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ABSTRACT

The Tritron will be a separated—orbit cyclotron with
superconducting channel magnets and superconducting
accelerating cavities. All magnets and cavities are ma-
nufactured, the assemblage is going on. The Tritron
design is expected to overcome the focusing problems
and current limitations of other types of cyclotrons. It
seems to be a promising candidate for providing high cw—
currents of protons and heavy ions up to specific energies
of ~ 600 MeV/u at rather low cost.

1. THE TRITRON DESIGN

The Tritron project is a study of a new type of cyclo-
tron, a superconducting separated-orbit cyclotron with a
MP-tandem as injector .1?) A separated—orbit cyclotron
was proposed first by F.M. Russell .>4) The Tritron shall
increase the ion energies by a factor of 5. The beam is
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guided by 238 superferric, independently adjustable
channel magnets with alternating gradients along a spi-
ral orbit with almost 20 turns. The spiral consists of
30°-arcs and drift lengths between them. The turn se-
paration outside the channel magnets is Ar = 4 cm. Ra-
dially neighbouring channels are joined into 12 flat sec-
tors (see Fig.1). In each second of the intermediate free
sectors a superconducting rf-cavity with fixed frequency
vee = 170 MHz provides for the rather strong accelera-
ting voltage corresponding to the turn separation. In the
remaining intermediate sectors beam position probes for
both transverse coordinates are installed to control the
current setting of the channel magnets, when centering
the beam along the spiral orbit.

The specific feature of the Tritron design is the
strong transversal and longitudinal focusing 5%) The
betatron oscillation numbers can be chosen far from the
stability limits, resonances can be avoided. Longitudinal
focusing is caused by the fact, that the magnetic field will

Fig. 1. Plan view of the Tritron hall.
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not be isochronous for non—central particles. The relative
variation of the revolution frequency Av/y, is given by
the variation of the velocity and of the mean orbit radius
t (turn length over 27):

Av  Av Ar
= A (1)

V, Vo T

Vo = vp/h with the harmonic number h is a subhar-
monic of the fixed rf-frequency. v, is the velocity of
the isochronous particle running along the orbit, that is
with Ar =0 and Av = 0. If the field levels of all channel
magnets are adjusted properly, the central particle in the
bunch will move with Ar = 0. However the energy of the
central particle may differ from the isocronous energy, so
that Av # 0. Then the resulting frequency deviation Av
will lead to stationary coherent energy and phase oscilla-
tions of the whole bunch with respect to a particle mo-
ving isochronously, if the slope of the accelerating voltage
as function of the phase is positive. The oscillation num-
bers are approximately Qcon =~ 0.3 per turn. Noncentral
particles with Ar # 0 will execute incoherent synchro-
tron oscillations with respect to the centre of the bunch.
Due to the difference concerning the Ar — term in Eq.1
the oscillation numbers Qs are about 0.7 - Qcon-

The beam centering procedure starts at the first po-
sition probe. Here the beam is assumed to be cente-
red already, however with a horizontal angle error of the
beam axis, which will not be measured by the probes.
Then the currents in both succeeding channel magnets
will be changed equally, until the beam is centered at the
next position probe, too. If the first channel is radially
focusing (positive gradient) and the second radially de-
focusing (negative gradient), then the angle error will be
reduced automatically, as shown in Fig.2.

cavity

Fig. 2. Centering the beam at probe 2 causes a reduction
of angle error, if the first magnet has radially increasing and
the second decreasing field.

The injection is made simply by three superconduc-
ting channel magnets. The third one imposes the ben-
ding limit for the Tritron, because it has the smallest
bending radius with ginj = 30 cm, compared to g1 = 43
cm for the channel magnets on the first turn. For extrac-
tion no element is needed at all. In principle several rings
of the Tritron type with increasing radii could be combi-
ned to achieve specific energies of the ions of several 100
MeV/u.

All main components of the Tritron were new deve-
lopments with uncertain results. Therefore the final en-
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ergy was chosen to be rather moderate: e.g. for protons
a maximum energy of ~ 43 MeV corresponding to an
maximum accelerating voltage of ~ 0.53 MV per cavity
was planned. In the meantime all cavities and channel
magnets are manufactured (except the first two of three
injection magnets) and partly tested with much better
results than expected originally. Best values so far for
the unloaded quality factor Q, for the maximum vol-
tage Umax, and for the maximum gap field Eg,p in the
cavities are: Qo = 1.9 - 10%, Upax = 1.2 MV and Egap
= 10.6 MV/m. The maximum current in the main coils
of the channel magnets, achieved without any training,
was 2000 A (design value 1450 A). Thus the magnetic
induction can be as high as Byax =~ 1.9 T in the sec-
tor channels respectively ~ 2.4 T in the third injection
channel, which was made from FeCo. Due to these en-
couraging test results maximum energies of ~ 74 MeV
for protons respectively ~ 6 MeV/u for the very heavy
lons may be obtained, provided that the terminal voltage
of the tandem is at least ~ 15 MV.

The fixed rf-frequency causes the revolution fre-
quency v, = vr/h as well as the final energy T; to
have discrete values. Due to the longitudinal focusing
harmonic numbers h ranging from ~ 14 to ~ 55 can
be used. In the upper right quarter of Fig.3 the corre-
sponding energy levels T2 are shown as horizontal bars
with h as parameter. The density of the levels increases
strongly with growing values of h. By the choice of the
initial energy and rf—phase a distinct stationary coherent
energy oscillation will be stimulated, so that the final en-
ergy can be varied somewhat (yet Ar = 0 for the centre of
the bunch!). Thus the gaps between neighbouring levels
can be filled partially (not shown in Fig.3). While the
right ends of the bars are meaningless, the left ends give
(on the horizontal axis) the effective accelerating voltage
Q/A - Upax needed at least per cavity, according to:

Q Ar 1

AUmee =T 0

(2)

Here Q/A and T, are the specific charge and rest ener-
gy. B and v correspond to T, at the mean extraction
radius r = ry = 1.45 m. T,.,s 1s the transittime factor.
Neglecting Trans, from Eq.2 follows Q/A - Upax ~ T2 in
non-relativistic approximation. For small values of h the
linear dependence is apparent. At high numbers h the
decreasing transittime factor requires higher accelerating
voltages.

In the upper left quarter of Fig.3 the final energy is
plotted versus the injection energy T;:

T,=2 (T—z)z:ﬁ (3)

Y1 \T1

In non-relativistic approximation this again has a linear
dependence: with r; = 0.66 m follows Ty ~ 4.9 T;.

In the lower left quarter of Fig.3 the specific charge
(vertical axis) is given, which is needed to bend the ions
with the energy T, along the third injection channel,
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either with Bi,j = 2.4 T or 2.0 T (bending limit), accor-
ding to

2
= \/(%) (ec@inj  Binj)’ +T2 —T,  (4)

In non-relativistic approximation T; is proportional to
(Q/A)? Bfnj. In the lower right quarter of Fig.3 the
effective accelerating voltage is shown for given Q/A and
cavity voltage Upax.

Figure 3 demonstrates the limits imposed on the
different types of particles. Protons with Q/A = 1 could
be injected by Bin; < 2.4 T without problems for all
harmonic numbers h > 11, however the limitation of the
cavity voltage Umpax will lift the minimum h to h = 14
corresponding to Upax = 0.81 MV and Ty = 74.7 MeV.
Light ions with Q/A = 0.5 would need Bpax > 2.4 T
for h < 20, the bending limit sets the minimum to h
= 21 corresponding to Ty = 31.2 MeV/u and a cavity
voltage of at least Upax = 0.77 MV. Energies near to the
Coulomb barrier of about 5.5 MeV /u can be obtained for
h ~ 49 with Q/A - Upax = 0.16 MV. The injection energy
would be T; = 1.16 MeV /u. Due to the very low yield of
ions with specific charge Q/A > 0.215 for 238U, 298P} or
even '°8Au at this low energy, the induction Bpax = 2.4
T in the injection channel is of crucial importance for the
very heavy ions, which are of special interest for physics.
The accelerating voltage in the cavities then has to be
Umax > 0.73 MV.
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Fig. 3. Characteristics of the Tritron. Explanations see text.

2. THE MAGNETS

The channel magnets are of the window—frame type
with the coils bent up and down at the ends (Fig.4) .
The entrance and exit edges are not tilted. The ben-
ding radius of the innermost channels is p; = 43 cm.

It increases from turn to turn by Ap = 26.94 mm. All
sectors (sector angle 20°) are of equal geometrical shape
except the last two, where one channel is removed for
injection respectively extraction. Cooling is made indi-
rectly by cooling pipes (thermal siphon). Each sector
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Fig. 4. Cross section through a magnet sector with two
adjacent channels. G gradient windings, D insulating layers.

consists of two steel sheets (Fe with 1.8% Si), each 30
mm thick, with curved slots every 4 cm (width 22 mm,
depth 15.5 mm). All pieces from steel are Ni plated to
avoid rust. The maximum induction is limited by the
saturation of the steel to about Bgyy ~ 2 T. Thus the
overall current density in the superconducting coils can
be chosen > 600 A/mm?, and the radial width of the
coil can be made small (~ 3 mm). The coils consist of 2
x 13 windings (including a separate gradient winding in
each half-coil) of a Rutherford-type cable (0.69 x 2.88
mm?, 14 strands, each diam. 0.4 mm and 54 filaments,
Cu/Nb = 1.4, 2 insulating layers of glass cloth with pre-
preg, each 0.1 mm thick). The half-coils were wound
directly into the slots by a computer controlled winding
machine (640 half-coils within 17 months)and then va-
cuum impragnated with epoxy in situ. A copper profile
(with a 11 mm bore for the beam) shields the coil from
beam losses. Flat disc springs between the copper pro-
file and the coil prevent the coil from cracking. The total
effective width of the coils and the walls of the shield is
9 mm. So one gets for the maximum radial geometrical
aperture ay:

Ar

Bmas
1 + Blat

— 9mm (5)

Ay =

The normalized field gradients are %% =3.6m !inthe
radially and 4.9 m~! in the axially focusing channels, if
the gradient windings are operated without current: Ig
= 0. The field indices n = %—?— - £ increase linearly with

the turn number (see Fig. 5). The betatron oscillation
numbers range from Qyx ~ 1.3 to 1.6 and Qy ~ 0.8 to
1.7 for Iy = 0. Axial misalignments of the magnetsectors
with a first harmonic amplitude of 0.3 mm would cause
a strong increase of the axial betatron amplitudes at the
Qy = 1 resonance. To shift the field indices of the 10 in-
nermost turns upward, the corresponding channels could
be operated with a current I # 0, opposite to the current
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in the main coils. In order to correct even non-resonant
axial deflections from misalignments, small superconduc-
ting magnets ([ Bés < 5 -1072 Tm) with radially direc-
ted fields will be inserted into the six intermediate sector
gaps in front of the position probes. The distribution of
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Fig. 5. The field indices n; and n».

the cables in the coil cross section should be as uniform
as possible to avoid disturbing field terms of higher order
than the linear one from the gradients. Quadratic con-
tributions of L%‘ >5-10"2% at x = + 4 mm apart from
the central orbit would cause the dynamic aperture to be
less than the geometrical. Negative quadratic contributi-
ons at the ends of the coils, where both half—coils spread
apart, can be compensated by positive terms introduced
by proper choice of the distance of the gradient windings
from the central plane of symmetry and by additional
insulating layers between the half—coils and the ground
of the slots in the steel (~ 0.5 mm). Field measurements
showed, that the relative quadratic contributions, aver-
aged along the channels, stay below 1.5 - 10"3 at x = +
4 mm for I; = 0.

The local magnetic field inside the superconducting
coil induce persistent screening currents in those fila-
ments, which are not yet occupied by a transport cur-
rent. The resulting dipol fields depend on the present
and previous current settings and cause the gradient to
depend on the current too. Above ~ 500 A, the varia-
tions of the gradients by these magnetization effects were
measured to be less than 5%. The effect on the quadra-
tic field contributions is negligible. These results are in
agreement to those obtained from a computer model cal-
culation.

In order to guide the beam along the central orbit
the current of each of the 238 channels has to be adju-
sted individually. The difference between maximum and
minimum current of all channels is less than ~ 170 A.
All main cotls will be connected in series. Each half of a
main coil has a superconducting switch with supercon-
ducting contacts in parallel, which will be turned to the
superconducting state as soon as the appropriate current
of the coil 1s achieved. Further variation of the current
from the power supply will be shared between the switch

696

and the coil, according to the ratio of the inductances.
The switches are made of superconducting wires (hairpin
shape) with the copper matrix etched off along ~ 3 cm,
which can be heated above the critical temperature with
an Allen-Bradley resistor. The filaments at the ends of
the switch are mixed with those of all strands of the coil
cable and pressed within a copper tube (pressure ~ 5-10*
N/cm?) to form the superconducting contacts.

From voltage measurements across a complete sec-
tor and across individual channels the inductances of the
channels were determined to range from 1to 3 -10~* H in
agreement with values calculated from the field energy.
The mean inductance of the 40 superconducting swit-
ches was 2.6 -10~7 H. From this one expects a current
variation in the main coils of some 10~2 of the varia-
tion of the switch current. Indeed a relative change of
the field of < 6 - 107* in channel 19 e.g. was observed,
when the main current in channel 18 was lowered from
1000 A to 850 A, while the switches of all other channels
(including that of channel 19) were superconducting. If
the main current of several neighbouring channels was
changed simultaneously, the field variation in the chan-
nel with the switch superconducting was larger, indica-
ting an increased ‘cross talking’. This effect will not set
in, when the beam is thread through succeeding chan-
nels, because then the main current of only one channel
per sector will be changed.

The rate of current change in the superconducting
switches could be as high as 20 A/sec without quenches
for currents in the switches below 220 A. At a rate of 0.5
A /sec no switch quenched below 310 A. The total resi-
stance of all normal conducting joints between adjacent
coils was less than 2.7 -1077Q corresponding to a mean
value less than 7 -107°Q per joint. The total dissipated
heat in the joints would be less than 1 W per sector at
the maximum current of 1800 A.

When energizing all channels at the same time, ex-
tended eddy current loops are induced in the steel, which
are linked to all channels and which decay with a time
constant of the order of several minutes. If only one
channel is energized while the flux is kept constant in
all others by the superconducting switches, then no long
lasting eddy currents are observed.

3. THE CAVITIES

The six rf-cavities with a radial length of 120 ¢m
are of the reentrant type with radially prolonged accele-
rating lips, forming a wedge—shaped gap of 62 mm length
at the first beam hole and 128 mm at the last, see Fig.6.
The accelerating lips are ~ 90 ¢m long and ~ 15 cm high.
The surrounding bulge for the magnetic rf-flux was cho-
sen as big as possible to keep the surface fields and thus
the losses small. All radii of curvature were made suf-
ficiently large to get the electrical peak field not more
than 1.5 of the maximum field in the gap. The beam
hole diameters are 13 mm, the length of the cutoff bores
in the accelerating lips is 30 mm. The radial field and
voltage characteristics are shown in Fig.7. The radial
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increase of the voltage due to that of the gap length cor-
responds approximately to the requested curve according
to Eq.2 (8 and v according tor; < r < r13). So far a ma-
ximum voltage Uye = 1.2 MV was obtained at the last
beam hole corresponding to a maximum electrical gap
field at the 13*" hole of 10.6 MV/m and a maximum sur-
face induction of ~ 0.023 T near to the first beam hole.

The cavities are operated in the fundamental mode at
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Fig. 6. Cross sections of the upper half of a cavity. Numbers
in mm.
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Fig. 7. The radial characteristics of the normalized voltage
U and gap field E.

a frequency of v = 170 MHz. No currents should cross
the horizontal plane of symmetry. Therefore the cavi-
ties can be made from two halves, which are connected
simply by a flat joint. The cavity halves were fabrica-
ted by electroplating copper (for the most parts 10 mm
thick) onto fibre—glass shells, which were removed after-
wards .®) The copper halves were electroplated with a
~ 5um thick layer of PbSn (4 Sn, 96 Pb atoms), which
has a critical temperatur of T. = 7.5 K. Two O-shaped

cooling pipes are attached on both sides of the cavity.
During a test more than 100 W dissipated rf-power were
removed without quenching the cavity.

Due to rather small mechanical tolerances the fre-
quencies of the cavities are equal within £3-10~*%. Tuning
is made in three steps: coarse (20 kHz) by mechanical
deformation (at the arrow in Fig.6), fine (300 Hz) by
moving sapphire rods into the rf-field volume, and fi-
nal phase corrections by a fast electronic control system
adapted from the S-DALINAC .!%) Sapphire has a low
rf-loss factor and high thermal conductivity at low tem-
perature. The frequency shift due to electromagnetic
pressure was —230 Hz at a maximum voltage Uzg = 1200
kV at the last beam hole. Frequency variations due to
acoustic vibrations are less than 10 Hz, partially owing
to the fact, that the cavities are supported very near to
the nodes of the fundamental vibration (frequency: =~
170 Hz).

PbSn is a better superconductor than pure Pb be-
cause of its enhanced stability against chemical reactions,
the lower BCS resistance and better throwing power du-
ring the electroplating procedure .!1) The temperature
dependent part of the surface resistance is given by

1 =15.1

Rpcs = 6.85- 107519 e T (6)

with Rpgs in 2, v in GHz and T in K. Due to the rather
low frequency of 170 MHz the cavity needs not to be
cooled down below 5 K. At T = 5 K one has Rpecs =
2.3 -1078Q2, which gives the unloaded quality factor Q,
= G / Rpcs = 4.1 -10°, where G = 95 Q is the geometry
factor of the cavity. This Q,—value represents an upper
limit. Additional contributions Rrgs to the surface resi-
stance Rg, which are independent from temperature, e.g.
dielectric layers, normal-conducting spots or magnetic
flux causing persistent currents will lower the Q,—value.
The stray fields of the channel magnets and current leads
have to be shielded by thin steel sheets below ~ 10=* T.

In Fig.8 some measurements of the Q.—values versus
Uso respectively the maximum gap field Eqax at the 13"
beam hole are shown. The temperature was below 5 K,
the background induction < 8-107% T. The cavities were
electroplated with the PbSn—-layers in alphabetical order.
The improvement of the later Q-values indicates the pro-
gress in the surface preparation technique. The curves
slope at low voltages slightly, at those above ~ 600 kV
more steeply due to starting field emission. The dotted
curves are for constant dissipated heat, 6 W respectively
12 W per cavity. The broken line gives the limiting va-
lue mentioned above. The best measurements are not
far from this limit. Up to now the quality factor sho-
wed no degradation during several months, though the
cavities were exposed to air each time, when the vacuum
vessel was opened. The insulating vacuum is not sepa-
rated from the beam vacuum in the Tritron. This good
results in spite of the large total surface of ~ 3 m? per
cavity can be explained by the fact, that the heat, dissipated
in small normal-conducting spots e.g., will be led
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away from the thin PbSn layer into the copper body very
effectively, causing a rather small temperature increase
and preventing the spot to grow, at least below a cer-
tain maximum power input. In addition the skin depth
of the rf-fields in normal-conducting PbSn exceeds the
thickness of the layer considerably.
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Fig. 8. Unloaded quality factor Q, versus the voltage Uszo
resp. the maximum gap field.

4. PRESENT STATUS

The assemblage of all parts inside the vacuum ves-
sel is going on. The cryosystem including the refrigerator
(150 W at 4.6 K) is operating well. Evacuation of the
vessel needs about 24 h. Cooling down from 300 K to
4.2 K was accomplished within 50 h with somewhat re-
duced refrigerator power, up to now with >~ 40% of the
final mass (~ 6 tn). The beam guiding system between
the tandem and the Tritron 1s ready except the post—
buncher ¥ | which is under test. The computer control
system of the tandem and Tritron is in an advanced state.
First beam entering the Tritron is expected at the end
of this year.

5. FUTURE DEVELOPMENTS

The Tritron development was started to overcome
the limitations of the conventional cyclotron on the
energy due to transverse resonance and focusing pro-
blems, and on the beam intensity due to. the missing
longitudinal focusing and the extraction problems. The
maximum proton current of the 590 MeV —ring cyclotron
at the Paul Scherrer Institute in Villigen/Switzerland is
expected to be 1.5 mA .1%) With cyclotrons of the Tri-
tron type proton energies as high as 1 GeV and currents
comparable to those in linacs (> 100 mA) appear to be
attainable in principle. A 500 MeV proton beam with
a current of 10 mA, that i1s a beam power of 5 MW,
would give a spallation neutron source with a thermal
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neutron flux of 10'® n/(cm?sec), which is comparable
to the highest flux from a nuclear reactor (at the Insti-
tute Laue Langevin in Grenoble). While the flux from
a reactor hardly can be increased much above this value
due to cooling problems in the core (power density ~ 3
MW/1), the power density in the target of a 500 MeV
spallation source would allow currents of more than 100
mA. Of special interest on the long-term will be the pos-
sibility to produce energy by fission without the safety
problems of nuclear plants, avoiding radioactive waste
with long lifetimes by transmutation. For this purpose
superconductivity improves the efficiency considerably.
Of course, there will be many steps in the development
of high intensity Tritron rings before, therefore the fol-
lowing design considerations are restricted to a proton
current of 10 mA.

A system of two Tritron rings will be investigated.
The extraction radius of the first shall be equal to the
injection radius of the second ring: rl, = rll. The total
beam losses shall not exceed 10 W or 107° in relative
units to avoid quenching of the superconducting elements
as well as high activation levels. Then the geometrical
aperture a,y should be at least 10 standard deviations
Ox,y, assUming a gaussian particle density. With the turn
separation Ar = 10 cm, Bpax = 1.75 T and Bgy = 1.9
T one gets from Eq.5 ay = 43 mm (LAMPF: 19.1 mm,
PSI-injection cyclotron: a, = 35 mm).

All cavities are assumed to be equal and about twice
as large as the present Tritron cavities. Larger cavities
with a weight of > 3 tn would be difficult to handle and
to produce with the present electroforming technique.
The accelerating gap length shall fange from 20 cm at
the first and 40 cm at the last beam hole. 16 beam
holes with a radial distance of 150 c¢m from the first to
the last are planned. The accelerating lips are vaulted
asymmetrically with respect to the radial axis, so that
one flat magnet sector could be installed in the concave
side without loosing space at a most dense packing of
the cavities along the ring, as shown in Fig.9. The cut-
off bores in the accelerating lips with a diameter of 43
mm will have a length of 120 mm. The overall length
of the cavities will be about 3 m, the frequency in the
fundamental mode is estimated to be v ~ 90 MHz. At
the last beam hole a maximum voltage U;g = 2 MV is
assumed, corresponding to a field in the gap E;6 = 5
MV/m respectively a maximum gap field Epax = 5.8
MV/m near the 10*® beam hole. The dissipated heat in
the cavity walls is given by

R,
Py, =27 -v5-Ecay e (7
Here Ec.y is the electromagnetic energy stored in the
cavity, and Rs = Rpcs + Rrgs is the surface resistance.
The dissipated heat in the existent Tritron cavities is
about P, ~ 6 W at a field level of Eax ~ 5.8 MV/m
(see Fig.8). The dissipated heat in the walls of a new
cavity is estimated to be at most about P, = 36 W,
assuming for vr¢/G about one half and for E,y about 12
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Fig. 9. Schematic plan view of a large Tritron ring for 500
MeV protons.

times the value of the old cavities. Ry is assumed to stay
constant.

The mean orbit radius at extraction is given by

Nsec (lga.p + 2drift)

Te =0+ = (8)
with the bending radius
_my-C By
g N € Bma.z: (9)

lgap = 40 cm is the length of the accelerating gap at
the 16*® beam hole. dys = 18 cm is the drift length
between the effective edges of the accelerating gap and
the succeeding channel magnet.
U*
N ec— J 1
e = (10)

1s the minimum number of sectors, with U = 2 MV,
and U* according to Eq.2 (Q/A = 1 for protons and
Trans = 1). The factor f ~ 1.15 takes into account, that
some overvoltage is needed for accelerating at a phase
below /2, and that the cavity of one sector will be omit-
ted to leave space for the injection channel. Combining
Eq.2,8,9, and Eq.10 gives ri6 as function of 4 at extrac-
tion

7'16:\/72_1%3%' (11)
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Fig. 10. The extraction radius ris and the accelerating vol-
tage U* versus the extraction energy T»

Figure 10 shows rig and U* versus the final energy T,.
Both curves are almost straight lines for T > 200 MeV.
Due to Eq.10 the number of sectors and the number of
cavities Ncay = Ngec - 1 depend linearly on T,. In table 1
some data of three systems are summarized, each consis—
ting of two Tritron ring, with the final energy 500 MeV,
750 MeV and 1000 MeV. rl, and r!! indicate the injection
radius of the first resp. the second ring, rit the extrac-
tion radius of the second ring. The number of sectors is
assumed to be 16, of course detailed beam dynamic cal-
culations may lead to somewhat smaller numbers. The
maximum power, which has to be transmitted to a 10
mA proton beam per cavity, is less than 190 kW. Present
input couplers for superconducting cavities are operated
at up to ~200 kW. The limiting effects for the beam

Table 1. Some data of 2-ring systems for 500 MeV, 750 MeV
and 1000 MeV

a) b) c)
T (rex) [MeV] 500 750 1000
TE:?,{) 151 271 393
T(rh,) 33 101 180
oy [cm] 486 663 845
I 326 503 685
o 166 343 525
U* (i) [MV] 40 57 75
U* (2 12 16 20
U* 2:},3 4 7 9
NI, 16 16 16
NI 22 32 42
Neav 2147|3149 |41415
1. - 608 768 928
v [MHz] 7.4 6 49
h = v /v 12 15 18

current are similar to those known from proton storage
rings. The beam creates fields, the space charge fields
and those from image currents on the beam tube walls,
which act back on the beam itself. All related effects de-
pend mainly on the longitudinal and transverse coupling
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impedances. Pure inductive and capacitive impedances
cause real, intensity dependent shifts of the betatron and
synchrotron oscillation numbers, and some change of the
bunch dimensions. A resistive impedance causes ima-
ginary frequency shifts Aw and eventually instabilities,
with the time constant of groth given by 7 = —1/S(Aw).
In the Tritron the beam runs either in a copper tube in-
side the channel magnets or in a cavity gap. The influ-
ence of the slits between the tubes and the cutoff bores
of the cavities is assumed to be negligible.

The resistive wall effect of the copper tubes is ex-
pected to be much less compared to that of stainless steel
vacuum chambers normally used in storage rings. The
surface resistance of cold copper at 500 MHz for example
is about 40 times less than that of stainless steel at room
temperature (anomalous skin effect). Furthermore each
individual bunch traverses one ring within 16/v, ~ 3 -
10~% sec. This limits the time for the development of
an instability. The reactive part of the impedance in the
Tritron i1s mainly determined by the space charge effect.
It decreases strongly with increasing particle energy. It
can be overcome by choosing the injection energy suf-
ficlently high. In addition, in the Tritron rather large
shifts of the betatron oscillation numbers are admissible
due to the insensibility to resonance problems. Longi-
tudinally the high accelerating voltage per turn causes
unusual high synchrotron oscillation numbers, so that
rather large shifts are admissible here also.

The superconducting cavities are traversed by 16
bunches in parallel, radially distributed along a large
range. So the exitation of higher order modes by the
beam has to be expected. Some special features of the
Tritron cavities may be helpful to overcome these pro-
blems. First the cavities are single cells, resulting in a
simple line spectrum without broad passbands. Thus
there will be a certain chance to detune the cavity with
respect to the frequency of a special higher order mode,
which may be excited by the beam. Secondly, the qua-
lity factor of all modes with surface currents crossing
the horizontal plane of symmetry are reduced due to the
poor flat rf—joint. Finally, the cavity volume is accessi-
ble from all sides to install higher order mode couplers in
an effective manner, avoiding trapped modes as in some
multicell cavities. The interaction of several parallel high
intensity bunches with a superconducting Tritron cavity
can be investigated experimentally by triggered electron
pulses through the beam holes, theoretically by means of
computer codes. So far various storage rings with super-
conducting multicell cavities operate stably with beams
above 10 mA. In HERA at DESY a current of 60 mA is
envisaged for the near future.
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