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OPERATION OF THE SPEAR RF SYSTEM*
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Introduction

The SPEAR RF system has previously been described
in these Transactions. +»“ Therefore, only a brief descrip-
tion of the system is given here including a few additions
and modifications, and most of the remainder of the paper
is devoted to a discussion of the operation of the RF system
with stored beams. A concluding section describes the
improved RF system which is under design and construction,
and which will permit operation of SPEAR at 4.5 GeV.

Description of System

The RF system replaces the energy lost by synchrotron
radiation during storage of beams. This energy loss ranges
from 35 keV per turn at 1.5 GeV (the injection energy) to
370 keV per turn at 2.7 GeV. Over-voltages of about 1.5
times the radiation loss are required to give the phase
stability necessary to maintain a long lifetime in the pres-
ence of quantum fluctuations.

RF Cavities

Two accelerating cavities are installed in adjacent
straight sections of the ring and are phased, using the
stored beam, so that the gap voltages of the two cavities are
additive. An outline drawing of the cavity is shown in Fig. 1.
It consists of two quarter-wave capacitively loaded coaxial
cavities with a common gap. The structure is made of
welded aluminum (AL6061) and is completely evacuated. The
cavity Q is 13,500, and the shunt impedance is 1 megohm.
Tuning to compensate for thermal effects and reactive beam
loading is accomplished by a water-cooled copper saddle-
shaped tuner which operates on the fringing fields of the
loading plates and is coupled mechanically to an external
actuator through a stainless steel bellows.

RF power is carried to the cavity by a 6-1/8 inch diam-
eter coaxial line, and coupled through a ceramic window and
water-cooled loop situated close to one end of the cavity.
The coupling to the cavity is fixed, though it can be changed
by unbolting a vacuum flange and rotating the loop.

Amplifiers
RF power is supplied by eight Collins linear amplifiers

{four per cavity) operating at 51.22 MHz and each rated at
20 kilowatts continucus output. The output of each of four

amplifiers is combined in four-port coaxial hybrid combiners.

Phasing

For proper combination the phase of each amplifier must
be adjusted. This is accomplished by a low-power phase
shifter at the input to each amplifier. The phase stability
of the amplifiers and combiners is such that only infrequent
adjustment of the phasing is required.

Oscillator

The RF oscillater for the system operates at 1,28 MHz,
which is the rotation frequency of the stored particles in the
ring . Originally the oscillator was a commercially manu-
factured voltage controlled crystal oscillator. This unit
proved to have spurious outputs which caused coherent mo-
tion of the stored beam, so it was subsequently replaced by
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a vacuum tube LC oscillator. Later tests have shown that
the stability of the beam is very critically dependent on the
spectral purity of the RF oscillator and drive system. One
of these tests involved substituting a very expensive com-~
mercial frequency synthesizer for the LC oscillator with
disastrous results for stability. At this time the 1.28 MHz
signal is being multiplied by a factor of 40 in a vacuum-tube
frequency multiplier to generate the 51. 22 MHz drive signal.
Soon we hope to bring into service a SLAC-designed fre-
quency synthesizer which will produce the 40th, 78th, 120th,
121st, and 122nd harmonics of the 1.28 MHz fundamental.
The 40th harmonic, as stated above, is used for the main
RF system, the 78th harmonic is used for a beam position
feedback control system and several other timing functions;
the 120th, 121st and 122nd harmonics are to be used in a
VHF cavity whose function is described in a later section.

Automatic Tuning

Tuning of the cavity is controlled by a feedback system.
A phase comparison is made between the signal incident
upon the cavity, and a small sample of the signal trans-
mitted through the cavity. Any departure from a zero phase
condition results in a control signal of the proper polarity
which is applied to a stepping motor which in turn drives
the cavity mechanical tuner. In this manner, compensation
for reactive beam loading is automatically attained.

Gap Voltage Control

An automatic gap voltage control system controls the
cavity gap voltage to within about 0.3%. The same trans-
mitted signal sample used in the tuning control system is
compared to a dc reference, and the difference signal is
used to control a low-level PIN diode attenuator which con-
trols the RF drive level to the high power amplifiers, This
attenuator exhibits quite low phase shift over a wide range
of attenuation, a necessary feature in order to maintain
proper phasing between the two cavities.

Block Diagrams

Block diagrams of the power distribution system, the
gap voltage control system and the tuning control system are
shown in Figs. 2, 3, and 4.

Operation of the System

Results

Perhaps the best measure of the success of the SPEAR
RF system is that luminosities of 1 x 1031 em-2 sec™ , at
energies of 2.6 GeV have been attained. We have also
successfully stored a single beam at 2,75 GeV. Stable beam
currents of over 100 mA in a single bunch have been achieved.
Operation at these energies and currents implies gap voltages
for each cavity of 275 kV, power into cavity wall losses of
38 kW per cavity, and power into the beam of up to 30 kW,

Problems

From the viewpoint of the machine physicist, we helieve
that the operation of the RF system has been smooth und
dependable. This opinion, and the successes reported above
do not, however, ohscure from the RF system engineers the
fact that there have been difficulties of various kinds, and
it is probably of some interest to briefly describe these
problems.



Both RF cavities have exhibited an instability at gap
voltages of 175 to 210 kV. This instability manifests itself
in the form of sudden gap voltage changes (in the absence of
zap voltage control) and a change in input coupling coeffi-
cient as the input power is increased.

We suspect that a multipactor discharge is taking place
between the end of the input coupling loop and an adjacent
section of the cavity center conductor. The only effect of
the instability is a reduction in the apparent shunt impedance
of the cavity.

Both cavities have also displayed limitations upon the
maximum average power that can be applied to them, for
two reasons., The tuner is required to compensate for di-
mensional changes resulting from RF heating, and in so
doing runs into its mechanical limits of travel at about 275
LV or 38 kW, This problem was temporarily solved by
removing some cooling from the cavity outer shell, thus
improving the self-compensating characteristics of the
cavity. Unfortunately, the removal of cooling led to rather
high temperatures on the tuner and window flanges and on
thke outer shell itself (on the order of 160° C), and although
from the standpoint of tuner travel it became possible to
operate at 300 kV (45 kW), a second problem manifested
itself.

After operation for about 45 minutes at 300 kV (45 kW),
one of the cavities developed a small leak between the evac-
uated region and an air passageway near the periphery of
the loading plates. Fortunately, it was possible to place a
vacuum pump on this air passageway, and aside from losing
a measure of security from a possible water to vacuum leak
in this area, the cavity remains entirely operational. The
same type of failure, apparently due to excessive heating on
the edges of the loading plates, was also encountered in the
cther cavity during its initial tests over a year ago.

It should be mentioned in passing that these cavities
emit very strong x-ray radiation (on the order of 6 R per
hour), and for this reason nc entry to the ring housing is
permitted during high power operation of the cavities, even
when no beam is being stored.

Another problem which has been with us for as long as
we have been working with this type of cavity is that of mul-

tipactor, or secondary electron resonance, which presumably

takes place between the loading plates. This has been a
particularly troublescine problem with new, freshly assem-
bled cavities. The loading effect of the multipactor dis-
charge is so severe as to limit the amount of power which
can be forced into the cavity, because of impedance mis-
matching. The effect generally occurs hetween ahout 200
mW and 10 W of applied power, or between about 600 and
2000 volts across the gap, We have mniformly found it im-
possible to turn on a cavity until the internal pressure
reaches the 10-7 Torr range, and this range in turn can only
he reached by exercising the utmost care in keeping the
cavity clean during assembly, and by RF processing after
assembly with pulsed RF, We have found empirically that
pulses of about 150 ps at 100 pulses per second and at ahout
10 kW peak are miost effective in processing the cavities.

It has also been necessary to develop techniques for
turning the cavity on in routine operation, even after the
initial processing, and for ease of operation it has been
necessary to automate the entire turn-on process. Briefly,
the cavity is first turned on at about 100 mW, and the auto-
matic tuning svstem is given several seconds' time to tune
up the cavity. RT power is then completely removed for a
few millisceonds, long cnough for the fields within to com-
pletely die away, and then the RF power is again applied at
high level, 20 kW or so. Solid-state gating circuits are used
in this operation, since it was found that relays, with con-
zact bounce, did not permit field buildup to occur rapidly
encugh to overcome the multipactor effect.
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Vacuum Performance

The vacuum performance of the cavities has been
excellent, One cavity was baked at 160°C. The other has
not been baked. Both have received the same RF processing,
with some areas reaching 160° C from RF heating. Both
cavities display a nonoperating pressure of about 3 x 109
Torr, and operating pressures typically in the region of
1x 10-3 Torr or better.

Calibration of Gap Voltage

Measurements of the cavity Q and R/{Q have resulted in
a calculated shunt impedance of over 1 megehm. The power
applied to the cavity (corrected for reflections from deliber-
ately introduced over-coupling) was measured using carefully
calibrated directional couplers, and the gap voltage was then
calculated, This calculation was verified by making meas-
urements of stored beam lifetime as a function of gap volt-
age, in comparison to theoretical values, and it was found
that the two methods confirm each other to better than 107,
We now feel that use of the beam lifetime is the most accur-
ate method we have for calibrating the gap voltage.

Beam - RF System Instabilities

In two papers some years ago, 3,4 K. W. Robinson
described beam-RF system instabilities related to the tuning
and coupling conditions of the RF cavity. In brief, Robinson
derives two differential equations describing the RF system
and two differential equations describing beam motion.
These four equations are coupled by their coefficients. This
system of four coupled equations is tested for stability, and
a stability condition is derived:

VS
< sin 2¢ 2 = COSs
0 < sin qﬁv <2 - cos ¢BS (1)
i B
in which
oy = phase angle of the cavity admittance
VS = cavity gap voltage due to RF source
VB = beam induced gap voltage
¢BS synchronous phase angle
Figure 5 illustrates this stability condition. At very

small beam currents Vg is small, and the line
2(Vg/ Vp) cos ¢pg does not intersect the plot of sin 2 ¢, vs,

Gy Hence, the system is stable for all values of by hétween
0and 7/2. At heavy beam loading, two stability regions
exist. Normally, only the one near 7/2 is used, since it is

in this region that ¢, must be placed so as to cancel the
reactive compenent of beam loading.

If the cavity is tuned so as to compensate for reactive
beam loading, but is not matched to the RF scurce, then the
stability condition can be written as:

o 1 (PB«"PD) cot (‘)BS , P
sin 2 tan '—‘):*'("1—5“—'——1)’—}—" P
- BM " D

B
in which

P power delivered Lo the beam

B
PD power dissipated in cavity wall losses
P = power delivered to the beam which will cause
BM . ' o
the cavity to be matched
Opg = synchronous phase angle

If the conditions of Eqgs. (1) or (2) are violated, the results
are phase oscillations of the heam.



In SPEAR we have been able to verify that at least one
of these instabilities occurs as predicted, At very low
beam loading a deliberate detuning of the cavity above the
driving frequency induces phase oscillations. In the normal
operation of SPEAR, the heavily loaded condition of Fig. 5
is not reached. In fact, attempts to reach this condition by
filling eight of the forty available buckets have consistently
resulted in loss of substantial beam current at levels slightly
below the desired beam loading. We conclude that there is
an as yet undiagnosed instability associated with very heavy
beam loading which may be controllable by the application
of phase feedback as described below.

Control Systems

Two types of systems are emplcyed to damp the growth
of possible longitudinal instabilities. The first is phase
feedback® on the main RF system and the second is the use
of a cavity at a high harmonic number® to modify the char-
acteristic of the RF buckets.

Phase Feedback

The phase feedback system is shown in Fig, 6. A
pickup electrode which is responsive to the radial position
of the beam provides the input to an electronic phase shifter
placed at the input of a group of four amplifiers which drive
one cavity. Since the radial position of the beam is related
to small changes in beam energy, AE/E, and AE/E in turn
contains the beam phase information, the output signal from
the radial position monitor electrode is precisely the signal
required for input to the phase shifter. Amplitude and phase
adjustment is provided for this signal (which typically is
in the range of 5 to 10 kHz) before it is applied to the
phase shifter mput. We have been able to deliberately in-
duce phase oscillations with the feedback turned off, and
then completely damp these oscillations by the application of
ieedback. However, by compensating for reactive beam
loading the beam has always been stable up to 100 mA of
single bunch current and 200 mA of multibunch current and
thus the phase feedback system is not normally used. At
heavier heam loading we might encounter instabilities which
the feedback system will, hopefully, suppress.

High-Harmonic Cavity

In one of the straight sections of SPEAR a ceramic gap
has been installed. This gap separates two electrodes in
the vacuum system across which a longitudinal field may be
applied. A resonant cavity has been built around the gap
outside the vacuum system and the cavity can be energized
at frequencies corresponding to harmonic numbers h = 120,
121, and 122 — the main RF system is at h = Manual
coarse tunin(b allows operation at these three harmonic
numbers and automatic fine tuning can adjust the hﬂquennv
of the cavity to allow for beam loading. The cavity has been
run at up t¢ 10 kV in testing without a stored heam, but has
not vet been run with beam, Ath =120 (the 3rd h’trnmmc of
the RF frequency) its purpose will be to modify the potential
well of the RT system to increase the Landau damping for
longitudinal oscillation. At h = 122 a difference of synchro-
tren oscillation requency between the et bunch and the e
hunch can be obtained without shifting the collision point.
This might stabilize a non-bharycentric mode of oscillation
involving hoth bunches if it occurs.

Improvement Program

An improvement program is under way to increase the
maximum energy of SPEAR to 1.5 GeV. The magnets in the

ring are capable of operating at ficlds corresponding to this
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energy, but with the addition of new power supplies. At

4.5 GeV the radiation loss per turn is 2.8 MeV and, thus,
peak voltages of several million volts are required to store
the beam. The present RF system is inadequate to provide
this voltage. Furthermore, the present RF cavities are far
from an optimum design which at the present RF frequency
would have required a cavity of several meters in diameter.
Since the straight section space available for the cavities is
strictly limited, a cavity design which geometrically opti-
mizes the shunt impedance per unit length is required and,
hence, to have mechanically acceptable designs of cavities
an RF system of a much higher frequency is required. The
lower limit of frequency for a reasonable size cavity is
about 200 MHz. As the frequency goes up the over-voltage
demand to contain quantum fluctuation increases, but also,
the available shunt impedance per unit length increases,
thereby compensating for the necessary over-voltage. How-
ever, a large beam aperture is required to accommeodate
the beam excursions at injection and as the frequency goes
up this degrades the available shunt impedance obtainable.
An assessment of available tubes for this requirement re-
sulted in a decision to use klystrons, and to accommodate
klystrons as high a frequency as possible was chosen and
this frequency is the 230th harmonic corresponding to a
frequency of 359 MHz. Four straight sections are available
for RF cavities and cavities are being designed based on the
Los Alamos design. Each straight section will accommo-
date five cavities of this design. They will be coupled to-
gether by two circumferential slots in each of their common
walls and operate in the m-mode. Computer studies and
preliminary cold tests indicate that 100 megohms will be oh-
tained from the 20 cavities. The cavities are being designed
to dissipate a total of 300 kW of RF power in wall losses.
Each group of five cavities will be energized by a single

125 kW CW klvstron. The accelerating cavities and the klys-
trons are presently under design at SLAC and it is planned
to have the new RF system operational in the autumn of 1974,
A conceptual drawing of the cavities is shown in Fig. 7.

Acknowledgements

The authors gratefully acknowledge many very helpiul
contributions from the SPEAR Group. In particular, they
thank L. Karvonen for the major part of the mechanical
design of the cavity, N. Dean who was responsible for the
vacuum design, D. Sincerbox for his help with the overall
system, and J. Rees and M. Sands for their guidance in the
early design stages of the system,

References
1. M. A, Allen and R. A, McConnell, "RF system design

for the SLAC Storage Ring," IEEE Transactions on
Nuclear Science, Vol, NS-14, No, 3 220-233 (106";

2. M. A, Allen and R. A, McConnell, "RF syvs
SLAC Storage Ring, " IEEE Transactions cn Nuclear

Science, Vol, NS-18, No. 3, 253-254 (1971).

3. Kenneth W. Robinson, "Radiofrequency Accelevation I, "
Cambridge Electron Accelerator, Report No, CEA-11,
September 10, 1936.

4,  Kenneth W, Robinson, Stability of beam in radiofre-
quency system, ' Cambridge Electron Accelercior,
Report No. CEAL-1010, February 27, 1964.

5. F. Amman et al., "Remarks on two beam behavior of
the 1.5 GeV Electron-Positron Sterage Ring ADONE, "
Proceedings of the 8th International Conference on High
Energy Accelerators, 1971, p. 132,

6. M. A. Allen, M. J, Lee and . L. Morten, "Synchro-
tron frequency splitting in the SLAC Storage Ring,"
IEEE Transactions on Nuclear Science, Vol. NS-18,
No. 3, 10814-1085 (1971).



LINEAR
ACTUATOR-,

WATER COOLED

TUNER = . __ ;

BELLOWS — |
|
|

FCRT—

©_TINPUT PCWER
e

i - rI3H POWER
COAX WINDOW
— COUPLING LCOP

WEF’ INEOUT Ve PORT

: S
. . £
— AL-SS TRANSITION
V

| YR BOTH ENDS)

TO VACUUM
PUMPING SYSTEM

N
41/ -COUNTERFLOW
4/ HEAT EXCHANGER

(TYP BCTH ENDS !

MASTER
CSCILLATCR

.28 MHz |
—>51.2 MHz |

FIG. 1--RF cavity.

AUXILIARY SIGNALS

DIRECTIONAL COUPLER

HIGH POWER
TO SECOND CAVITY &F RF INPUT
SYSTEM >< TO CAVITY
PHASE
COMPARATOR CAVITY
(HP VECTOR /
VOLTMETER)
SAMPLING X
DUMMY LOOP TUNER
! HYBRID D'VIDER
LOAD [H] 8REomB NER . sth%PTF(;lge
PHASE SHIFTER MoToR
v
80 kW \/ 20 ki ANMPLIFIER uNIT

FIG. 2--RF power distribution system.

MASTER
OSCILLATOR/DRIVER
ELECTRONIC
ATTENUATOR
HIGH POWER
RF AMPLIFIER
CAVITY

FIG. 3--Cavity tuning control system.

STABLE
REGIONS

sin Zt;by

[ mppee

ol oe DETECTOR
id
(oowsTABLE) | |COMPARATOR [T T
SAMPLING LOOP

FIG. 4--Gup voltage control system.
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