at a bad weld which could not be 
repaired in time. The main purpose of the experiment 
was to test the higher order mode coupling scheme at 
single- and multibunch besm operation. The measured 
values agreed well with the e-ted data. 

SPS beam test 

In August 1987 and during spring 1988 a 4-cell 
cavity with 358 MHz resonance frequency (LEP-designfn 
was operated in the SF9 storage ring. The cavity was 
equipped with HOM couplers according to the LEP 
conditions. In addition damping at the fundamental mode 
frequency wss foreseen to lower the cavity impedance 
during the passage of the intense p-bunch of the SF'S. 
The purpose of the test was 
- to test a fully equipped LIP-cavity for a long period 

under operating conditions 
- to accelerate electrons and positrons and to study 

the LJ% injection 
- to study the beam cavity interaction. 
The cavity accelerated electrons at E(acc) q 3.2 MV/m 
and showed gradients of E(acc) = 6.5 MV/m with the gate 
valves open to the SF6 vacuum system (191. 

TRISTAN beam test 

Two &cell structures (508 MHz) in two individual 
horizontal cryostats have been tested in the 
accumulation ring of Tristan in October, November 1987 
and in March 1988 [20]. Accelerating gradients of 
E(acc) = 6.3 MV/m and 7.5 MV/m could be reached. 86 kW 
of RF power was transferred to the beam through one 
input coupler and a maximum single bunch current of 69 
mA was stored. Meanwhile 16 5-tell cavities have been 
tested (see next chapter) and will be installed in the 
main ring TRISTAN during the summer 1988. 

V Recent Cavity Measurements -~ 

KJX 5-tell cavities, 500 MHz 

16 5-cell cavities have been tested without 
couplers in a vertical cryostat 1201. With the 
exception of one bad cavity (E(acc) = 2.8 MV/m) they 
reached excellent values (see fig. 4 and fig. 5). It 
should be noted that all results could be reached in 
the first cool down, showing the reliability of the 
technical level of the industry. The limiting effect 
for E(m) was not reported but fran fig. 5 it seems 
that field emission loading does not play an important 
roll. Meanwhile ten 5-cell cavities were equipped with 
couplers and tuners and were remeas ured in a horizontal 
cryostat. All cavities reached E(acc) values of 7 - 8 
MV/m easily [20]. 
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Fig. 4: Measured values of E(m) of 6-cell 508 MHz 
cavities at KRK (vertical tests, no couplers)1201 
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Fig. 5: Typical measurement of Q vs. E(acc) of the 
5-tell 508 MHz cavities at KKK (vertical tests, 
no couplers) [ZO] 

SACLAY l-cell cavities, 1.5 GKs 

Five single cell cavities (FXR q 150) have been 
tested at 1.7 K [211. After He-processing values of 
E(scc) from 9 MV/mto 15 MV/mcouldbe reached. Four 
cavities were limited by field emission, one by a 
quench. The best cavity reached S(acc) = 20 MV/m and 
showed a Q-value of 1.5 x 1010 at the onset of field 
emission (15 MV/m). 

CXXNELL l-cell cavities, 1.5 GHz 

At CORNELL a series of single cell cavities has 
been tested to investigate the influence of chemical 
treatment versus heat treatment [22]. The result is 
given in fig. 6 snd shows average values of E(peak) for 
chemical and heat treated cavities of 22 MV/m and 38 
MV/m respectively after He processing. For -ison, 
the value of E(peak) has to be divided by a factor of 
2.5 to get the equivalent numbsr of E(acc) for this 
type of cavity [22]. 
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Fig. 6: Results of single cell measurements at 
CORNELL, 1.5 GHz [221. Dashed areas 
represent heat treated cavities, open areas 
represent chemically treated cavities. The 
values shown have beeen reached after He- 
processing. All cavities were limited by 
field emission. 

Pair Test Measurements at CKBAF ~_.._ 

Four pairs of 2 x 5 cell cavities (1.5 GHz) have 
been tested in a vertical cryostat [23]. The measured 
values are given in fig. 7 and demonstrate that the 
specified value of 5 MV/m could be exceeded. Fig. 8 
shows one piece of the modular horizontal cryostat. Two 
of those units have been attached together snd two 
pairs (a total of 4 cavities) have been measured at 
accelerating gradients of 6.7, 7.4 and 9.4 MV/m [23]. 
One cavity could not be excited to high fields due to a 
wrong coupling. 

A B C II 

Fig. 7: Result of @r 
test messure- 
ments (2 x 5 
cells) at CEBAF, 
1.5 GHz (vertical 
test) [23] 

Fig. 8: One module of the CKSAF horizontal cryostat 

DESY l-cell cavity, 500 MHz, pipe cooled 

At DKSY a second cavity, fabricated by explosively 
txmcled Nb-Cu andcooledbypipes has beenmeasured (see 
fig. 9( [241. At the first cool down a value of B(acc) 
q 7 MV/m snd a *value (low field) of 1 x 109 was 
reached. 60 Wof RF power couldbe cooledby the four 
pipes without temperature instabilities. 

Fig. 9: l-cell 500 MHz cavity. This csvity is 
fabricated by explosively bonded Nb and Cu 
and is cooled by pipes [241 
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IV Conclusion 

From the above information the following 
conclusions oanbe drawn: 

the achievable accelerating gradient is not 
dominated by the choice of frequency 
the field eaission limit is not dominated by the 
choice of frequency 
an intensive cleaning is necessary (which needs 
effort especially with Large cavities) 
thenumberofcellsshouldnotbelargerthan5 
for high current application low frequency is 
favourable 
complete modules are developed (cavity, coupler, 
tuner, cryostat) 
industrial fabrication of complete modules has 
started 
the dominant cost factor is the cryostat 
We following accelerating gradients can be 
reached: 

E(acc) > 20 MV/m, single cells, best values 
z 10 MV/m, equipped structures 
4 6-7 MV/m, result of beam tests 

The author wishes to thank his colleagues from 
-, a, mm, OXNELL and KEK for kindly supplying 
information for this paper. 
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