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Abstract stability against quenching, savings on Nb material,
insensitivity to small magnetic fields, higher quality

In 1996, LEP2 operated at an energy of up to 86 GeV pfactor - turned out to be very welcome in the course of

beam using, in addition to the conventional RF systenthe project.

176 newly installed superconducting (SC) cavities, which

together provide up to 2 GV per turn at 352 MHz. 2 SC CAVITY PERFORMANCE

Almost all SC cavities are of the niobium film on copper

type; they ran at an average operating gradient of  .gumenge

6 MV/m with a total beam current of up to 5.5 mA. The

behaviour of SC cavities and couplers has been very 5

satisfactory: only two cavities out of 176 were field e comer

limited; they have however been recoveneditu since.

Small modifications in the liquid helium distribution

reduced to a large extent turbulent phenomena and thesoeneore

associated microphonic effects. However the intrinsic

electroacoustic instabilities (ponderomotive oscillations) e tank

remain the major concern for the operation of the RF tuning rod

system at high intensity. Their effect on the beam is HOM coupler

minimized using RF feedback (on the vector sum of e supper

individual cavity signals); this also suppresses the

intensity limitations due to beam loading instabilities. RE-ponercoupler cyogentc comectons dome

Installation, commissioning and operation of a huge new o He-safety valve and exhaust

RF power plant (24 MW installed RF power) went as fonatudnatpiate HOM-coupler outet

expected, despite a few weak points which are now being :

fixed.

HOM-coupler outlet

vacuum manifold and safety valve
He-gas collector
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1 INTRODUCTION beam-vacuum valve

LEP, the largest particle accelerator in the world, is an
electron-positron collider which started operation in 1989

at a collision energy of 45 GeV (the nergy) with a cauty el uningred - tuningrod support
room-temperature RF system operationally capable of . .
delivering up to 340 MV at 352 MHz. Fig. 1 The LEP2 SC cavity

The so-called LEP2 programme started in 1991 w. 1 sh he f Il LEP2 L
aimed at increasing LEP energy and reaching at least ? shows the four ce  cavity In its cryostat.
energy of W pair production. It is essentially based o€ cavity itself surrounded by its helium tank and its
the superconducting (SC) cavity technology developed ree tuner bars is suspe_nded inside the cryostat. The
CERN since 1979. ength _of the tuner bars is controlle_d _by their thermal
The basic choices for the LEP SC cavities were madPansion and by the magnetostrictive effect. — The
early in the project: 352 MHz frequency (forcryostat, with its three wide-barrel staves provides easy

compatibility reasons and to minimize the criticaldccess to the cavity as neither a magnetic shield nor an

transverse impedance of LEP), four-cell structure wit{!térmediate thermal shield is necessary. Thermal
couplers on the beam tubes, 4.5 K operating temperatuP%SUIat'on is achieved with superinsulation mattresses

modular cryostat with easy access to the cavities afjly- Four cavities are assembled together in a common

ancillary equipment, thermal and magnetostrictive tune&ry(;)s’tlat to formla c2ryomodule 12.5 m long, including the
inside the cryostat. It was also decided that industri&f” Tet()elmelntsh[ 11 ]'h _ ¢ the LEP?
firms would produce the SC cavity modules. The major ) aPle 1 shows the major parameters of the
difference, when compared to other large SC cavitg@Vities, the most critical being the quality factoy &
projects (notably CEBAF) is that the cavities would bd"€ operating field (6 MV/m).  This is the parameter
specified and accepted by CERN according to their Rffhich is measured during the acceptance tests made at
performance (RF quality factor at the design acceleratifgERN Of all cavities and modules produced by industry.
field), as measured by CERN. g. 2 shows typical Q(E) curves of cavities fabricated by

After an intense period of development it was decidelre€ different firms following the technique developed
that the LEP2 programme would be based on ittt CERN by which a copper cavity is coated inside with

niobium copper (Nb/Cu) technology. The inherenf thin niobium film (average thickness ) using a

advantages of Nb/Cu cavities much better thermal Magnetron discharge. This measurement is no longer
possible when the RF couplers are installed; however the

0-7803-4376-X/98/$10.00 0 1998 |IEEE 2879



cryogenic losses of a cryomodule can be estimateduplers. However, possible discharges, or even arcing
directly from the cryoplant parameters. The results aia the coupler, are potential risks of this technique.
coherent with previous RF measurements showing thBulsed power processing (pulses a few ms long, peak

there

is no significant degradation of the cavityfields up to about 8 MV/m) is used more commonly both

performance after mounting of RF couplers, transpoih the power test bench and in the tunnel to reach

and installation in the tunnel.

maximum cavity performance.
A vacuum accident occurred during the last LEP

Frequency 352.209 MHz shutdown, where a complete warm module was rapidly
Operating field 6MV/m yented _Wlth flltered_ nitrogen. Due to a very _tlght
. installation and testing schedule it was not possible to
Operating voltage 102 MV recheck the cavities until now. We are eagerly waiting
Number of cells 4 for the new measurements of cavity performance to see
Effective length (four cells) 1.702 m whether this module can be recovemditu or must be
Modular length (between cryostat flangg¢s) 2.553 m taken out of the tunnel for repair. Some years ago, a
Diameter: equator 755 mm similar accident happened in t&S: a cold cavity was
- slowly vented with unfiltered air; nevertheless, the cavity
iris 241 mm .
. o coulc_l still be operatgd after\_/va_rds.
Relative pass band 2{f)/(f,+f,) 1.76% Fig. 3 shows typical radiation levels measured at the
E/E.. 2.3 end of several modules 15 cm off axis. The sharp
B,/E... 3.9mT/(MV/m) increase with accelerating field indicates a strong field

R/Q (R=V//2P) 2321 emission. The measured spectrum of the field-emitted
Field flatness tolerancedE/<E> +50 electrons extends up to the maximum accelerating
Tuning sensitivity +40 KHz/mm voltage of the module (40 MeV) and in some cases leads
i to activation of elements.
He pressure sensitivity <10 Hz/mbal|
Tuning range: slow 50 kHz
fast 1.6 kHz 673 -833-873
Q, at operating field (4.5K) >3.2x 10 35
Q, at low field (4.5K) >6.4 x 10 30 a
RF losses at 6 MV/m and 4.5K/cavity <70W 25 f
Cryogenic standby losses per complete[<90W 20 1
module 15
Q,, of RF coupler (nominal) 2x 1o
Loss factor for a complete module (four 10
cavities and two end tapers)a@t=10 mm: &5 |
longitudinal 5V/pC ! e
transverse 8V/pC.m 0 1 2 3 4 5 6 7
Table 1 LEP2 cavity parameters field (MV/m)
0 Fig. 3 Typical radiation levels of modules
- %%%S% In the early phases of the project, the main cavity
2 Bon . coupler was a very serious cause of concern. Recurrent
o YN multipacting discharges plagued the operation of the
g e R couplers when installed on the cavities. This is attributed
< 0o to the strongly enhanced secondary electron emission
s coefficient of a cold surface if it becomes covered with
o adsorbed gases. Such a situation occurs on the cold part
of the outer conductor of the coaxial coupler (Fig. 4).
The problem is cured by baking the window (the source
L ) . s N 10 of gas molecules)in situ before cooling the outer

Accelerating Gradient [MV/m]

conductor of the coaxial line (cooled last) and by
applying DC bias (+ 2.5 kV) on the inner conductor,
which completely prevents multipacting during operation

Fig. 2 Best Q vs E curves from three manufacturers 3]

To reach the specified performance helium EP (;oup_lerls, i?C“tjd(ijng their :j/agablte: dversilc()jn ha\(te
processing is often used during acceptance tests (with enl te_x ertﬁlvey | este t_On a d% ica eA C(FJQF cavity,
RF couplers). It has also been applied successfully or?'é%lég ILr\]/?/ h € [)ea otperaflng %0{;1 ! Ionhs.th n it pdow_er
defective cavity in the tunnel, equipped with RF° as been transferred through the cavity during
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long periods, limited only by the load on the outputvhen the cavity resonant frequency is shifted by the
coupler. Short pulses of 500 kW, 1.5 ms duration hawening system, to keep the load to the RF generator real,
also been transmitted through the test cavity, in puiia the presence of beam loading [5]. In such a situation,
travelling-wave mode. any resonant frequency disturbance results in a
disturbance on the field, which itself perturbs the cavity
frequency due to radiation “pressure” on the walls. This
— T results in a potentially unstable closed loop. The
observed instabilities occur at the first longitudinal
resonances of the cavity (~ 100 Hz) unfortunately very
close to the -3dB points (x 90 Hz) of the cavity
bandwidth. They are strongly dependent on the cavity
fields and on beam current (via the cavity detuning), and
at present are a major limitation for LEP2.

A study has been launched to actively damp the
mechanical resonances of the cavity, acting on the fast
magnetostrictive tuner. The difficulty here is to damp
simultaneously two very close resonances (separated by
e about 5 to 10 Hz) with a robust enough system. The
Fig. 4 The LEP2 RF power coupler problem, in principle disappears if one keeps the cavity

exactly on tune with the RF frequency, irrespective of

The production of cavities and modules by industry i§€am loading. The additional RF power consumption in
by now almost complete. Table Il shows the past arifpis case is perfectly acceptable (4.25 kW per cavity at

1192.2

NN
~

946.7

future steps in the installation programme [4]. 90 GeV and 10 mA for the LEP2 parameters). However
the RF field in the coupler increases significantly, but as
June Oct. 96] May May explained before, a large safety margin is available in the
96 ' 97 08 couplers and this should not be a problem.
Actually, by injecting a phase offset in the tuner
# Cu cav 120 120 84 48 phase detector, one can suppress the instability for a
MV Cu 300 300 215 130 given voltage and current. However the cavity phasing
# Nb cav 4 12 16 16 errors, the dispersion in coupling factors and cavity fields
MV Nb 32 102 136 136 makes it rather dificult to program the tuner offsets
especially during ramping energy and field. In
#Nb/Cu cav| 140 160 224 256 particular, a common offset cannot be simply applied to
MV Nb/Cu | 1434 1638 2294 2621 all eight cavities driven by the same klystron. Despite its
S MV max 1768 2040 2645 2887 Iimitdations an_t(:ij diffic(lillties, thjs is_the tbe_ﬁhnique preser:]tly
used to avoid ponderomotive instabilities as much as
MV, 1600 1873 2478 2720 possible.
E (GeV) 80.5 86 92 96 Another method is being actively tested where a

Table 2 Number of cavities in LEP and availablecavity is excited mechanically, via the fast tuner, at a
voltage single frequency (at present 40 Hz). The 40 Hz cavity
voltage modulation detected by a synchronous

3 MICROPHONICS demodulator provides an error signal when the cavity is

Superconducting cavities, with their narrow bandwidtUt of tune. This signal can replace the usual phase

(+90 Hz for LEP2 cavities) are usually prone todete(:tor signal (phase between cavity field and klystron

microphonic effects. Indeed RF field fluctuations ar{;:\r’:; dto t((:elgtse?j th?thgunt'nge:ﬁ]rvqslgr?dpé eilég:]taofsybsézm
normally observed on LEP2 cavities at frequencie y withou ) is indep

corresponding to the first mechanical resonanced!rent and insensitive to phasi_ng errors; it keeps the
(longitudinal) of the cavity, around 100 Hz. Transversg2Vty always on tune. The cavities would be modulated

pairs, with opposite phases, to cancel out the residual
p

resonances, occurring at lower frequencies do not se )
to be harmful. ase modulation at 40 Hz (further reduced by the

A source of mechanical vibration external to theYECtor Sum feedback”).
cavity itself was identified and subsequently cured on
most modules. It was due to thermoacoustic oscillations 4 HIGHER ORDER MODES
occurring in the outlet gas helium connection to th&ach LEP2 cavity is equipped with two higher order
transfer lines, which showed a reduced cross-section tmode (HOM) couplers. They are of the “hook” type
the warming helium gas flow. ghe solution was to damprhere a series notch filter at the RF frequency is
this oscillation with a thin kaptonfilm wrapped around established with the inductance of the “hook” and its
the inner tube. capacitance to the wall of the cavity port [6]. The
The other observed effect is intrinsic to the cavityonnecting RF line between the cold coupler and the
itself and turned out to be more difficult to eliminate. ltcryostat wall is a 2% “rigid” coaxial line made of two
is a ponderomotive closed loop instability occurringhin stainless steel, copper plated tubes. Finger contacts
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at either end of the line allow some mechanicatirculator itself, two of them had to be changed. The
displacements during cool down. solution is to replace the coaxial elbows and wave guide
It has been demonstrated experimentally that moteansformer between circulator and 300 kW load by
than 850 W can be transmitted through the HOM couplevaveguide components and to improve the klystron
and its line at 630 MHz (frequency of the dominanteflected power interlock. In addition, fast detuning of
longitudinal HOM of the LEP2 cavity). This figure is unused cavities is implemented to avoid strong beam
beyond what is expected in LEP2 operation. However, ihduced power reaching the circulator.
has been observed that many HOM loaaited during
operation, due to transients. They are now being 6 CONTROLS AND OPERATION
replaced by long, lossy RF cables.
Initial measurements of power deposited by singl
bunches in the HOM coupler loads have confirmed t
expected value of the loss factor of the cavitiea

(0.44 VipC aw, = 16 mm, excluding the fundamental). voltage seen by the beam when crossing the eight

Above 2.2 GHz (cut-off frequency of the 10 cm__ - : :
diameter beam tub&JOM power may propage outside Eﬁavmes driven by a common klystron is reconstructed

the SC cavity module. Using calorimetric measuremen om the fieldprobe signals of each cavity. Great care

. : ; ust be applied to the calibration of the probes and cable
on RF ferrite absorbers installed in the LEP vacuu onnections (in amplitude and phase) to ensure that the
chamber (one close to an SC module, one far away), t

. . : . Yerall vector sum signal is a faithful representation of
first_experimental evidence oHOM power radated o pr \oitage experienced by the beam. The “vector
outside the SC modules was obtained.

During the last run of 1996, it was observed that thégﬂ‘agZ'%;‘i'hfagi%'ﬂtgf'?ﬁg Sgl;zeileégatchkelo%epmanded al
cryogenic consumption of the modules was increasing '

with higher beam current and shorter bunches, leading to g4 yoitage control
the suspicion of HOM trapped inside the 4-cavity
structure. A concomitant increase of the temperature of
the cold intercavity bellows (copper plated stainless
steel, diameter 20 cm) has also been observed apd in
supports this hypothesis. An energy dependence of ti® [

In addition to the classical regulation circuits, notably the
&low amplitude loop acting via the DC current and hence
e RF gain, the LEP2 klystrons are now equipped with
n RF “vector sum” feedback loop (Fig. 5). The total RF

Power/current feedback

power deposited in standard warm bellows outside the
modules has also been noted, without any convincing [Mod.
explanation for the moment. Synchrotron radiation, as
well as the radiation coming out of the modules as a K
result of field emission, has been considered, but
obviously more measurements are needed to analyse

these effects. T Ccé
2
5 RF POWER SYSTEM | iy c7
The LEP RF system is based on high power klystrons 4 c8
(1.3 MW), each feeding 8 SC cavities via a circulator

and a series of symmetrical magic tee splitting stages [7]. P
The circulator is terminated on its third port by a 300 kW ~_
water load; each magic tee is terminated by a 100 kW /‘45 ~ 2
load. To improve crosstalk between adjacent cavities,
better matching of the 100 kW loads is required. The Fig. 5 Simplified block diagram of the vector-sum
solution which is being implemented now is to dope théeedback
cooling water of the load with sodium nitrite (NaiNO
The 24 Klystrons of the SC units have so far The open loop gain of the vector sum feedback RF
accumulated between 1000 and 9000 operating houtepp has been adjusted to 26 dB for a klystron current of
with an average of 3500 hours. The average lifetime d0 A but it varies linearly with the klystron current. It is
these high power klystrons is expected to be 18000 houwstually limited by the precision with which the vector
(DESY statistics); in the LEP copper RF system ninsum can be constructed.
tubes reached more than 28000 hours. We therefore do The loop gain is sufficient to reduce the equivalent
not expect klystron problems in the near future. impedance of the SC cavities so that cavity coupling via
The reflected wave peak power from a SC cavitjhe beam becomes negligible and the operating
when the RF source is abruptly switched off amounts wonditions of the RF system remain far from the
four times the zero beam current forward power (1 MWRobinson threshold. The phase deviations of the cavities
in the LEP2 case). It was found that these high powéegither from residual microphonics or from various phase
bursts (duration in the ms range) can induce arcs in tisettings of the servo tuners) are corrected by the vector
line and RF transformer connecting the 300 kW load teum RF feedback, as well as the cavity overvoltage when
the circulator. The arcs eventually propagated to tlee beam is suddenly lost.
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The minimum attainable RF voltage, at the injectiomompetence, dedication and

long-lasting enthusiasm

energy of 22 GeV is limited by the tuning loops of thewvere essential to its success.

cavities. These loops are sensitive to spurious signals
from RF ripple, crosstalk between cavities, finite
directivity of the directional couplers and to imperfectLl
phasing of the cavities. The associated problems ha J
been largely alleviated by running at a higher voltag
(450 MV, Q=0.14) at injection, with all cavities turned
on.

With the experience gained in running the RF systeli3]
in 1996 it is now possible to envisage automation of
certain procedures. Application software to perfornﬁ4]
automated checks of cavity tuning and unit phase couL
be provided, as could an automated procedure f ]
optimising the tuner setpoints to suppress ponderomotive
oscillations. The major candidate for automation fro 6]
the operational point of view is, however, the automati
switch-on of tripped units.

In 1996 it was standard procedure to stop the ramp[?]
few GeV below physics energy. The RF voltage was
then ramped to its operational maximum, any tripped RF
units restarted and any ponderomotive oscillations
controlled by means of tuner adjustments. Only when
the RF system was stable was the machine ramped to
physics energy.

There is a significant spread in the voltages produced
by the eight cavities driven by a common klystron. This
indeed limits the maximum voltage available and is due
to differences in cavity coupling factors { and
possible asymmetries in the waveguide and magic tees
distribution. A very simpleA/4 transformer can be
inserted in the waveguide to compensate for large
variations of Q (this has been successfully tested, even
with beam). With high beam loading (especially at
injection) additional cavity voltage dispersion results
from differences in waveguide electrical length or
longitudinal position of the cavities inside the cryostat.
To correct all these effects will require tedious
adjustments, which were not really possible during the
last busy years.

7 CONCLUSION

The largest superconducting RF system in the world is
now in operation. The energy of LEP has been pushed
from 45 GeV up to 86 GeV and physics above the W pair
production threshold has started. The SC cavities and
couplers behaved in the machine as expected; no
degradation of performance was recorded. Final
adjustments of the RF system will be a tedious, but
straightforward task, and it seems that the control of
ponderomotive instabilities is within reach. Finally the

overall performance of the RF system might be limited

by the capacity of the cryoplants. Upgrading of the

installed cooling capacity, which was anyhow planned

for LHC, might therefore be implemented earlier than

foreseen (hopefully in 1999) to the benefit of LEP2.
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