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Abstract

Field stabilization in helical resonators can be achieved by compensating the structure
in a relative simple manner. The influence of termination effects on field distribution
and resonant frequencies of \/2-helices is investigated. A modified normal conducting Ta
lix accelerator in pulsed operation is described. Some figures are given for the expected
beam performance of postaccelerators with superconducting helices.

Introduction

In 1971 we proposed a Helix Tandem combina
tion for acceleration of heavy ions in CW
operation [Talix] (1) ,(2). In the last
months the work was concentrated on a pulsed
version of Talix (3), mainly in order to
reduce the operating costs. Other work 
partly in close cooperation with the linac
group of the Kernforschungszentrum Karls
ruhe - was directed to the RF properties of
the helix structure. So calculations and
measurements of axial and surface fields
were done, which are of special interest
for superconducting helices (4). Here the
properties of A/2-helices are briefly dis
cussed and a method for compensation of the
helix structure is described.

Field Stabilization

In 1971 vibrational instabilities were ob
served when testing aIm long, dielectri
cally stemmed, normal conducting TI-mode he
lix section in CW operation at high power.
Obviously, a positive feedback involving
electromechanical forces between the win
dings of the helix led to excitation of
longitudinal vibrations of about 100 Hz.
This instability, however, was apparently
not identical with the one described by
Karliner, Schulze et ale (5) ,(6); its thres
hold was much lower and it occured on both
sides of the resonance curve. It was belie
ved that this might be due to collective
vibrations of the 7 \/2-cells of the sec
tion, whereas the papers cited refer to
single cavities only. Meanwhile some ex
perimental work is done on this and it
seems that the difficulties can be over
come by field stabilization, though the
feedback mechanism is not yet totally re
vealed. There is, however, some evidence
that the effect of unflatness is involved,
because the section could be operated with
out vibrations after it had been compensated.
But it should be stated, that at the same
time the RF system and the amplitude con
trol had been improved. The method of com
pensation used is described below. Another
approach is to attach hollow, mercury-filled
balls to the helix, by which is obtained

simultaneously lowering the mechanical Q
of the helix and compensation. A wave guide
of this kind, working in a TI/3-mode, is now
in preparation.

Some attempmhave been made to investigate
the influence of several types of inhomo
genities on the helix wave guide, such as
stems, wave guide ends etc. The investiga
tion by aid of the sheath model leads to
rather cumbersome calculations and did not
give practical results yet. This work will
be continued, however. Other investiga
tions were done on the basis of the trans
mission line theory that has been developed
several years ago especially for applica
tion to the closely wound helix (7). It has
the advantage to allow the treatment of
several types of inhomogenities in a very
simple and straightforward way. On the
other hand, its results are not very pre
cise when applied to our Talix type helices,
which are not wound closely. They are, how
ever, precise enough to describe the ef
fects qualitatively in the right manner and
to give numerical values of the right order
of magnitude. Without going into the details
it should just be mentioned that this theory
uses the magnetic flux as one of the con
jugate variables and that it gives a pair
of cutoff modes as solutions besides the
usual forward and backward traveling waves.
In general, these cutoff modes are needed
to fulfill the boundary conditions at an
inhomogenity.

On the basis of this model the influence of
the wave guide ends on field configuration
and resonance frequency was investigated
(s. next paragraph) •

The transmission line theory has been used
further to calculate the effects of inho
mogenities like stems etc. It turned out,
for instance, that a metallic stem between
helix and shield at high frequencies acts
like a shunt capacitance of the order of
10 pF (8). This has been confirmed experi
mentally. Another result is that a short
circuit between two neighbouring windings
acts like a series capacitance of a few pF
(9) •
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This can be used to stabilize the field
distribution of dielectrically stemmed TI

mode sections in a very simple way (9). It
can readily be calculated, that a biperio
dic structure as shown in fig. la will be
compensated with respect to unflatness ef
fects, if Cs and Cp fulfill the condition
W2 Z2CSCp = 1 (Z is the characteristic im
pedance of the unloaded line). As mentioned
before, the series capacitances may be re
placed in case of a helix by short circui
ted windings. Thus, by proper choice of the
capacitances of the dielectric sterns com
pensation can be achieved. Fortunately, the
shunt capacitances needed are practically
always larger than the natural capacitances
of a stemi so these capacitances can be ad
justed by fixing metal bodies of special
shape at the stem (see fig. 2). These
poncho-like bodies serve simultaneously as
effective shields to protect the dielectric
material of the stems from the axial elec
tric field. The experiments show that the
change in field distribution by detuning
the cavity is easily reduced by a factor of
5 after compensation. Further improvements
are expected by better adjusting of the ca
pacities.

Fig. 3 shows the calculated and the measured
frequencies for two examples compared to the
results given by the sheath model.

Fig. 4 gives for one helix the calculated
electric field ER on the axis together with
the measured field, the sine approximation
for the measured field and the field of a
"sheath-~/2-helix" Es for the same parame
ters. In these cases the power loss per unit
length p is kept constant.

Fig. 5 shows the energy gain ~T of particles
in these four field configurations as a
function of the particle energy. This is
compared to the energy gain in a "sheath
>'/2-helix" with the condition that the par
ticle velocity vT is equal to the phase ve
locity vphs calculated with the sheath mo
del (vT = v h , ~T = ~Ts ). Although the
amplitude o~ ~he electri8 field ER is smal
ler, the energy gain is greater than in the
corresponding sheath model field, due to
the increased helix length and the fringing
fields.

Fig. 6 gives the calculated maximum effec
tive shunt impedance for standing wave ope
ration

General Remarks

for >'/2-helices as a function of the par
ticle energy for two examples.

Resonance Frequencies and Fields of Half-

Wavelength-Helices

While the sheath model is very well suited
for long helices, differences to measure
ments up to 50% occu~ e.g., for resonance
frequencies in the case of half-wavelength
helices. Therefore calculations have been
made with a combination of sheath model and
transmission line theory to get the fields
and resonance frequencies f or the real
length LR for a given set of parameters
(10). Especially the dispersion relation of
the sheath theory was introduced into the
transmission line calculation. This leads
to a forward and backward traveling wave
and a damping mode from each end of the he
lix and gives in case of the resonance fre
quencies results within 10% accuracy.

TT
L s

n • TT 2
sheath

transit time factor
length of a >'/2-helix given by the
sheath model
real length of a A/2-helix
energy gain of a particle in the
field of a real >'/2-helix

Tandem Helix Accelerator for

Pulsed Operation

Then with a fitparameter, which works on the
slope of the damping modes, the calculations
for f were tied to the experiments in one
point. With this fit the resonance frequen
cies were calculated in the following range
of parameters:

80 MHz < f < 120 MHz

2.0 cm < a < 4.5 cm a helix radius

sid > 1.5 s pitch
d tube diameter

The accuracy is now better than 2%. For
smaller frequencies (80 - 30 MHz) the error
is still less than 5%.

This method has been used to determine the
final geometric parameters of the supercon
ducting helix sections of the Karlsruhe Pro
ton Accelerator Project (11).
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In a former Talix-proposal (1) ,(2) a heavy
ion facility was suggested, where a Tandem
was followed by a Helix linac. As demanded
at that time, the accelerator was dimen
sioned for a duty factor of 100%.

At an "informal symposium about the Hei
delberg postaccelerator project", which
took place on the 2nd and 3rd of June 1972,
the desire of linac customers became clear,
to leave the CW operation and aim toward a
duty factor of 25% (12).
The argument for this change originated
from the idea that ion sources deliver
much higher beam currents than the Tandem
machine is capable to accelerate and this
is true for most ions. Therefore at pulsed
operation and a duty factor of 25% the same
mean beam current is obtained as at CW ope
ration, when the beam current is increased
during pulse duration by a factor of 4.



Beam Performance of Tandem Accelerator

Without particle loss power consumption to
gether with corresponding operation costs
can be strongly reduced.

Radial acceptances of the linac focused by
quadrupole doublets (Aeff = 1.5 ern mrad
normalized) exceed the beam emi t.tance as
expected from the Tandem (0.056 ern mrad) by
a factor of 25.

These charge states are higher than those
assumed in (1) ,(2). A design where the
beam is bunched and chopped between ion
source and Tandem has been studied. Higher
energy resolution and better time structure
turn out when compared to the earlier pro
posal.

It is well known that the helix can be
operated at very high accelerating fields
(>2.2 MV/m traveling wave) without voltage
break down and at low x-ray levels (some
mr(h at 1 m distance) .

Synchronously the mean power is reduced by
about 55%. In addition these higher elec
tric fields are capable of accelerating Io
dine to the Coulomb barrier of 5 MeV/N with
only 11 sections.

Determination of Accelerating Field. All
versions of a pulsed Talix discussed in
this report deal with compromises between
RF power and accelerating electric field
strengths. In the earlier .Talix-proposal,
CW operation gave the basis for the layout.
Cooling and transmitter economy with regard
to construction and operation costs sug
gested a mean accelerating field of
Eo = 1.38 MV/m. Similar considerations con
cerning the pUlsed machine resulted in
Eo = 1.8 MV/m. This together with higher
charge states (as mentioned above) gives
much higher final energies. (For an example
for Bromine and 14 sections (1 m long) the
final energy is 7 MeV/N instead of 5.5 MeV/N.)

Transmitters having been developed and tes
ted in collaboration with the industry had
been dimensioned for CW operation at 100 kW.
With small modifications they allow pulse
operation and a pulse power of about 200 kW.
A power of 125 kW (during the pulse) is re
quired in order to obtain an accelerating
field of 1.8 MV/m in a section of 1 m
length. Therefore there is still a reserve,
which could be made use of by increase of
the electric field in case of a lower charge
to mass ratio of ions to be accelerated as
well as for compensating unexpected addi
tional power losses.

cycle of 250-125 Hz. As the Helix possesses
a rather short rise time (ca. 20 ~sec) ,
high repetition frequencies are possible
without remarkable power losses during the
build up time. Therefore a pulse repetition
frequency of about 400 Hz at pulse dura
tions of 0.6 msec is proposed.

Helix Postaccelerator

The tendency towards electromechanical os
cillations of the Helix has been suppressed
successfully in CW operation by compensa
ting the structure and by improvement of
the RF system and the amplitude control.
Long-time tests with pulsed operation have
been performed systematically in the last
time. Stable operation was possible at va
riation of pulse repetition frequencies
within the relevant range from 200-1000 Hz,
no mechanical resonances occured. They were
observed, in fact, as soon as the pulse fre
quency approximated 100 Hz, where mechani
cal eigenresonances lie. At these experi
ments 2 MV/m couldn't be exceeded because
of output power limitation of the transmit-

Charge State be
hind 2. Stripper

6+

8+

14+

17+

20+

24+

Tandem output
energy [MeV/N]

7.0

4.5

3.0

2.7

1.92

1.36

Ion

12
C

16 0
32

S
40c
56Fe
79 Br

The terminal voltage of the MP-Tandem is
scheduled to 12 MV. Tandem output energies
for different ions (gas stripper in termi
nal) and charge states behind the second
stripper (foil), corresponding to about 50%
of the maximum intensity, are listed in the
following table.

Studies of possibilities of a pulsed Talix
started immediately after the Heidelberg
symposium theoretically as well as experi
mentally. As it turned out that the fun
damental lay-out of the linac is not altered
by the pulsed design,only differences to
the former CW Talix are briefly discussed
here. Several alternatives are reviewed,
where the aim towards higher ene~gies for
light ions is taken into consideration (3),
(13) .

A further advantage of this comparatively
small buncher lies in the fact that par
ticles won't charge the Tandem, which are
not accepted by the linac anyway, such that
an increase of the mean beam current is
made possible. Besides the second buncher
at the Tandem output turns out to be shor
ter and more simple than the single fore
seen in (1). More details are given in (12).

Maximum pulse length admissable a.nd at given
duty factor lowest pulse frequency are given
by Tandem features, especially by the capa
city of the terminal. At long pulses the
terminal voltage decreases noticeably, which
deteriorates energy resolution. Recent mea
surements indicate pulses of 1-2 msec as
still tolerable. This corresponds to a duty
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ter, the latter not yet having been opti
mized for pulse operation.
It should be stated that the helix sections
in these tests had not yet been compensated.
As a next step for high-power and long-time
tests a compensated structure is provided.
While the amplitude regulation circuit
system was sufficient for the pulsed ope
ration, the phase regulation turned out to
be too slow. Nevertheless operation was
stable even without phase regulation, the
phase jitter didn't exceed + 1 0 and a con
stant phase along the section was observed,
which is in agreement with similar observa
tions done at the superconducting helix at
the KFZ Karlsruhe. Concerning the seructur~

a design based upon 1.8 MV/m still leaves
enough security.

Flexibility. The section arrangement of
the helix accelerator permits a rather high
flexibility with respect to different ions
and energies. The flexibility is limited by
the length of the sections. Fig. 7 shows
the transit time factor for various section
lengths at 1.4 MeV/N (traveling wave appro
ximation). The increase of the transit time
factor with decreasing section length is
evident. The efficiency of a A/2-helix is
illustrated in figs. 5 and 6. It is obvious
that an accelerator consisting of many se
parate A/2-sections has the advantage of
very high flexibility. This design is under
discussion for a heavy ion linac consisting
of room temperature helices at Los Alamos.
But the choice of the section length is a
compromise between flexibility, complexity
and costs. Our studies for the Heidelberg
facility resulted in keeping up with the
1m sections as+) the costs increase consi
derably (factor 2-3), while the final ener
gy is increased only for very light ions,
similar to the situation with single gap
cavities. Examples for three versions of
superconducting helix accelerators, descri
bed later, show that flexibility exists in
a wide range too if each section consists
of several A/2-cells. +)for shorter sections

Fig. 8 indicates the important fact that
transit time factors strongly increase with
phase velocity. At higher energies there
fore flexibility becomes better than at the
injection energy. Changes in the injection
energy (reduction of Tandem terminal vol
tage from 12 to 10.5 MV) could be either met
by a small reduction 9f phase velocities of
the first helix sections (compared to ex
pected normal particle velocity) or by a
small (ca. 50 em) adapting helix section
(the first idea being better suited forthe
Bromine version, the latter forthe Iodine
version). This is important only if one con
siders the heaviest ions associated to a
certain version, as the lighter ions can be
accelerated at reduced terminal voltages
anyhow.

There is still another kind of flexibility
specific to the helix structure, i.e~ either
the interchange of inner conductors (with
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another velocity profile) or the complete
interchangeability of whole sections, which
leaves the optIcal adjustment of the quadru":"
poles and remaining helix sections unaltered.

If customers insist on lighter ions with
higher energies at a given version, our pro
position is to place corresponding sections
(outer conductof, inner conductor, probes)
into the desig~~lan already. Time for such
an exchange of sections is roughly estimated
to be about a week, construction costs neces
sary do not exceed 200 kDM at 11 sections;
while the Iodine versions with 11 sections
delivers sulphur ions of 6 MeV/N, the inter
change version delivers about 10.5 MeV/N.

Description of Different Versions. This chap
ter gives a short description of different
versions all based upon sections 1 m long at
accelerating fields of 1.8 MV/m, frequency
108.48 MHz, synchronous phase angle 300 ; as
a consequence the total voltage gain of a
section amounts to 1.56 MV. Taking into ac
count additional power losses (lower Q's,
coupling losses)average RF power is deter
mined to 35 kW per section at a 25% duty
factor. Versions differ by numbers of sec
tions and velocity profiles.

Fig. 9 shows the dependence of the maximum
final energy on the atomic mass number for
a Helix postaccelerator, laid out for Iodine.
As mentioned before with only 11 sections
Iodine ions are successfully accelerated
above the Coulomb barrier so far. Within
this profile the upper limit for Calcium rea
ches to 6 MeV/N. Five further sections -
they could be kept in reserve for a future
step - would raise this final energies to
7 MeV/N (Iodine) and 8 MeV/N (Calcium).

For a compariso~a corresponding curve is
drawn for the case of 10 single resonator
cavities (15). The voltage gain varies with
respect to transit time factors depending on
particle velocity and consequently on the
mass number (for an example 1 MV/section in
case of Bromine, 1.2 MV/section in case of
Calcium). In accordance/final energies ob
tainable are relatively small (2.7 MeV/N
Iodine), but increase quite fast with lower
atomic mass numbers (7.3 MeV/N Calcium).
This is caused by the fact that for lighter
ions, the rather fast increasing Tandem out
put energies can be fully utilized by the
single resonator cavities in contrast to a
Helix linac consisting of 1 m sections.

On the other hand/it must be taken into ac
count that helix sections are much cheaper
(about a factor of 3). All parts included
(RF systems, quadrupole lenses, vacuum equip

ment etc.) overall costs of 10 single reso
nators match those of 13 helix sections.

Fig. 10 gives final energies of the atomic
mass number for a Bromine profile at diffe
rent numbers of sections. With the installa
tion of only 8 sections the Coulomb barrier



for Bromine is closely reached. 'This post
accelerator can be used up to a mass number
of about 100.

To match the aim of accelerating higher ions
to higher energies final energies for a Cal
cium velocity profile are drawn in fig. 11.

Because of the easy and cheap facility of
changing section~a Helix linac consisting
of 11 sections with an Iodine and a Calcium
velocity profile seems to form a promising
and attractive combination.

Fig. 12 demonstrates the energy per ion as a
function of the atomic mass number for seve
ral accelerator projects i.e. a 12 MV Tan
dem, the Berlin Cyclotron project (Vicksy),
10 single resonator cavities and some Helix
linac versions. This drawing gives a picture
of the differences of the accelerators.
Vicksy has a constant maximum energy of
200 MeV/Ion and therefore the highest ener
gies for light ions, but the upper mass is
limited to about 40. The single resonator
cavities deliver higher energies for light
ions than the helix versions. Additionall~

the single resonator linac is capable of
accelerating all ions even heavier than Io
dine, but to smaller energies of course. It
should therefore be possible to extrapolate
the Minilac curves toward higher masses. The
Helix linac,on the other hand,is clearly su
perior for middleweight ions.

Beam Performance of Superconducting Helix

Postaccelerators

In order to get a survey on possible beam
properties, calculations were done for three
versions of superconducting Helix postacce
lerators.

Input energy [MeV/N]

f3 [%]

Final energy for Uranium [MeV/N]

Charge state ~ of Uranium

Number of sections

Frequency [MHz]

Accelerating electric fieldampl.

Synchronous phase

Helix lengths

Total length of Helix acc. [m]
(including drift lengths)

Magnetic field gradients [kG/cm]
a) Doublet
b) Singlet

Effective radial acceptances+)
(normalized; [cm mrad])

a) Doublet
b) Singlet

+)
l::.'Pinitial

The parameters of these hypothetic machines
(frequency, maximum electric field, quadru
pole lengths, drift lengths) are mainly
based on data given by C.M. Jones, Oak Ridge
NL (16) and W. Ramler, Argonne NL (17). Ex
perimental and theoretical results of the
work done with the superconducting helix at
the Kernforschungszentrum Karlsruhe are of
fundamental importance for the assumed data.

The most significant figures of these acce
lerators are listed below (18), (19). These
linacs are optimized for Uranium and differ
mainly in injection energy and velocity
profile. Radial focusing is accomplished by
magnetic singlets or doublets. The magnetic
field gradients are moderate. In case of
doublet focusing the radial acceptance ex
ceeds the beam emittance as expected from
a Tandem by a large factor.

The energy resolution at the end of the
linacs is better than 1% and can be impro
ved by a factor of ten by a debuncher be
hind the linac. By proper adjustment of
the RF phase and amplitude a pulse width
shorter than 1 nsec is expected.

The maximum energy for lighter ions is shown
in figs. 13-15 for the three versions.

0.756 1.1 1.43

4.0 4.8 5.5

10.2 10.1 10.4

37 36 47

26 30 18

52 120 52

2.0 2.3 2.0

300 300 300

5';\/2 1 m 5';\/2

"-'48 60 "-'34

2-3.5 2.2-4 2.8-4.3
0.8-0.9 0.7-0.8

3.2 0.9 4.2
0.65 0.9

(I::.T/T) 0.5%max
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Fig. 1. a) A compensated biperiodic T1CS 1,A12

1
1

structure being the equivalent
circuit of the compensated
helix structure b).

Cp

a) b)

Fig. 2. Part of a compensated helix structure.-



Fig. 3. Calculated and measured resonance
as function of the number of
windings n
1. a=3.35cm, s=l.Ocm, d=O.6cm,

b=l2.5cm
2. a=2.45cm, s=O.6cm, d=O.4cm,

b=12.5cm
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Fig. 4. Electrical fields on the axis for
a A/2 helix; power loss per unit
length p = constant.

!!Xp!!rimMtal

short h!!lix calculation
sinus approximation

sh!!ath mod!!1

a=3.35cm, s=I.0cm, d=0.6cm,
b = 12.5 cm, f = 105.13 MHz
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Fig. 5. Energy gain ~T as a function
of the particle ve10c1ty vT
compared with the energy
gain ~Ts in a sheath mode1
A/2-heli~ with vT = vph
(sheath) for the different
fields given in Fig. 4.
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Fig. 6. Calculated maximum effective shuntimpedance neff as function of
the particle energy T (p = const.) :

~T2 L 2

R s n • TT 2
neff = ~T2 • L2 sheath

So R

TT

~..L-r--L-4-L----r--+--.....,....----.-....L..--~...,....----,----=:.~.,.-------

0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 2.6 T[MeVlN]

Fig. 7. Transit time factor at different helix section length.
Energy 1.4 MeV/N.

Tion- T,.t.

[MeVINl
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hel ix length 100 em

Fig. 8. Dependence of transit time factor on the energy (v h
) p ase

vparticle.
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Fig. 12. Energy per ion for different
accelerators.
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Fig. 11.
Maximum final energy as a
function of the atomic mass
number. Reference particle:
40Cal7+ (q =0.425), Tinj
= 2.7 MeV/N, Helix length 100cm,
Eo =1. 8 MV/m.

Fig. 10.
Maximum final energy as a
function of the atomic mass
number. Reference particle:
79 Br24+ (q =0.304), Tini
=1.36 MeV/N, Helix length 100cm,
Eo =1. 8 MV/m.

Fig. 9 •
Maximum final energy as a
function of the atomic mass
numbeO+ Reference particle:
127J3 (q=0.236), Tinj
=1.4MeV/N,He1ix length 100cm,
Eo = .8 MV/m.
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Fig. 13. Maximum energy versus
atomic mass number.
Foilstripper at 0.756
MeV/N.
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Fig. 14. Maximum energy versus 120
atomic mass numberi
30 sections, Eo = 2.3
MV/m; foilstripper at
1.1 MeV/N.
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Fig. 15. Maximum energy versus 15
atomic mass number.
Foilstripper at 1.428
MeV/N.

12

9

T rMeVINJ

~ --
.............

~
~r------ -I------r------

~e 0 sea Br J U

o 40 80 120 160 200 24C
-----N

Discussion that's true, according to the measurement.

Miller, SLAC: How much does the shunt that
stabilizes the helix drop the shunt impedance?

Miller: Does it effect the axial electric field
profile?

Klein: The shunt impedance doesn't drop. Calcula
tions indicate that it should be within 1% and

Klein: No, it doesn't. Up to a detuning frequency
of one megacycle or so.
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