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ABSTRACT 

An innovative timing and RF synchronization system has 
hrcbn built and commissioned which allows the direct injection 
of 1 mm or e+ or e- bunches from the SLC Damping” Rings 
(V~F = 714 MHz) into the storage rings PEP (VRF = 353 MHz) 
and SPEAR (VRF = 358 MHz). The required relative stabil- 
ity of these oscillators is lo-’ since the beams may be stored 
in each damping ring (DR) for up to 0.2 sec., during which 
no timing correction is made, and must be delivered within a 
0.5 nsec\rindow. This stability has been obtained by phase- 
locking the storage rine RF to the LIh’AC-DR master oscilla- 
tor. 1; order to ~htai~bunched beams for acceleration in the 
LINAC 10.5 cm RF structure while maintaining the storage ring 
timing requirements, the Subharmonic Buncher and Damping 
Ring IiF are phase-shifted using GaAs digital circuitry. This 
paper describes (1) the phase-locked loops, (2) the RF distri- 
bution system, (3) the S-band resettable dividers and (4) the 
interpulse timing system components used in this project. 

1. INTRODUCTION 

Recently, the PEP and SPEAR e+e- storage rings at the 
Stanford Linear Accelerator Center have been operated again 
for High-Energy Physics. With the upgrade of the linac for 
operation of the SLC having been completed, the new acceler- 
ator systems including an Electron Gun with a Subharmonic 
Bunchcr, an off-axis high-yield Positron Source as well as elec- 
tron and positron Damping Rings, are now being used to fill the 
storage rings. Using the high intensity beams from the Elec- 
tron Gun and Positron Source and the low emittances obtained 
using the Damnine Rings in coniuction with the Subharmonic 
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Runcher which compresses the eiectron pulse from the gun to 
fill onlv one linac RF bucket. the storage rings were being filled 
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efficiently in minutes. Several improve&nt,s?o the linac ‘iiming 
and control systems, which were needed in order to allow the 
new accelerator systems to be controlled by the storage rings 
and to synchronize the storage ring filling operation with the 
S1.C damping rings, are described in this paper. 

2. SLAC TIMING SYSTEM 

The LINAC Timing System’, as modified for the Stanford 
I,inear Collider (SLC) project, provides a multitude of pro- 
granlmahlr trigger signals “with a jitter of less than 100 ,sec 
with respect to the beam and the Klystron 2.856 GHz RF over 
the three kilomet,er length of the linear accelerator. Using suh- 
harmonics of 476 RlIIz for the linac Master Oscillator to drive 
the RF reference lines via a temperature stabilized Main Drive 
Line (MDL) and 5.5 hltIz for the Damping Ring revolution fre- 
‘1U”““y, tlrr timing system was designed to provide triggers at 
a fixed time with respect to beams in the damping rings and at 
a fixed phase of the 360 Hz line frequency to reduce power line 
AC cffpcts in accelerator operation. 

Basically, a trigger signal generated on the first edge of 
the 8.5 hlllz falling within a gate derived from the 360 Hz 
zero-crossing in the blaster Trigger Generator (MTG) pro- 
duces a fiducial which is superimposed on the 476 MHz sig- 
nal in the Fiducial Generator and is then t,ransmitted on the 
RIDL. At each of 30 sectors,, the composite signal is picked- 
off and amplified for multiplication to 2.856 GHz by the 
Klystron subboosters. A fiducial detector unit (FIDO) scales 
dotvn the reference RF to generate a resynchronized 119 MIIz 
clock with a missing-pulse marker for resettable delay counters. 

‘LVoork supported by Department of Energy contracts 
DE~AC03~76SF00098 and DE-AC03--76SF00.515. 

Programmable Delay Units’ (PDU’s) use the 119 MHz signal to 
enerate 
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precision trigger signals in delay increments of 8.4 nsec 

or up to several interlaced beams. 

The PEP and SPEAR storage rings operate at RF frequen- 
tics of 353.210 MHz and 358.540 MHz. resDectivelv. Unfor- 
tunately, these frequencies are not ha&on& of the’ linac RF 
frequency, 476 MHz, so that, the storage rings are not simply 
locked to the linac Master Oscillator. During storage ring fill- 
ing in the past, the linac fiducial pulse was derived from the 
timing of the particular storage ring RF bucket to be filled. 
The P”EP and SPEAR timing iyste& provide a 1.7.msec-long 
burst of pulses, synchronized to the revolution of the particular 
bucket being filled, at frequencies corresponding to the revolu- 
tion frequencies of 136 KHz and 1.28 MHz, respectively. These 
-10 MIIz bandwidth signals are transmitted upstream on the 
hlDL to the linac injector where t,he first pulse within a power 
line zero-crossing gate generates a fiducial pulse which triggers 
the linac timing svstem and selects the Dreferred storage rine: 
turn. Just prio;to beam time, a pattern reference pulse% send 
by the storage ring timing system to the injector where it is 
used to determine the actual timing of the gun trigger. 

Electrons and positrons from an in-line positron source were 
simply timed to t-he storage ring pattern -reference pulse and 
delivered within the selected 2.8 nsec RF bucket window; how- 
ever, each l-2 nsec thermionic gun pulse would fill several linac 
2.856 GHz RF buckets, thus dominating the timing error in fill- 
ing a storage RF bucket. In addition, the relatively low yield 
of positrons with large beam emittanre from the in-line target 
made positron filling quite a challenge. The new timing system 
eliminates the need for the old nositron source and takes a& 
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vanta.ge of the high intensit,y, low emittance SLC beams from 
t,hr damping rings. 

3. TIMING SYSTEM UPGRADE 

We have designed, built and operated the electronic timing 
svstem required to fill PEP and SPEAR using beams from the 
S”LC Damping Rings. The timing constraints were that all linac 
uulses occur at a fixed chase of the 360 Hz Dower line cvcle ias 
is done for other mode’s of linac operationj, that the (!W ie- 
vices in the linac (Subharmonic Buncher and Damping Rings) 
be Dhase-shifted to the S-Band bucket chosen bv the storace 
rink burst, that the storage ring master oscillators”remain phase 
stable with respect to the linac RF system and, finally, t,hat the 
beam be delivered to the storage ring within 0.3 nsec of the re- 
quested time at Dulse rates of lo-60 Hz. Within our scheme. 
f& initial operation with a minimal impact on fill times, the 
linac is operated with only one bunch at a time since fully in- 
terlaced multibunch operation would require pha.se shifting the 
beam in the damnine rings in order to maintain svnchroniza- 
tion with the stor’agerings and the 360 Hz line freiuency. The 
damping times are maintained to be a fixed number of damp- 
ing ring revolutions so that the damping rings can he treated as 
delav lines allowing the damDine: times to be adiusted to match 
360 “Hz zero-cross&g time inier;als. 

For PEP/SPEAR filling, we operate the front two-thirds 
of the linac as closely as possible to SLC operation. Follow 
ing Fig. 1, a timing reference signal is sent from the storage 
rings to the Injector where the CW RF system controlling the 
Subharmonic Buncher (SHB) and Damping Rings is phase- 
shifted and a linac fiducial is generated. About 1 msec later: the 
gun is fired at a fixed phase of the SHB by a Trigger Gate and 
Synchronizer (TGAS) module to produce electrons and store 
them in the electron damping ring: At a subsequent power line 
cvcle, the electrons are extracted, accelerated, and delivered for 
&ctron filling or targeted at Sector 20 to produce positrons 
which arc t,hen returned to the positron damping rings for 
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Fig. 1. Schematic layout of the SLACaccelerator complex show- 
ing the SLC linac systems including the Damping Rings and ofi- 
axis Positron Source, and the PEP and SPEAR storage rings 
in addition to the SLC ARC’s and Final Focus. 

positron filling; a tertiary trigger extracts and delivers the 
positrons at a later 360 Hz zero-crossing. 

The upgrades, divided into four major subsystems associ- 
ated with phase-locking the storage rings, the RF distribution, 
the fiducial generation and RF synchronization using GaAs 
digitial IC, are described below. A detailed description of the 
GaAs microstrip circuits has been published3 and is only re- 
viewed briefly in this paper. 

3.1 Phase-Locking the PEP and SPEAR 
h4a.s t er Osciila t ors 
The storage ring master oscillators must be stable with re- 

spect to the linac RF system to maintain subnanosecond timing 
over a period of tens of milliseconds while the beam is stored 
in the damping rings. We have chosen a scheme by which the 
CW RF system is phase-shifted on a pulse-to-pulse basis allow- 
ing fill rates of 30 Hz and higher for simultaneous filling of PEP 
and SPEAR. In order to maintain timing accuracy during the 
damping period, the storage ring master oscillators are phase 
locked to the linac RF to obtain stability of one part in 10’. 

In order to lock the PEP and SPEAR RF, a subharmonic in 
common with the linac Master Oscillator needed to be found. 
The division ratios were determined by requiring that the locked 
storage ring RF differ by less than a few hundred Hz from the 
nominal design frequencies. This leads to the following division 
schemes: 

Storage Frequency 
Ring / Divisor 

PEP 353.2102 MHz 

Common Linac RF 
Subharmonic / Divisor 

1.5159 MHz 476 MHz 

/ 233 / 314 

SPEAR 358.540 MHz 410.7 kHz 476 MHz 

/ 873 / 1159 

A block diagram of the Phase-Lock electronics is shown in 
Fig. 2. The linac 476 MHz reference and storage ring RF sig- 
nals are divided by a programmable “Divide-by-N” circuit to 
their common intermediate frequency (IF). The Phase-Locked 
Loop (PLL) circuit uses a digital phase detector to compa.re the 
storage ring and linac intermediate frequencies and then applies 
an error voltage to the storage ring Voltage Controlled Oscil- 
lator (VCO) to correct for relative drifts. The control voltage 

To/From 
Burst 

Generator 

Phase Lock 
“&age Oscillator staage 
Child Ring 

vco * 
RF 

Fig. 2. PEP/SPEAR Phase Lock electronics block diagram. 

is the sum of the output voltage of a 12-bit DAC and of the 
phase/frequency comparator output of a MC4044 phase detec- 
tor amplified by an active filter. During locked operation the 
programming of the DAC is continuously controlled in order to 
keep the DC component of the active filter output voltage equal 
to zero to minimize unlocking transients. Control circuitry are 
used in the PLL to allow an operator to unlock/ relock the stor- 
age ring oscillator. When unlocked, the operator is allowed to 
ramp the frequency up or down at a rate of less than 100 Hz/set 
for chromaticity measurements, and to relock for normal stor- 
age ring operation without losing beams. 

3.2 RF Distribution System 

We transmit the linac RF reference from the linac Master 
Oscillator to both the PEP and SPEAR rings. Referring back 
to Fig. 1, the linac 476 MHz reference and fiducial is carried on 
the Main Drive Line from the Injector to a “Sector 30 Diplexer” 
unit at the downstream end of the linac. The Diplexer, a bidi- 
rectional coupler between the MDL and the storage rings, picks- 
off, amplifies, and sends the composite signal down a 3/4-inch 
Heliax cable to PEP and SPEAR. At the storage ring end, 
a “PEP/SPEAR Decouple? unit separates the 476 MHz and 
fiducial signals from the composite signal and amplifies them 
for phase-locking and diagnostic use. Using the same Heliax 
cable, the Decoupler transmits the “Burst” timing reference in 
the opposite direction to Sector 30 through a tandem 90“ hy- 
brid circuit arrangement.4 At Sector 30, the Diplexer amplifies 
and couples the Burst signal onto the MDL for transmission 
upstream to the Injector fiducial generator and RF synchro- 
nization electronics. 

3.3. Fiducial Generation 

The linac Timing System is driven by the Master Trigger 
Generator (MTG) and the Fiducial Generator in the Injector 
alcove. A block diagram of the fiducial generation system is 
shown in Fig. 3. The MTG generates a timing pulse on an edge 
of the 8.5 MHz clock for SLC operation. 

PDU 210 

Secondary/Tertiary Trigger 

Man %ve Line IMDL) 

LA Countdown 

238 Mtlr W.I., 

Fig. 3. Linac Fiducial Generation System block diagram. 

For PEP/SPEAR filling, the SLC MTG was modified 
LO allow disabling by the SLC control system, and a new 
PEP/SPEAR MTG was built which generates a timing pulse 
at a chosen zero crossing of the storage ring burst. The timing 

1578 

PAC 1989



,______________-----____________________-----. -________-_---___-( 

I 
I 
I Reset 

! ; S-Band Divide By 16 ; 
I I 1 

I Delay Line I I I 
I I I 4 I I ! I I 

1 I 0 I 1 
Fan Out I i I 

I I 1 
, 8 
; :-2v 

-D * 178.51 
MHz I 

> 
I To Sub- 

Clock , L 
2856 MHz ’ 1 --I- 

I 
1 
I 
I S Band Synchronizer ’ , 
I I !-----~~..~~--~~~--I 

S-Band Divide By 4 I 
.-__----------------____________________-~~~~ 

2-89 6,608, 

Fig. 4. RF Synchronizntion ~leclro,~ics block chgraw. 

pulse is required to be at a fixed phase of the 360 Hz power line 
zero crossing for both SLC operation and storage ring filling. 

The new PEP/SPEAR MTG uses a 360 Hz gate from the 
SLC MTG and the storage ring Burst to generate linac pri- 
mary fiducials required to produce and store electrons Using 
the 476 XIHz reference, the PEP/SPEAR hlTG generates an 
additional 8.5 MHz signal resynchronized to the storage ring 
reference for use by a Damping Ring Turn Counter (DRTC) 
module (a PDU’ modified to operate at 8.5 MHz). The DRTC 
counts the number of damping ring revolutions with the resyn- 
chronized S.5 MHz clock and then generates a secondary fidu- 
cial to either deliver electrons to the storage ring or produce 
positrons, depending on t,he accelerator beam code. The DRTC 
generates a tertiary fiducials for positron filling after a second 
fixed delay measured by the 8.5 hlHz clock. 

3.4 Linac/Damping Ring RF Synchronization 

Precise control of the linac CM-RF system is required for 
filling the storage rings since the timing and bunching of the 
beam are controlled by the RF system and not by the triggers 
from the Fiducial Generation system. Although the PEP a.nd 
SPEAR hlastcr Oscillators were phase locked to the linac hIas 
ter Oscillator, phase shifting of the CW-RF is required for high 
repetition-rate filling at a fixed phase of the 360 IIz power line. 
A block diagram of the RF synchronization system, which al- 
lows phase-shifting of the CW devices to the nearest S-Band 
bucket for PEP/SPEAR filling, is shown in Fig. 4. 

Using recently developed Ga,\s Master/Slave D-Type Flip 
Flops, we have built” resettable frequency divider circuits op- 
erating at the linac Klystron RF frequency (2.856 GIlz) which 
divide the clock frequency bv 4 or 16 t.o generate the 714 MHz 
aitd 178.5 h11Iz needed for driving the Damping Ring (DR) RF 
and the Subharmonic Buncher (SIiB), respectively. A separate 
GaAs unit synchronizes the Burst timing reference from the 
storage rings to the 2856 MIIz clock before it is distributed as 
a resrt, to the DR and SIIB dividers to insure synchronous re- 
sett,iug, as shown in Fig 4. The synchronizer effect,ively selects 
the linac RF bucket that matches t,he beam timing required for 
filling, and then resets both GaAs dividers to phase shift the 
C\VRF systems to the same RF bucket, thus maintaining syn 
chronous operation within the linac acrelerat,or systems. When 
PEP and SPEAR filling has been cornplct,ed. a trigger signal 
from the linac synchronous timing system is II& to reset the 
RF system for normal SLC operation. 

4. OPERATIONAL EXPERJENCE 

\l’e have successfully used the upgraded timing sysLrin to fill 
both the PEP and SPEAR storage rings using hunrhcd brams 

from the SLC Damping Rings. Using the GaAs digital circuits, 
the CW RF for the Subharmonic Buncher and the Damping 
Rings were phase-shifted to the chosen S-Band RF bucket with 
a relative one-bucket, phase shift error rate between the SHB 
and DR RF of less than a few percent. Several different beams 
were rolltinely run in parallel to allow interlaced filling of PEP 
and SPEAR. 

The PEP and SPEAR Master Oscillators, were successfully 
phase-locked to the linac Master Oscillator to provide long term 
stability of lo-’ without interfering with colliding beam opera- 
t.ion. Beam position monitor displays of the stored beams ver- 
ified that the correct RF bucket of the rings was being filled. 
The measured accuracy of the delivered beams is close to the 
expected 350 psec spread due to the linac 2.S.56 GHz RF sys- 
tem. 
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