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The experience with the superconducting RF system in TRISTAN is described. It was the first
large-scale application of superconducting RF cavities to electron storage rings, in operation
from November 1988 to May 1995.
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1 INTRODUCTION

The TRISTAN superconducting RF (SRF) system! was the first large scale
application of SRF cavities to electron storage rings in the world. It consisted
of 32 5-cell Nb cavities in 16 cryostats, 8 high power 508 MHz RF systems
and one 6.5 kW liquid He refrigerator system. The first 16 cavities were
commissioned in November 1988, and the remaining 16 cavities were in
November 1989. Then, the energy of TRISTAN was boosted to its maximum
32 GeV with an additional ring voltage of 200 MV from the SRF system in
December 1989. Since then, the energy was lowered to 29 GeV, where the
SRF system routinely provided 40% of the total ring voltage with a modest
average gradient of around 3.5 MV/m. In May 1995, the TRISTAN SRF
system had played out its pioneer roll, the demonstration of the operability
and the effectiveness in the electron storage ring.

During a 7 years operation,2-8 however, we met several troubles and the
number of operable cavities was once reduced to 23 as is seen in Table I.

In this report, hardware troubles, long-term performance and operating
experiences on cavities and their components are described. The high power
RF system and the He refrigerator system are not covered but they worked
satisfactory.
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TABLE I Summary of the operation of SRF cavities in TRISTAN-MR

Period Number ofcav. Total Vc Eacc(ave.) Energy Current Phys.Run

(at 4 K) (operated) (MV) (MV/m) (GeV) (rnA) (days)

1988 Nov-Dec 16 16 105-109 4.~.6 30.0 10 18

1989 Jan-Mar 16 14 82-88 4.0-4.2 30.4 9 49
May-Jun 14 14 87 4.2 30.4 10 17
Jun-Jul 16 16 105 4.4 30.7 10 37

Nov-Dec 30 28-29 190-200 4.6-4.7 32.0 12 25

1990 Feb-Mar 32 31 160 3.5 29.0 12 37

Apr-May 32 30-31 160 3.5-3.6 29.0 12 25

May-Jun 32 28-30 150-160 3.6 29.0 13 39
July 30 25 130 3.5 29.0 13 31

1991 Jan-Jul 32 29-30 140-145 3.3 29.0 9 36
Oct-Dec 30 26 140 3.6 29.0 13 35

1992 Feb-Mar "26 23 125 3.6 29.0 12 31
Apr-Jun 28 23-25 135-140 3.8 29.0 13 77

Oct-Dec 32 25-31 150-170 3.3-4.1 28.8-29.9 13 66

1993 Feb-Apr 30-32 28-32 145 3.2 29.0 13 48
May-Jun 32 28-32 145 3.2 29.0 13 48

Oct-Dec 32 32 145 3.0 29.0 13 25

1994 Feb-Mar 32 32 155 3.2 29.0 15 38
Apr-May 30 27 155 3.8 29.0 15 57
June 30 30 160 3.6 29.0 15 26
Oct-Dec 32 32 175 3.6 29.0 15 53

1995 Mar-May 32 32 175 3.6 29.0 15 53

Total accumulated time of cavities at 4.4 K: 33000 hours, 13 cool down cycles.

TABLE II Operating and environment conditions

EnergylBeam

Current/4 Bunches

Total Vc
Average Eacc

Input power/Coupler

HOM power/Coupler

Vacuum Pressure

Gas Adsorption

Radiation Level

Trip Rate

Last Run

29GeV

15mA

175MV

3.6 MV/m

55kW

100-150 W
1.0 - 3.0 X 10-9 Torr

0.1-0.4 mono-layer/month

1-300 kR/hour
about 2/Fill (2 hours)

Max.

32

16

200

4.7

70
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FIGURE 1 The TRISTAN cryomodule.

In Table II, some other operating and environment conditions are summa
rized.

2 HARDWARE TROUBLES AND CURES

Figure 1 shows the TRISTAN cryomodule,9 where two cavities are connected
by cut-off beam tubes at the center. This flange joint is fixed by two SUS bars
to a He vessel, which is also fixed to a vacuum vessel so that each cavity can
be pulled by a corresponding frequency tuner set on an end plate of a vacuum
vessel. Each cavity is equipped with an RF input coupler, a field monitoring
antenna and two HOM couplers on beam pipes.10

The cavity vacuum can be isolated by two gate valves and evacuated by a
small pumping unit at room temperature beam pipes. At a bending magnet
side and just outside of a gate valve, there is a synchrotron radiation mask
made from OFHC Cu of 8 cm in inner diameter and 5 cm in length. An
amount of stored liquid He is about 850 liters and an average static heat load
is about 25 W, in which an estimated load from outer conductors of two input
couplers is 60%.

The major troubles happened in the tunnel are summarized historically in
Figure 2.

2.1 Heating of N Type Ceramic Connectors in a HOM Power
Extraction Line

Figure 3 shows an improved HOM power extraction system. In the old system,
two N type ceramic connectors and a 60 cm long semi-rigid cable in between
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them are used instead of two anchor connection type ceramic connectors.
Though all semi-rigid cables were tested up to 200 W at 508 MHz in a
vacuum before installation, connectors were not tested.

Some of connectors among 128 showed an abnormal heating by a HOM
power of about 100 W which mainly came from a TM011 family. Four
connectors were really burnt at the beginning of a beam operation and
replaced in the tunnel. The reason is a loose and small area pin contact, but
in one case an excessive power from the accelerating mode due to a HOM
coupler quench and resulting filter frequency change by thermal distortion
might damage already during a performance test before a beam operation.
So in addition to an improvement of an extraction system, a monitor for a
power from the accelerating mode was integrated to an interlock system.

A new scheme was tested up to 500 W at 800 MHz, and all systems were
replaced to new ones in the tunnel during a summer shut down in 1990.

2.2 Input Coupler

There happened 3 types oftroubles to the input coupler shown in Figure 4. The
first type is a ceramic window leak probably due to arcing, which happened
4 times. In one case, a ceramic window was really cracked and cavities were
contaminated, but fortunately a leak was not so much as to boil a liquid He.
In the second case, arcing seemed to have advanced from a coupling port
flange, since a protrusion of an indium wire was found and a coaxial line
was heavily damaged. For the other two cases, the reason was not clear. A
small pinhole like leak was found by a leak detector after warm up. In these
two cases, cavities could be used with no degradation by changing couplers.
Above troubles happened to couplers having no arc detector.

The second type was a ceramic window leak due to burning of a
polyethylene back-up disk put 7 cm above a ceramic window. For the first
1 year, Teflon disks were used, but they were changed to polyethylene disks
being afraid of a radiation damage. Two polyethylene disks were burnt and
caused a leak at a ceramic window. In both cases, cavities could be operated
by simply changing couplers. This polyethylene was guaranteed to be stable
up to 110°C but looked degraded gradually. We found several degraded disks,
and so changed all to Teflon disks again.

The last group was a water leak from an outer cooling jacket of a ceramic
window, which happened 3 times after 2 to 3 years operation. Fortunately,
these happened when cavities were warm, but cavities had to be repaired.
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FIGURE 4 The RF input coupler.

As is seen in Figure 4, a coaxial ceramic disk is brazed to 1 mm thick OFHC
Cu pipes, which are cooled by water. Local corrosion was found only on an
outer Cu pipe, especially around an inlet where the water directly hit 'with
a velocity of about 0.7 m/sec. Corrosion was also found in other several
couplers, so the water cooling of the outer jackets was stopped since then,
and some of couplers were exchanged for safety.

2.3 Cavity Leak at Indium Joints

There are 15 flange joints sealed with an indium wire in one He vessel. The
leak happened seven times in the tunnel. In two cases, a leak spot was not
clear, but in other cases a leak happened somewhere at one of 3 beam pipe
joints. There, a positioning of an indium wire is difficult since flanges are put
vertically. The first leak happened during the first cool down in the tunnel,
though it passed a cool down test in a laboratory. For two years since then,
there were no leaks. However, in the. summer of 1991, two cryomodules
leaked during warm up, then one leaked during warm up in December and
another during cool down in February 1992. It was a very serious problem
whether these were special cases or the other 12 cryomodules had the same
problem and life time. Fortunately, there was no leak for 2 years until the last
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leak happened in 1994 when the pressure in a He vessel rose by a trip of the
He refrigerator. Now, the cause of the leak looks clear, that is, a cramping
force on an indium joint becomes loose naturally by a thermal cycling and
a creep of indium, and becomes critical for a joint where an indium wire is
not positioned correctly. However, we found some room of an improvement
for a positioning of an indium wire on a vertical flange and for a cramping
flange, and applied an improved scheme to leaked or repaired cryomodules.

2.4 Thner - Short Circuit of Piezo-element

Compared to other troubles, this was not serious and could be recovered
in few hours, but happened many times. The cavity frequency is controlled
by changing the cavity length with a lever arm put on an end plate of a
vacuum vessel. A lever arm is powered by a motor driven jack bolt and
a piezo stack put in series. A piezo stack consists of 60 layers of a PZT
(Lead-Zirconium-Titanium) ceramic disk having a diameter of 32 mID and a
thickness of 1 mID. Disks are silver coated and pressed together with Cu foil
electrodes by 6 plastic bolts not to make an unbalance of a load and also not
to prevent a necessary expansion. A stack can be used with a voltage of up to
1.6 kV and a rise time of slower than 1 msec under a load up to 2 tons. While
our corresponding operating conditions are 1.5 kV, 50 msec and 1.1 tons at
most, respectively.

The first event happened after a half year operation. We found a puncture
of some disks and two broken plastic bolts due to a radiation damage. After
several troubles, SUS bolts with soft spring washers were examined, but about
a half were broken in few months. Eventually, they were changed again with
those plastic bolts and covered by a lead shield. Then, the number of troubles
was reduced, but our operating conditions might still be hard for a large
number of piezo element 60 x 32.

3 LONG TERM PERFORMANCE

3.1 Cavities

In the tunnel, modules experienced 13 cooling cycles, were leaked with N2
gas twice for an exchange of connectors in a HOM power extraction line, and
in addition 50% of them were leaked with N2 gas for an exchange of input
couplers. The number of repaired modules was five, where four were due
to input coupler troubles and the other one, which degraded soon after the
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beginning of the first operation, was probably due to a dust contamination
from somewhere. Seven leaked modules were dismantled and reassembled
to exchange and improve indium seals. So, the number of modules really
operated for 6 or 7 years was seven.

The maximum accelerating gradient (Eacc,max) and an unloaded Qvalue
(Qo) at an accelerating gradient of about 6 MV1m were continually measured
before and after every operation. As is seen from Figure 5, cavities could keep
an average Eacc,max of 7 MV/m and Qo of 1 - 2 X 109 , which were the
same values as measured in a laboratory. Also there was no degradation
during operations for 3-4 months.

3.2 Couplers

Effects ofadsorbed gases were seen on couplers. During warming up, a cavity
vacuum was isolated to measure an amount of adsorbed gases and to check
a tightness of vacuum seals. Adsorbed gases amount to 5-15 mTorr at room
temperature for an operation of 3-4 months. Then, cavities were evacuated
with a baking at 60°C. The aging of input couplers was performed before
every cool down, and we found always MP levels at power levels between
15 kW and 20 kW around coupling ports and above 30 kW around ceramic
windows. However, the aging became easy with an increasing number of
cooling cycles. At the last aging, about 70% were almost free from aging.

HOM couplers were aged after cool down. There were MP levels at
accelerating gradients between 0.2 MV1m and 1.0 MV1m around a capacitive
gap of a choke filter, and in some cases a quench happened above 5 MV1m
around an inductive part ofa filter. They were easily processed within half
an hour, and also the number of couplers which showed these phenomena
decreased with time. In the last aging, it became about 10%, which was about
50% at the beginning.

When an amount of adsorbed gases increased with an operating time, aMP
was reactivated in some ofboth input and HOM couplers. These reactivations
also became seldom with an increase of cooling and aging cycles.

4 OPERATION

Except hardware troubles mentioned before, all the system worked as
expected. Especially, two hard-logics, a breakdown (BD) detector and an
RF recovering procedure under a heavy beam loading,11 were very helpful.
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Although it might not be an intrinsic problem of SRF cavities, one and only
problem in the operation was an RF trip due to a detection of a BD. A BD

detector works when a cavity voltage becomes lower than a threshold, which
is usually about 60% of a programmed reference of a cavity voltage. These

trips by BD detectors amounted to about 90% ofa total trip and have following
features;

(1) Usually accompanied with some amount of vacuum burst.

(2) Sometimes accompanied with an arc detection at a ceramic window or
an anomalous temperature rise of a thermometer on a cavity cell equator.

(3) Whenever a cavity voltage was measured, it decayed to zero with a time
constant of less than one j1sec, and recovered after several msec with a
time constant of nearly superconducting state.

(4) Trips happen concentratedly on several cavities at bending magnet side
of a straight section and have no relation with a cavity itself.

(5) Tight masking or synchrotron radiation from bending magnets and also
realignment of Q magnets around an interaction point could reduce a
trip rate at some location.

(6) Trips during acceleration are liable to happen in some energy range.

(7) Sometimes a trip rate changes day by day or even fill by fill.

(8) Generally a trip rate increases with an accumulated operating time.

(9) Warming up of cavities to about 50 K could reduce a trip rate drastically.

From above features, we can conclude that most of these trips must be
a gas discharge caused by synchrotron radiation and adsorbed gases play a
key role in a process. Figure 6 shows a change of trip rates per fill averaged
in every ten fills in 1994. Although these are data after the realignment of
masks and Q magnets, trip rates are still high. Once we had tried to cut a
reflected radiation by a movable mask, but a trip rate did not change. We
also measured a correlation between a timing of a BD and a bunch passing,
but found no correlation. So, the possible explanations is that the remaining
trips are due to electrons or positrons produced near cavities by synchrotron
radiation and drifting into cavities.

5 CONCLUSIONS

A system of thirty-two superconducting RF cavities was operated for seven
years without serious problems. Operability and stability of the performance
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in an existing storage ring were demonstrated. There were several hardware

troubles, but they were not essential and solved. Although it looks special in

TRISTAN for the moment, a gas discharge triggered by synchrotron radiation

and developed by adsorbed gases caused many RF trips. Fortunately with an

enough ring voltage and an RF recovering procedure, this trip was acceptable

in TRISTAN, but a reduction of synchrotron radiation as well as adsorbed

gases is essential for a longer operation or a higher current application.
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