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Summary face area (4). The old argument in favour of 
low frequency in the case of rf superconducti- 

The work on superconducting proton and vity thus is not true, any longer. On the 
heavy ion accelerators will be reviewed. The contrary, an argument against low frequency 
helix seems to be an adequate structure for structures comes from the preparation techni- 
low velocity particles. For energies above ques of superconducting surfaces. The problem 
15 MeV/N other types of acceleratine structures of avoiding contamination of Nb resonators 
mav be used. Superconducting Nb helyces were 
de;eloped at, several places. A maximum gradi- 
ent of 2.8 MV/mwitha Q of 2*10g has been ob- 
tained recently in Karlsruhe with a X/2 Nb 
helix at 90 MHz. First proton acceleration in 
superconducting helical structures indicates 
the status of the new technology. 

during different surface preparation stages 
and during assembly obviously increases with- 
increasing surface area. Therefore, low fre- - 
quency and small surface area are favorable. 

Introduction 

The possible application of a superconduc- 
ting proton linac to high energy physics is 
considered, to the authors knowledge, at Karls- 
ruhe only. However, many problems involved in 
building a superconducting proton linac with 
high energy gradient and unity duty factor are 
similar to heavy ion accelerators. There are a 
number of different groups which are develop- 
ing superconducting heavy ion linacs. As far 
as informations on the different projects are 
available the results from other laboratories 
will be included. The progress report will be based, there- 
fore, mainly on the results of the superconduding proton 
linac at Karlsruhe. More details and results of other groups 
will be given in several papers this afternoon. 

I agree with P. B. Wilson (2) who announced at the 
Los Alamos conference last October ifnotthe birth, then 
at least an important turning point in the history of this 
new technology. We are now in the status of operating 
prototype accelerators. The main problem left is to 
demonstrate, that a superconducting accelerator is a more 
economical and a better solution for many applications than 
a normal conducting one. The new technology has given 
emphasis, moreover, to the development of improved cryo- 
genic systems. The combination of rf techniques and low 
temperature techniques has started a growinginterestfor 
industrial applications. 

Proton and ion accelerators 

Proton ant ion accelerators have special 
req.airements which include low phase velo- 
city, longitudinal phase focusing and transver- 
se focusing. 'Tnere is a preference for opera- 
ting at Icw frequency, therefore. Low.frequen- 
cy structures have In gencr,al large dimensions 
wi,cch are expensive to fabricate, to cool dowr. 
2nd to shield against noise and thermal radia- 
t ion . Experimertal results on bJb resonators 
c;howed that t'ne l.osses do not decrease w:th 
frequency propcrtiocdl flm7 (3) as expected 
from BCS-theory. It seems clear by experiments 
tht ,.liditlondl icsses exist in lcw frequency 
L::-", ":.-=<.s ) ~*,h;&: ;ITfJ ._ ..- r'icx ~:i~pt!rLde:lt .Ii-‘d 
sriilcl, r:l;ly ,:e~;~-ca on t-.lr' L;i;;e 0' the totcil sLr- 

Two different kinds of accelerating 
structure have been considered in more detail, 
so far. The Stanford group has looked into the 
construction of separately phased re-entrant ca- 
vities for a heavy ion linac (5). Karlsruhe (6), 
Argonne (7) and Cal Tech (8) decided to use 
helical loaded cavities for the following 
reasons: 

1) quite small transverse dimensions(surface 
area exposed to high rf fields comparable 
to an X-band resonator) 

2) low frequency (SO-100 MHz) 
3) large acceptance 
4) coupled structures are possible ( lm) 

The merrits of both, reentrant and helix struc- 
ture were compared in theoretical studies by 
Ben Zvi at Stanford (5) and by I. Khoe at 
Argonne (9). Single A/2 helices gave good ex- 
perimental results, gradients up to 2.8 MV!m 
at a Q of 2x10' have been obtained (10). Single 
X/2 helices can be used for heavy ion linacs 
and give good flexibility (7,ll). This kind of 
flexibility is not needed for a proton llnac. 
Several X/2 helices can be ccmbined in a common 
outer tank? therefore, forming longer accele- 
rator sectIons. The total length of each sec- 
tion is only given by fabrication and acceptan- 
ce considerations. At Karlsruhe, we have built 
two 0.5 m secticns, each consisting out of 
five A/2 helices. The first section is desig- 
ned for an injection energy of 0.75 MeV/N 
at 9C MHz. For the accelerator, it is the most 
difficult section at this low energy and the 
gradient was restricted to values between 1.0 
and 1.3 MeV/m, therefore. The next sections 
will be designed to somewhat higher gradients. 
The helical structure was developed as a com- 
bined effort of our grcup and a group at the 
university of Frankfurt (12), which has been 
experimenting with helix accelerators for 
several years. 

There are some requirenents for a super- 
ccndicting proton linac wh:ch differ from r;-.at 
of an electron decelerator. Cn cne hand these 
reqGlreme"ts are ccnnected with the choi-e of 
the lojr 3 S7rtlC,LiL'e, t.p.e ri-,:;,,l Cc; cj:jtai;:-,z <ire 
directly r$:lt?vant to kPr:$.y is>:: ?,‘t3F: itirdtor" . 
Zn the other h.~nt t!i?<,e r cq,irscf>ct; ir? 
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connected with the aim to accelerate protons 
with very high beam current for the abundant 
production of pions. Some special requirements 
are : 
- mechanical damping of the whole accelerator 

system to avoid external noise, which in 
turn shifts the resonance frequency. This 
problem is severe for helical structures, 
but also exists for reentrant cavities. 

- a suitable rf system with a fast tuning 
device to keep the phase deviations bet- 
ween individual accelerator sections below 
10. The helix structure shows strong pon- 
deromotive effects at high rf field levels, 
which in turn can cause instabilities. Rf 
control locps have to counteract these in- 
stabilities. 

- strong superconducting rf coupling devices 
at helium temperature to handle beam powers 
in the order of kW. The ratio of beam losses 
to wall losses at a current of 1 mA can be 
as high as 300. 

- a chopper-buncher system providing short 
bunches with clean spaces in between. This 
is needed, because dissipation of heat at 
low temperature and possible radiation da- 
mage in the superconducting surfaces have 
to be reduced. If 10% of a 1 mA beam of 1 MeV 
would be lost 100 W of heat would be dissi- 
pated into the helium. 

Accelerating structure 

At Karlsruhe, we decided to build a proto- 
type superconducting proton linac (13). This 
prototype is being constructed and tested as 
a pilot accelerator for a potential larger 
proton accelerator with a current of 1 mA at 
a unity duty factor and an energy in the range 
of 0.5 to 1 GeV. We decided to use superconduc- 
ting Nb helical cavities as accelerator struc- 
ture to achieve the high fields and the low 
phase velocity required for the protons at 
the low energy and of the accelerator (fig. 1). 

For the accelerating structure cooling 
considerations resulted in metallically 
supported X/2 helices (14). 

The helices were made out of Nb tubes of 
6.3 .mm o.d.Thev were electron beam welded into 
a Nb tcp plate which has rf and helium supolies 
and serves as helium reservoir. Each section 
contains five X/2 helices which form a repla- 

cable Nb unit (fig. 2). This unit is flanged 
into a lead plated outer Cu-resonator with 
a diameter of 40 cm and which has cooling 
channels etched into t:-,e walls (fig. 3). For 
the third helix sections the outer tank will 
be made out cf' Nb, tot, with 12.5 cm radius. 
Ihen the lossy Pb/Nb joint is avoided for the 
future sections. After the fabrication of the 
helix secticns the field profile was checked 
with bead measurements and the frequency was 
retuned mechanically to the design values. A 
field flLitness of better than OEiE = L;% was 
obtained. T'ne preparation technique used for 
the sLp?rcondl;ctiny surfaces was eiectropo- 
lishing and anodising (14). All Nb pdrts were 
electroT?clished several times <during different 
f,.Uric ation stages and finally anodized to get 
d ?JSZO~ layer thickness of about 4C0 A. 

At Stanford, design considerations fcr 

a heavy ion linac for the Weizmann institute 
in Israel have been made (5). Re-entrant 
cavities were chosen as the basic accelerating 
structure. There is a contribution to this 
conference on that s,<bject. 

At Argonne, the concept of a heavy ion 
accelerator involves a tandem electrostatic 
accelerator with two stripping stages followed 
by a superconducting helix accelerator (7). 
Several independently phased helical Nb resona- 
tors have been developed. More details will 
be given in a paper this afternoon. 

At Cal Tech, a prototype accelerator is 
being constructed consisting of several in- 
depently phased helical lead resonators. Acce- 
lerating fields of about 1 MV/m are expected 
(8). 

At Oak Ridge? the feasibility and cost 
of a superconducting heavy ion linac has been 
studied (15). A configuration consisting of 
20 MV tandem plus helical Nb linac was chosen. 
1 m sections have been proposed. 

At Los Alamos, a normal conducting helix 
accelerator for heavy ions with 150 indepen- 
dently phased sections has been proposed. 

Rf system 

In order to bypass the problem of com- 
pensating large frequency shifts, the gene- 
rator frequency was matched to the resonant 
frequency of the helix sections by means of 
a phase control loop (VCO-operation). 
(see fig. 4). Detailed studies of ponderomo- 
tive effects as a function of different rf 
parameters have been done (16). The static 
i requency shift was of the order expected 
from single helix experiments. The helix fre- 
quency jitter due to external mechanical 
distortions can be as high as 100 kHz peak to 
peak. By a suitable mechanical damping of the 
whole cryostat this has been reduced to about 
3 kiiz, or 3~10~~ of the resonance frequency. 
Still'further improvements on the damping - 
system are necessary. 

The concept for rf control is now to 
adjust the helix resonance frequency to a fixed 
master oscillator frequency by a fast electri- 
cal tuner. The tuner has to modulate a suitable 
amount of the reactive power stored in the 
resonator, which is of the order of 10' VA 
(VCX-operation, see fig. 4). We decided to 
use PIN diodes fcr the tuner (17). The tuner 
consists of a symmetric arrangement of 12 
shorted coaxial lines with a length variable 
by a PIN diode switch (fig. 5). Since the 
superconducting helix and the coaxial line of 
the tuner together with the strong rf coupling 
form a system which exchanges reactive power, 
the resonance frequency of the helix is 
variable bv switching the PIN diodes in dis- 
crete steps. The basic idea in selecting a 
svmmetric arrangement of n PIS diodes ccnsists 
in the fact, 

~-D- 

that the eigenfrequency is deter- 
mined by the number of switched dio'des only, 
regardless which diode has been swi.tched. Ail 
liodes 
i diode 

dre equally lodded. The loss power of 
is increasing linear with the switching 

frequency. With 12 PI?< dicdes the switching 
frequency for e?ch diode is reduced and a con- 
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siderable higher reactive power can be handled. 
The diodes are switched within 0.3 usec bet- 
ween opened and switched state by driver ampli- 
fiers, which are triggered by a counter in a 
definite order. 

The coaxial line arrangement has been 
completed and tested with a single helix at 
low temperature and at low rf field levels. 
There is a contribution to the proceedings of 
this conference which describes the fast tuner 
in some more detail (18). The essential re- 
sults are the following: fixed frequency ope- 
ration with phase control loop alone was 
possible (VCO/VCX-operation) within a tuning 
range of 2 1.5 kHz, the remaining phase error 
was 0.4'. The tuning range possibly can be ex- 
panded to about t 4 kHz using longer stublines 
An amplitude control loop seems to be necessa- 
ry, since the fast tuner causes an amplitude 
modulation. 

Strong rf coupling 

Each accelerator section contains two 
strongly coupled rf-lines. The input line has 
to carry merely the power loss of the tuner 
and the beam power which, added, amount to 
typically 2 kW per meter section length. More 
stringent are the requirements for the output 
line connecting the tuner at roomtemperature 
to the s.c.sec?ion. Reactive powers of several 
kW must be handled. Reasonable cross sections 
cf-that line result in a Q of approximately 
10’. As a consequence power losses of some Watts 
have to be cooled at low temperatures in a way 
that minimizes any additional heat loading of 
the superconducting helix which IS galvanically 
coupled directly to the center conductor of 
the line. 

This is achieved by inserting cooling 
chambers as sections into the line each of them 
terminated by a pair of ceramic windows. Use 
of liquid Sz and He as cooling fluids and 
favourable spacing of these ccoling sections 
allows to optimize for minimum heat transfer in- 
to t;?e liquid >lelium. First, two lines, 
each one containing a cooling chamber at He tem- 
perature,;Tave been tested in conjunction with 
the second accelerator section and were found 
tc operate successfully up to an axial acce- 
lerating field of 1 MV/m. Stresses involved 
b'y the rigid center conductors lead to a 
failure of one of the ceramic windows so 
that gas discharges prevented to obtain higher 
field levels. 

Injection system 

We start acceleration with a well tested 
inexpensive Cockroft-Walton set with an energy 
of 75C keV and a Duoplasmatron ion source. Up 
to now a continuous total beam current cf 
1.3 rnA is available at the exit of the acce- 
lerating column.The requirements for the chop- 
per-buncher system are strict, because par- 
ticle loss on the accelerator structure has 
to be reduced. Such loss could heat up and 
carnage the superconducting surfaces. The ne- 
zessary frequency j;inp along a larger proton 
accelerator reduces the longitud<nal accep- 
tance even more. 

These requirements could be net by a 

combination of energy modulation and momentum 
analysis by a deflecting magnet (19). The 
monoenergetic proton beam passes first an 
energy modulator (fig. 6), which is an rf ca- 
vity driven at the fundamental frequer.cy of 
90 MHz (20). The proton beam is subsequently 
momentum analysed by a 270" deflecting magnet 
(270' for geometry and symmetry reasons). There 
is a focus halfway in the deflecting magnet 
where an edge permits only the lower momentum 
particles to pass. These protons pass the ener- 
gy modulator again(fig.6), in our special geo- 
metry under 90 to the first time. The energy 
modulation will be compensated to a high degree 
and in addition an energy distribution as 
function of time is imparted. The final energy 
modulation is +2.1% with an rf power consump- 
tion of about 700 W. The particle bunches will 
be bunched in phase to about 22' by the time 
they enter the accelerating structure. The 
system is partly tested with an injected bean 
of 1 mA and gave so far the design values (21). 
A bunched be& with 400 PA is now available 
at the entrance of the superconducting acce- 
lerator. The bunched beam has been accelerated 
successfully with the first helix section(fig.7). 
The energy spread after acceleration has not 
been measured so far due to the poor resolu- 
tion of our preliminary energy analysing system. 

Conclusions 

The Karlsruhe results on three experimen- 
tal runs, each extending over several weeks, 
can be summarized as follows: 

1. Stable operation at designed field levels 
was achieved and a pulsed proton beam of 
4 uA has been accelerated with one helix 
section formed out of five h/2 helices. 
The beam was limited by the rf coupling 
device, that was not designed for trans- 
mitting high power. Maximum gradient was 
1.4 MV/m. 

2. Cryostat and superfluid cooling were ade- 
q.Jate. The cryostat has a two vacuum sy- 
stem, the beam vacuum is separated from 
the insulation vacuum. Super leaks exi- 
sted below the X-point, but did affect 
the whole experiments only slightly (22). 

3. An rf coupling device designed for transmit- 
ting high power was developed anl had been 
partly tested with the second helix section. 

4. A fast tuner consisting of a symmetric 
arrangement of 12 coaxial lines shcrted 
by 12 PIN diode switches was developed 
and tested at low temperature single helix 
experiment. The tuning range is ? 1.5 kHz, 
the absolut phase error 0.4'. The tuning 
range can be increased. 

5. A chopper-buncher system for the injection 
system was developed and gives proton bun- 
ches which come close to the design values. 

At present, all efforts are concentrated 
to operate the two uncoupled helix sections 
in sychronisn. The second helix crycstat has 
been designed and will be ordered scan. New 
ways in the fabricatlcn of additional helix 
sections are considered. In a s<ngle helix 
experiment maximum fields cf 2.6 MV/m and 
700 G have been obtained at a high field Q 
of 2x109. The preparation technic_-e was 
electropolishlng and anodizing, as before. We 
are confident in getting better improvement 
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factors for the helix sections. At Argonne, 
a proton beam has been accelerated. A maxi- 
mum field strength of about 1.4 MV/m has been 
measured. The field of one cavity was phase 
locked to the master oscillator system at 
a field level of 1 MV/n. P:hase wobble was less 
than lo. 

The possibilities of the application 
of rf s,uperconductivity thus rapidly expand. 
We are new in the status of operating pro- 
totype accelerators. Though remaining problems 
have to be solved, I am confident for the 
future. 
Rapid and additional information from the dif- 
ferent laboratories is acknowledged. 
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Finally I would like to list the names 
the collaborators of the Karlsruhe group: 

Baumgartner, S. Brandelik, A. Citron, 
Fei3t, P. Flgcher, J. Fricke, F. Graf, 
Grcndel, B. Haferkamp, J. Halbritter, 
Hietschold, G. Hochschild, G. Hornung, 
Hornung, B. John, H. Klein, P. Kneisel, 
Kiihn, G. Krafft, M. Kuntze, D. Hamdi, 
-iauser, W. Herz, L. Hiitten, W. Lehmann, 
Yittag, N. Miinch, H. Oppermann, B. Piosczyk, 
Redemann, M. Rutz, E. Sauter, L. Schappals, 
Schiirrer, D. Schulze, F. Spath, H. Spiegel, 
jpielbijck, 0. Stoltz, L. Szecsi, J. Vetter, 
Vincon, G. Westenfelder, K. W. Zieher, 
Zimmermann. 
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Fig.1. Layout of the Karlsruhe superconduc- 
ting proton linac. 
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Fig.3. Assembled first accelerator section. 

Fig.5. Fast frequency tuner using FIN diodes. 
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Fig.6. Schematic drawing of the inject&on 
system for proton bunches of 22 . 

‘Lz. 4. ,:rQJ.;t ~:iflgrYir:! cf ixie ‘:ic;ivc:i I.c”p 71 ; rig.?. Er.ergy :A 1x1 cf d b:,r,fzh-d prston 
for 3ne helix zectior.. beam .ss r‘unction of 7artizl.e pkase. 
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