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1. Abstract

James F.Bridges CONF-901117 0--I

Argonne National Laboratory
DE91 006395

9700 South Cass Avenue

Argonne, IL 60439 USA

The Advanced Photon Source (APS) is being built by Argonne National

Laboratory (ANL) near Chicago. The APS is a 7-GEV positron storage ring from

which x-ray beams of energies from a few kev to hundreds of kev are emitted as

the positrons pass through ring bending magnets and also through special

magnets called wigglers and undulators. The present schedule is to be

operational in 1995.

The energy emitted from the positron beam as x-rays is replaced through a radio-

frequency accelerating system operating vt 352 MHz at a maximum power level

of 3 MW.

The RF system willbe describedas wellas severallower-powersystems at

frequenciesof0.8MHz, 117 MHz and 2.8GHz. The associatedcontrolelectronics

(phaseshiftersamplitudecontrol,automatictuningcontrol,etc.)aswellas the

computer control architecture will also be described.

Work supported by the U.S. Department of Energy, Office of

Basic Sciences, under contract W-31-109-ENG-38.
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2. Introduction

RF systems have been associated with particle accelerators since E. O. Lawrence

invented the cyclotron in 1932 at the University of California at Berkeley. Two

electrodes, called dees because of their D-like shape, were driven by a high

powered, typically 20-40 kW, electron tube used as an oscillator. In the early

sixties, frequency synthesizers were used to drive an amplifier chain with the

output stage usually a large tetrode of about 100 kW output. The frequency band

was about 7-20 MHz, depending on the ion accelerated.

Synchrotrons, having separated magnets and RF systems, overcame the

limitations of cyclotrons and could accelerate protons to much higher energies.

RF accelerating systems are distributed around the ring of magnets, have swept

frequency operation and have output powers of several megawatts.

Electrons, because of their low mass, travel at the speed of light with 'very little

energy, and so electron synchrotrons and storage rings operate at a fixed RF

frequency. However, synchrotron light is emitted from the accelerated electrons

in the range of infrared (1012 Hz) through the visible, ultraviolet and x-ray

(2 x 1019 Hz) spectrum.

DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor any agency thereof, nor any of their

employees, makes any warranty, express or implied, or assumes any legal liability or responsi-
bility for the accuracy, completeness, or usefulness of an)' information, apparatus, product, or

process disclor, ed, or represents that its use would not infringe privately owned rights. Refer-
ence herein to any specific commercial product, process, or service by trade name, trademark,
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom-

mendation, or favoring by the Llmte_l btates Government or any agency ther_f. Th_ vi_,_
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The energy lost as radiated light must be replaced by the RF System. For an

intense light source even more power is needed. The APS storage ring RF power

will be 3 M watt for a 300mA, 7 GeV stored beam. Since so much power is

needed, the accelerating cavity design is optimized for high voltage with low

power, i.e., the shunt impedance is maximized. Cavity optimization leads to

higher frequencies, typically 500 MHz range, than previous (proton) accelerators.

These higher frequencies are above the usual electron tube (tridoes & tetrodes)

capabilities. Klystrons, usually used above 1 Gt_z, were developed to operate at

500 MHz, then 352 MHz and for CW operation.

For the low-levelRF components,both amplitudeand phase modulation circuitry

is necessary. Maximizing the cavity impedance reduces the power for a given

accelerating voltage. And for large beam currents needed for bright light sources,

the beam current is larger than the source (Klystron amplifier) current. See

Figure 2.1.

3. Project Description

The Advanced Photon Source (APS) at Argonne National Laboratory (ANL) is a

high energy synchrotron x-ray source which provides at least a 100-mA beam of

low-emittance,7-GEV positronscapableofbeing storedforatleast10 hours. The
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APS facility is specifically designed to optimize the use of insert, ion devices (IDs)

because of the extremely high brilliance of the radiation produced by these

devices. The lattice structure is a 40-sector Chasman-Green lattice which allows

the stored beam to pass through insertion devices (undulators and wigglers) in

the storage-ring. The photon beams produced in these straight sections contain

fundamental x-ray energies up to 20 keV. In addition to these insertion device

beams there are also available up to 35 photon beams fromthe bending magnets

in the storage-ring. A layout of the Advanced Photon Source facility is shown in

Figure 3-1.

The overall APS anatomy structure, the motion path of the positrons and the

production of x-rays, are illustrated in Figure 3-2.

Even though the design energy of the stored positron beam is 7.0 GeV, the

technical components of the facility are capable of produmng stored beam energies

up to 7.7 GeV. The design goals az, d specifications for the technical/facilities, are

listed in Table 3-1. Reliability_ stability and flexibility are emphasized in the

designs of the components of the APS facility.
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The Injector System is designed to fill the storage ring with a 7-GEV positron

beam to at least 100 mA, in less than a minute (~ 50 s). The major components of

the injector system are:

Linac

Low Energy Transport Line

Positron Accumulator Ring

Injector Synchrotron

High Energy Transport Line

A layout of the injector system is shown in Figure 3-3 and the design performance

specifications are listed in Table 3-2.

The APS storage ring lattice is a Chasman-Green type containing dipole magnets

for bending and quadrupole magnets for focusing the circulating positrons. Each

magnet is individually powered. The ring contains 40 dispersion free straight

sections, of which, 34 are available for insertion devices.
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The storage ring receives full energy positrons from the injector and stores them

as a low emittance beam of more than 100 mA for times greater than 10 hours.

During the storage time, the beam is maintained at stable positions in the

straight sections that contain insertion devices. A layout of one of the APS

storage ring sectors is shown in Figure 3-4.

The function of the storage ring is to confine a 7 GeV positron beam to circulate

stably around the ring. The very narrow and high intensity beam radiates

synchrotronradiationsofhigh brillianceand overa wide range ofwave lengths.

The general design performance parameters of the storage ring are given in Table

3-5.

4. X-ray Production

Fast-moving,chargedparticles,such as electronstravelingvery closetothespeed

of light, radiate energy when an electromagnetic force causes their direction or

speed to change. This radiation is emitted in the forward direction in a very

intense, narrow beam. In synchrotrons, magnetic fields bend the particles' path,

and photons ranging in energy from the infrared to the x-ray region of the

electromagnetic spectrum are emitted. See Figure 4 - 1.
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Through the use of wigglers and undulators, Argonne's Advanced Photon Source

will produce x-ray beams in the energy range from 1 to 100 keV that are 10,000

times more brilliantthan those availablefrom bending magnets atBrookhaven

National Laboratory's National Synchrotron Light Source (NSLS). Other

synchrotron lightsourcesdepictedare proposedI-2GeV undulatorsatLawrence

Berkeley Laboratory, NSLS X-1 at Brookhaven, PEP undulator at Stanford

University, and the SPEAR 54-pole wiggler at Stanford. See Figure 4-2.

The storage ring receives full energy positrons from the injector and stores them

as a low emittancebeam ofmore than I00 mA fortimes greaterthan 10 hours.

During the storage time, the beam is maintained at stable positions in the

straight sections that contain insertion devices. A layout of one of the APS

storageringsectorsisshown inFigure3-4.

The function of the storage ring is to confine a 7-GEV positron beam to circulate

stablyaround the ring.The very narrow and high intensitybeam radiatesstably

around the ring. The very narrow and high intensity beam radiates synchrotron

radiationsofhigh brillianceand overa wide range ofwave-lengths.The general

design performance parameters of the storage ring are given in Table 3-3.
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5. Linac

The Linac System consists of three major components:

1. The Electron Linac

2. The Tungsten Positron Production Target

3. The Fositron Linac

The general aesign specifications of the linacs and their beam parameters are set

by the requirements of the system and the acceptance of the Positron

Accumulator Ring (PAR). A layoutofthelinacsystem isillustratedinFigure5-1.

The design performance specifications for the linac system are listed in Table 5-1.

The electron linac accelerates an electron beam to 200 MeV with 1.7 A output at a

: 60 Hz repetition rate. Each linac macr_pulse is 30 ns long and contains 50 nC of

electrons by the process of multiple nuclear scattering.

= Positrons are produced when the 200 MeV electron beam impinges on a 7 mm

thick tungsten target. The positrons are focused by a solenoid field magnet and

accelerated to 450 MeV in the positron linac. With each pulse of 50 nC of

electrons, 0.42 nC of positrons are produced within the acceptance of the positron

linac and 0.25 nC (1.5 x 109 positrons) are accelerated to 450 MeV.
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The positron accelerating sections are constant-gradient, traveling-wave, exactly

likethe electron sections. Care has been taken to keep the positron beam

diameter smaller than 13 mm by using a focusingsystem similarto those at

DESY and LEP, This ensuresthat the positronbeam isinjectedintothe PAR

with minimal loss.Linac parameters arelistedinTable 5-2.

The option of injecting into the synchrotron 300 mA of electrons with energies up

to 650 MeV can be done by withdrawing the positron target, rephasing the

positronlinacand reversingthe focusingsystem.

In Figure 5-1,an Energy Compression System isshown as a set of devices

forminga small curveinthe positronbeam linebetween the linacand PAR.
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ENERGY GAIN CALCUI.ATIONS

For - Klystron Peak Power 35 MW

- Frequency of Operation 2856 MHz

- R.F. Pulse Lengt_ (Flat-top) 5 _s

- Fill Time (waveguide) tF 0.8 us

- SLED Energy Gain Factor 1.78
(with 4 us stored and
then 180" phase reversal.
e± injection between
4.75 us + 4.8 us)

- SLED Power Gain 7.9 dB

- Efficiency Factor
(ibr 0.24 dB loss in 30'
RFW + 7 flanges) 0.95

j Figure 5-2 illustrates the planned power distribution for the e" and e + linacs.
Note that Klystrons II, IV, and V utilize SLED resonators.

For Klystrons I & III

Input Power = (35 MW-4MW) (.95) _ 29.5 MW
-_ Note: (4MW to Buncher elements Klystro_ I)

(4MW to Energy Compression Klystron III) (if used)

Energy Gain = 58.8 MeV

For Klystron II, IV, and V (SLED):

Input power into each section = (35 MW) (.95) = 6.3 MW4

Energy Gain of each section = 222 MeV

The accelerating structures to be u_ed will be of the SLAC type. Presently, RF

windows will be employed to separate the RF power transmission waveguide

vacuum from the accelerator structure vacuum.
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To maintain the correct resonant frequency when RF power is applied, the phase

of the structure will be measured and the temperature of the cooling water will be

varied.

The accelerating structures are traveling wave constant gradient structures

consisting of 86 cavities with an overall length of 3.05 m. The accelerating

structures will be the same in both the electron and positron linacs. Figure 5-3

shows the preliminary drawing, and Table 5-3 lists the preliminary parameters

for an accelerating structure.

The klystron modulators is a "line-type," using a capacitance-inductance network

(pulse forming network, or PFN) constructed so as to simulate electrically a

transmission line. A block diagram of the modulator is shown in Figure 5-4. The

main pulse and charging circuits have been also drawn in schematic form. Table

5-4 lists the major parameters.

A_er each output pulse the PFN capacitors charge to approximately twice the DC

power supply voltage due to the resonant charging characteristics of the charging

transformer and the total PFN capacitance. The PFN capacitors retain this

voltage level until the hydrogen thyratron tube is triggered. Once this occurs, the

PFR capacitors discharge through the primary of the pulse transformer.
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The value of the charge placed on the PFN can be regulated either by "Dequing

systems" in conjunction with the silicon control rectifier (SCR) and the char_ng

transformer,or by a tetrodevacuum tube switch between the DC power supply

and the P.F.N.

6. PositionAccumulator Rin_ (PAR) RF System

There aretwo RF systemsinthePAR. One operatesat9.8MHz, and the otherat

117 MHz. Each consistsofone cavity,one RF amplifier,and associatedcontrol

circuitry.The controlsystem alsosynchronizesoperationwith the linacduring

injectionand withthe injectorsynchrotronduringextraction°

The linacbeam isinjectedintothe 9.8-MHz bucket. The synchronous phase

angle isabout 175 ° tocompensate forradiationlosswhile the bunch isdamped.

When the bunch isdamped sufficiently,the 117-MHz system isturned on, and

furtherdamping occursuntilextraction.

The 117-MHz system isdeactivatedduring the first450 ms ofthe 500-ms PAR

cycle to prevent self-bunching of the beam at 117 MHz.

The parameters of the PAR RF System are given in Table 6-1.
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6.1 Fundamental Frecmency _ System
i

The cavity is a folded quarter-wavelength, coaxial re-entrant type that is

capacitively loaded to resonate at a frequency of 9.8 MHz. Figure 6-1 shows a

half section of the cavity, and the parameters are listed in Table 6-2.

The cavityismade of aluminum with a ceramic Cylinderacrossthe

acceleratinggap forvacuum isolation.Only the beam tubeisevacuated,

keepingthevac1_umsystemcostlowand avoidingmultipactoringproblemsin

thebulkoftheca-rity.Finetuningwillbe doneby a capacitiveadjustment

locatedatthe loadingcapacitor,,No high-order-modesuppressionis

presentlyincluded,althoughports,areavailableand couldbe usedformode-

damping circuits.

The power amplifierwillbe a commerciallybought5 to10 kW amplifier.

Two amplifierscan beused if'thissavesmoney and/orincreasesreliability.

The powerampl_,_erislocatedoutsidetheshieldwallbutcloseenoughtothe

ca_dtytomimmize resonances in thetransmissionline.



Since beam loading is incremental, with 24 linac bunches injected over a 400-

ms period, a modest feedback control system keeps the cavity voltage

constantand the yJoweramplifierloadimpedance real.Programming ofthe

power _unplifier'inputvoltage,and cavityfinetuning isincludedtooffsetthe

transientfrom each injectedbunch. Feed-forwardtechniquescan be added if

necessary (see Figure 6-2).

Pertinent parameters willbe monitored, digitized,and interfacedtothe

Injector Control System for status monitoring.

Similarly,Control System commands willbe interfacedto the various
w

amplifiersforstatuscontroland to some extent forsynchronizationwith

lin!:_cand injectors)rnchrotron.

6.2 TwelRh-Harmonic RF System

The twelfth-harmonic cavity is a half-wavelength coaxial cavity slightly

foreshortenedby the acceleratinggap capacitance.The cavityismade of

aluminum with the vacuum seal at the acceleratinggap to minimize the

cacuum volume and multipactoringdifficulties.The cavityistunableovera

range ofI M_Lz.
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The cavity is electronically adjusted during operation, of the 9.8-MHzcavity so

as not to interact with the beam, since only the fundamental cavity is used

during the in_ection time of the PAR cycle. PIN diodes are used to connect

resist Jrs into the cavity to lower the gap impedance by at least a factor of ten.

Ifneeded,the resonanceisshiftedaway from 117 MHz by similarPIN diode

switches connecting a reactanceintothe cavity.Also,higher-order-mode

suppressionisimplemented sothatthe beam isundisturbedduringoperation

of the cavity (Figure 6-3).

The power amplifierislocatedoutsidethe shieldwall,a.'C.power isfedtothe

cavity via a coaxial cable. This is a 2-kW amplifier (1600 watts for resistive

loading). If beam and feedback control circuitry work well enough, the

resistiveloadingmay be removed. IfRF feedback isneeded,thisamplifier

couldbe mounted on the cavitytominimize phase delayat 117 MHz. 1

When the cavityisswitched from a passive(imitatinga beam pipe)toan

activesta_,beam loadingisrapid.A fasttuningand voltagecontrolsystem,

includingfeed-forwardtechniques,isused. Large induced voltages(224kV)

are avoided with programmed tuning. Figure 6-4 shows the control circuit

for the cavity with both feedback signals from the cavity and feed-forward

signals from a beam monitor. The amount of circulating beam controls the
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program signals to the power amplifier and to the tuning device, so that as

the cavity is turned on for the last 50 ms of the PAR cycle, the accelerating

voltage has the correct phase with respect to the 9.8-MHz bucket and the

power amplifier sees a real load. The program can be a learning (adaptive)

program to monitor the feedback error signals and adjust the program to

minimize the errors. This correction can be done in several ways: over many

PAR cycles, using only the last PAR cycle, or _sing a weighted running

average. Using a correction signal improves the operation of the cavity; thus,

for a given tolerance on, cavity parameters, the feedback loop dynamic range

and gain can be smaller.

The unloaded shunt impedance of the cavity is 2.0 M_ and the maximum

twelfth-harmonic beam current is 112 mA, so the maximum induced voltage

without compensation due to the beam is 224 kV. The RF amplifier produces

a 30-kV accelerating voltage, and the total current without compensation

would cause the voltage to be 82.4" out of phase with the empty ll7-MHz

buckets and the 9.8-Hz bucket, Since only 222 W is needed to power the

empty cavity, resistive loading is added to the cavity to lower the shunt

impedance and reduce the phase shift between beam current and generator

current. This makes the programming and feedback systems less sensitive to

variations in beam loading and increases the stability c f the feedback system.



The 352-MHz frequency _ource is a synthesizer with direct digital synthesis

(DDS) capability and resolution of 0.1 Hz. The DDS has phase continuity

when switching frequencies so that no transient is present to disturb the

stored beam. Switching is done by the control computer via a parallel bus.

The correction signal is derived from the bunch signal in the storage ring•

Two other synthesizers are referenced to the 352-MHz source, one for each of

the PAR cavities (see Figure 6-5).

Since the rotation frequency, 9.8 MHz, of the PAR is not an exact multiple of

60 Hz, the linac is triggered by the PAR control system at a nominal 60-Hz

rate. This ensures that the subsequent linac beam pulses are in the same

place in the bucket as the first beam pulse.

Similarly, the PAR is synchronized to the synchrotron RF at extraction so the

bunch is correctly placed with respect to previous bunches in the 352-MHz

buckets.
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7. Synchrotron RF System

The injector synchrotron RF voltage is produced by four five-cell cavities

operating at the storage ring frequency of 352 MHz, the 432nd harmonic of the

revolution frequency. Injection is into a stationary bucket with a peak voltage of

100 kV. The RF voltage increases to match the synchrotron radiation losses as

the beam energy is increased. At extraction, the RF voltage is 10.4 MV, and the

synchrotron radiation loss per turn is 6.38 MeV. The energy gain per turn is

negligible compared with the synchrotron radiation losses. Table 7-1 lists the RF

related parameters of the synchrotron. Figure 7-1 shows the physical layout with

two cavities on each side of the synchrotron. The four cavities are driven by a

single 1-MW klystron identical to those used for the storage ring.

The cavities for the 352-MHz injector synchrotron rf system are essentially copies

of the LEP/PEP 2,3 five-cell, k/2 resonant cavity. Each cell has a 10.0-cre

diameter beam hole with a reentrant nose. The cell length is k/2(426 mm). The

radius from the center line to the inside of the outer shell is 30.2 cm. The cells

are magnetically coupled with two off-axis slots. The five-cell structure is loop-
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excited in the center cell using a post-coupler from the WR2300 waveguide.

Tuners are locatedinthe two cellsadjacenttothe centercell.Vacuum separation

between the waveguide and the cavity is a cylindrical ceramic window

surroundingthe waveguide post. The cavitybody ismade from forgeddisksand

forgedseamless cylindersofcopper.These are machined toclosetolerancesand

electron-beamwelded. See Figure7-2and Table 7-2.

The cavityisfittedwith two 220 I/sion pumps on the two outermost cells.After

the cavityhas been RF processedtofullpower, thisamount ofpumping capacity

shouldmaintainthe beam path volume ofthecavityat10"10Torr orbetter.

The 352-MHz system for the injector synchrotron is essentially the same as the

352-MHz RF system forthe storagering.The same kind ofklystronisused,but

optimized to achieve a maximum efficiency of 65-70% at 700 kW instead of I MW.

A circulator protects the klystron from reflected power, Static phase shifters are

used to adjust the phase to the four cavities.

The klystron which is used for the RF power amplifier is manufactured by two

European companies and were developed by CERN in Geneva. A photo of the

klystron is shown in figure 7-3. 'l_le ldystron operates with a negative voltage on
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the cathode in the range of 100 kV. The body and all accessible outer surfaces of

the klystron are at ground potential. The RF drive power is applied to the first

klystron cavity (nearest the cathode) and the output power is coupled out of the

last klystron cavity, then to the waveguide which is atop the klystron.

The klystron power supply must power all the elements of the klystron; these

include the cathode heater power, the modulating anode power, the focusing

magnet power, and the klystron beam power. The power supply system also

includes equipment and personnel protective interlocks.

The P_" system is under active computer control and is continuously monitored by

the main control computer. The five cells of the cavity each have field monitors.

The monitors are added in phase and the resultant signal is compared with a

digital phase meter to the driving signal. The digital phase information goes to

the control computer, the computer adds an offset to maintain the proper voltage

amplitude and phase. The computer then controls the two tuners of each cavity

to keep the cavity tuned in the presence or absence of beam loading. The

monitoring system also records the cavity temperature, cavity power, klystron

power supply and warns of hnproper operating conditions.
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8. Storage Rin_ RF System

The RF system must generate adequate voltageand power to compensate for

synchrotron radiation from the dipole magnets and the insertiondevices,

excitationofparasiticmodes by the beam, and overvoltageforan adequate beam

lifetime.Design limitsinthe storageringRF are: (a)200 kW ofRF power per

ceramic vacuum window and (b)800-kV peak voltageper'cavity,The nominal
,i

frequencyof'operationforthe storageringrfsystem is352 MHz.

The RF system uses 15 single-cellcavities.These are the same type ofcavities

used at the Photon Factory inTsukuba 4 and the SRS in Daresbury.5 Three 1-

MW klystrons power the cavities. Each klystron drives five cavities. Each group

of five cavities is located in a 6-m straight section. A third-harmonic cavity,

operating at 1056 MHz and 1.8 MV, is located in the 30th straight section after

injection.The RF parameters are listedin Table 8-1,and the parameters ofthe

beam and RF system in Table 8-2.

Figure 8-Ishows the crosssectionand dimensions ofthe single-cellcavityused

forthe storagering. Calculationswith the computer program URMEL 6 and

estimatesmade by scalingfrom the Photon Factorymeasurements indicatethata

single cavity can develop 800 kV with 62 kW of copper loss and with a peak

electric field at the copper surface of 5.9 MV/m.
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Each storage ring cavity has four 14'cm- and two 12-cm-diameter ports, One

port is used for the coupling loop which is post-excited from a WR2300 waveguide

(can be adjusted) for coup|ing-coefficient. The post is vacuum-sealed from the ab'-

filler waveguide by a cylindrical ceramic window. The second port is fitted with a

tuner of the plunger type (Figure 8-2) and has an ll.5-cm diameter and a ± 6.0-

cm travel as shown in the graph in Figure 8-3. This results in a frequency-tuning

, range of 1.0 MHz _o compensate for beam loading and temperature effects. A

third port is used for vacuum pumping. Two 14-cre ports are the beam ports.

._n antenna and a loop coupler with a band-stop filter for the_fundamental

frequency are placed in two 50 cre-diameter ports, 90 apart, in order to suppress
_

higt_-order modes. A list of the lowest higher..order modes with their undamped

i shunt impedances and Q values calculated with URMEL is given in Table 8-3.
4

The frequencies agree closely with values scaled from measurements on the 500-

- MHz cavities at the Photon Factory; hybrid modes are expected at 482.3,580.5,

: 749.6, 796.5 and 871.5 MHz. These modes cannot be verified with any of the

cavity computer programs, since these programs do not calculate hybrid modes.

= The antenna- and loop-damping couplers are successful in eliminating the effects

. of the higher-order longitudinal and transverse modes on the stored beam.

z
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The center-to-center spacing of the cavities is 0.852 m. The waveguide lengths

are adjusted to phase the cavities with respect to the beam, and mechanically d

tunable phase-shii_ers are used for fine tuning of the cavity phase (_ 1.0 degree).

A 1-MW klystron drives five cavities. A block diagram for the five-cavity

arrangement is shown in Figure 8-4. From the klystron, the power is divided

equally to the five cavities. The power is fed to the cavities in a waveguide

directional coupler system.

Elevation and plan views of adjacent cavity,, waveguide, and klystron systems in

an RF power building are shown in Figure 8-5.

The coupling loop on each cavity is adjustable to change the coupling constant

: from about 1.0 to 5. Since the circulators and klystron can safely handle large

amounts of reflected power, the loop is normally set for optimum operation at the

highest expected beam current during the operating period. This implies that the

loop is overcoupled for lower currents, which will result in reflected power. The

feedback loop that drives the tuning plunger works on only the reactive element

of cavity input impedance. The klystrons with circulator can handle the reflected

power from overcoupling at power levels below the maximum point in the

designated operating cycle.
4



o e

Table 8-4 lists the operating parameters for the Thomson-CSF TH2089

klystrons. The YK 1350 klystron available from Phillips-Valvo has similar

characteristics, and either tube could be used. A total of three 1-MW klystrons

are required for 15 cavities.

The RF power delivered to the beam via the cavities can be much larger than that

used to excite the cavity to the required voltage. The highest coupling constant

between drive loop and the cavit',, alone, _, required is about 4.5. The cavity

coupling will be adjusted to give a matched condition at the circulating current.

It is necessary to compensate for the reactive component of beam loading. This is

done prior to beam injection by detuning to comply with the requirement of the

Robinson instability criterion. 7 For stability,

[1/(1 + _)] (Pb/Pc) < 1.

The required amount of detuning from the no-beam condition to the fuUy loaded

condition is

Af-- (frf/2Qo) x (Pb/Pc) x cot (phase angle)
]

- (352 x 106/2 x 40 x 103) x (176/39) x cot (51.2) = -15.91 khz.
q

(Note that beampower is 4.5 times the cavity power.)



This detuning coveragecan easilybe handled by the tuning system,which has a

range ofI MHz. Detuning requires additionalpower. After beam fillingis

completed,the cavitiesaretuned closertoresonance,and the Robinson instability
i

iscounteractedwith dynamic feedback viathe low-levelcontrols.The low-level

loopsarefastenough forthisapplication.

Klystron beam power is supplied by a 95-kV, 20-A mult{phase rectifier with

± 0.5% rippleand regulation.A modulating anode supply isused tomaximize

efficiency.The klystronisfullyprotectedby an electroniccrowbar and arc

detectioncircuitiT.
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Conceptual design 8 was complete in 1987 and detailed designs are being done

until 1993. Both a Linac Test Stand and a 352 MHz RF Test Stand are being

built. Two views of the RF Test Stand are shown in Figures 9-1 and 9-2. The

Linac Test Stand will be built in early 1991, for testing the electron guns and one

three-meter section of accelerating waveguide.
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Table 3-1

Design Goals and Specifications for the

Technlcal/Facilities of the Advanced Photon Source

DESIGN PARAMETER C 0 M M I S S I 0 N I N G
GOALS

Linac Energy (e') 200 MeV
Linac Energy (e +) 450 MeV
Synchrotron Energy 7 GeV
Storage Ring Energy 7 GeV
Storage Ring Beam Current 20 mA
Beam Lifetime >3 h

Undulator Fundamental Energy Range (Nominal) 4-14 keV

DESIGN PARAMETER OPERATIONAL GOALS

Beam Energy 7 GeV
Beam Current 100 mA
Beam Iifetime > 10 h
Number of Bunches 1-60

Bunch Duration 50-100 ps
Horizontal Emittance 10 nra. rad

Number of Straight Sections 40
Straight Section Length (for IDs) 5 m





Table 3.2

Design Performance Specifications for the Injector System

Electron Linac Output Energy 200 MeV

PositronLinac Output Energy 450 MeV

Linac RepetitionRate 60 Hz

Injector Synchrotron Output Energy 7 GeV

SynchrotronRep.Rate 2 Hz

=i



Table 5-1

Design Performance Specifications for the Linac System

Electron Linac

OutputEnergy >200 MeV

Output Current 1.7 A @ 30 ns

Repetition Rate 60 Hz; 24 contiguous 16.7 ms
apart every 1/2 s

Spot Size < 3 mm diameter

Longitudinal Bunch < 15"

Emittance (95th Percentile) < 1.2 mm-mrad at 200 MeV

Energy Spread AE/E* < ±8%

Positron Linac

Input Energy 8 MeV

Output Energy 450 MeV

AE*
Ea_ergy Spread, -_

(95rh percentile) < ± 0.01

Transmission Efficiency _ 60%

Emittance (9Sth percentile) 6.6 mm-mrad

*The ener_,: spread and the emittance are significant only to the extent that a
3 mm diameter beam spot size is not achieved at the positron converter.





Table 3-3

Design Performance Goals and Parameters
for the Storage Ring

Nominal energy 7.0 GeV

Nominal circulatingcurrent,multibunch I00 mA
Nominal number ofstoredpositrons,multibunch 2.3x 1012

Maximum circulating current, multibunch 300 mA
Maximum number of stored positrons, multibunch 6.9 x 1012

Maximum circulatingcurrent,singlebunch 5 mA
Number ofstoredpositrons,singlebunch 1.2x 1012
Harmonic number 24 x 34 = 1296
Natural emittance 8.2 x 10 -9 m-rad

Natural energy spread, rms 9.6 x 10 -4
Energy spread, rms, at max. bunch current 2.9 x 10 -3
Bunch length, rms, natural 5.3 mm
Bunch length, fwhm, natural 27.5 ps
Bunch length, fwhm, maximum bunch current 72.,5 ps
Max energy _ 7.7 GeV
Beam lifetime, mean-life

Gas scat., 8-mm vert. gap,
1 nTorr 75% H2 & 25% CO 76 h

Touschek, maximum bunch current 190 h
Filling rate 4.3 x 1010 e+/s
Filling time

Multibunch, to 100 mA 0.9 rain
Singlebunch, per 5 mA bunch 2.7 s
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Table 5-2,
t

Parameters of the Linacs

a. General

Linac e- 200 MeV
Linac e+ 450 MeV
Frequency 2.856 GHz
Total number of TW accelerating

sections 14
Number of klystrons with SLEDS 3
Number of klystrons without SLEDS 2

b. Linac e"

Gun voltage 100 kV
Prebuncher I, type SW,
single-gap re-entrant cavity

Buncher, TW, beta = .75
6 cavities long

Number of TW accelerating sections 5
Pulse repetition rate 60 Hz (24 contig-

uous 16.7ms

apart every
1/2 s)

Beam pulse length 30.0 ns
Pulse current (output) 1.7 A
Emittance, 95 percentile < 1.2 mm-rad
Bunch length (90% of particles) 15°
Energy spread (Z_E/E) +-.0.08

c. Target

Target material Tungsten
Target thickness, (2Xo) 7 mm
e" beam diameter on target < 3 mm
Average incident power 500.0 W
Pulsed solenoidal field 1.5 T
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Table 5-2 (Cont.)

Conversion_efficiency e+/e- 0.0083
Mean energy of positrons from target 8 MeV
for 200 MeV incident electrons

d. Linac e+

Linac output energy 450 MeV
Linac output current 8 mA
Emittance, 95th percentile 6.6 mm-mrad
Energy spread, 95th percentile _ 0.01
Transmission efficiency z 60%
Number of TW sections 9
Overall e+/e conversion efficiency 0.005
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Table 5-3

Accelerating Structures
(SLAC Type Accelerating Structures)

Type of Construction Constant
Gradient

Operating Frequency 2856 MHz

Number of Sections 5 e" ; 9 e+

Overall Length of SectiozLs, 1 305 cm

Number of Cavities Per Section 86

Phase Shift 2
3

Field Attenuation, r .57 Np

Shunt Impedance for Fundamental ro 52 - 60 M_m

Q 13,000

Filling Time t F = 1/Vg .83 x 10 -6 s

Waveguide Diameter, 2b 8.3461 - 8.i793 cm

Iris Aperture Diameter, 2a 2.622 - 1.9235 cm

Disc Thickness .5842 cm

Klystron Peak Output Power Rating 35 MW
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Table 5.4

Power Supply Parameters

Peak Power Output 100 MW

Average Output Power 36 KW arc

Output Pulse Voltage Peak 315 kV

Output Pulse Current, Peak 315 A

HV Pulse Flat-top Width 5 us

Voltage Rise-time int_ klystron load 700 ns

Pulse .Repetition Rate 60 Hz

=

i



tf •
m

Table 6-1

Parameters for PAR RF Systems

RF Systems

System I

Frequency, f 9.77584 MHz

Harmonicnumber, h 1

Peak Voltage, V 40 kV

Synchrotron frequency, fs 19.0 kHz

Natural bunch length (damped) 0.92 ns

System II

Frequency, f 117.3101 MHz

Harmonic number, h 12

Peak voltage, V 30 kV

Synchrotron frequency, fs 60.2* kltz

Natural blinch length (damped) 0.29* ns

*System I and II both ON
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Table 6-2

PAR Cavity Parameters

Parameter First-Harmonic Twelfth-Harmonic

f (MHz) 9.7758 117.309

V (k"Ts 40 30

Type k/4, loaded )42

Length (m) 1.8 0.9

Zo (9) 50 50

Power (kW) 4.70 0.222

R s (kg) 170 2020

Q 7,630 25,300

r [= 2Q/w] (us) 248 68
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Figure 6-3 Schematic of Twelfth Harmonic (ll7-MI-Iz) Cavity
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Table 7-1

Injector Synchrotron ._t_' l_aramezers

Parameter Value Unit

Circumference 368.0 m

Revolution Time 1.228 _s

Injection Energy 0.45 GeV

Nominal Energy 7.0 GeV

Maximum Energy 7.7 GeV

Repetition 'rime 0.5 s
Acceleration Time 0.25 s

Energy LossPer Turn at 7 GeV 6.38 MeV/turn

Average Beam Current 4.7 mA

Energy Gain per Turn 32.0 keV
RF Parameters

Frequency, f 351.930 MHz

Harmonic Number 432 h

Voltage, V, at 7 GeV 9.5 MV

Synchrotron Frequency, fs,
at 7 GeV 21.1 kHz
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Table 7-2

Parameters for the Five-Cell, k/2, 352-MHz Cavity

Parameter Value Unit

Bore-Hole Diameter 10.0 cm

Cell Length (center line to center line) 42.49 cm

Cell Length (inside of cell, wall to wall) 38.9 cm

Cell Radius 30.2 cm

Number of Cells 5

Active Length of Cavity 2.12 m

Total Length of Cavity 2.32 m

Shunt Impedance per cavity 55.3 M_

Average Accelerating Voltage 1.39 MV/m

Total Power Required 546 kW

rf Power @ 2.95 MV/cavity 156.9 kW





Table 8-1

Parameters of the RF System

Harmonic number 1296

RF frequency 351.929 MHz

Peak voltage per turn 9.500 MV
Number of cavities 15

Cavity parameters:
Max voltage (estimated) 1.00 MV
Shunt resistance 5.60 M ft

Max power 89.2 kW
Quality Factor, Q 48.6 103

Operating values: 7 GeV 7GeV 7.5 GeV
100 mA 300 mA 200 mA

Voltage per turn 9.5 9.5 12.0 MV

Voltage per cavity 633.3 633.3 800.0 kV
Power per cavity 35.8 35.8 57.1 kW
Total power 537.0 537.0 856.5 kW

Beam power per cavity 46.0 138.0 117.3 kW
Stun 81.0 173.0 174.3 kW
Q (loaded) 21.1 9.87 16.0 103
Bandwidth (loaded) 16.7 35.8 22.1 kHz

Power lost (source to cavity) 8.1 17.3 ],7.4 kW
Source power 1.34 2.85 2.87 MW

3dB bandwidth of cavity alone = 7.23 kHz
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Table 8-2

Radio Frequency and Beam Parameters for
7-GEV and 100-mA Operation

Frequency 351.929 MHz
Harmonic Number 1296

rf Voltage 9.5 MV
rf Voltage per Cavity 633 kV
Number of Single-Cell Cavities 15
Synchrotron Radiation Loss per Turn

(bending Magnets) 5.45 MeV
Parasitic Voltage Loss 0.20 MV
Voltage for Insertion Devices 1.25 MV

sin Cs 0.73
Number of Klystrons 3
Power at 7 GeV and 100 mA ' 1.27 MW
Installed Power 3.0 MW

With 5.0 mA per Bunch:

Energy Spread, aE/E 0.29 x 10 -2
Bunch Length, a 17.5 mm

rf-Bucket Height, AErfrE o
(with ID and estimated parasitic losses) 2.0% = 7 oE/E

Synchrotron Frequency 1.96 khz
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Table 8-3

Shunt Impedances of Some of the Higher-Order
Modes of the Single-Cell Spherical Cavity

Shunt Impedance
Frequency (undamped) Q

MHz MR (undamped)

353.0 11.23 48,600
743.0 0.03 41,630
925.0 1.25 108,800
1174 0.33 43,450
1330 0.03 129,000
1511 1.09 88,130
1654 0.07 45,770
1679 1.06 46,260
1842 0.33 121,250
1972 2.98 54,850
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Table 8-4

Parameters for the Thomson-CSF

TH 2089 1-MW, 352-MHz Klystron

Operating Frequency 352 MHz

Mechanical Tuning Range with Respect

to Center Frequency ±3 MHz

Continuous Output Power 1.0 MW

ReflectedPower,Maximum 16.6 kW

Drive Power, Maximum 200 W

Gain, Minimum 40 dB

Gain, Typical 41 dB

Efficiency 65-70 %

Beam Voltage 90 kV

Beam Current 18 A

Length (horizontal position) 4.8 m

Height (horizontal position) 1.85 m

Width 1.0 m

Output Waveguide WR2300














