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ABSTRACT ns). The AGS injection fast kicker system has three

The Brookhaven AGS Boce_ had a very sue- pulse modulator), and e_c,,h modulator cotm'h)t_ of
cesdul eommiuiont_g p_a_od i_ June 19_l. The two thyratrom_. The m_in PFN thyratron_ swi,tch
third ph-J_ of that oo_o,aiag was a beam on the current, and _he _ bitting thyratromR are
exu'_tion test. TheBooe_ _oa fret kiek_ uaed to 'tor_ethemaCmc¢mu_mt, to decre_
(F3) defle,;ted a 1,2 Gev proton be_,m from the rapidly. Two digi+al pulse delay geueratom are
Boos_t_ ciIPcu[at_a$ orbit mto the extraction septum to align the main +th_ and the tail bitting
aperture, partially dow** the _tr4ctiom l_e to a thyratrons res@_c'tively. The _ystel hu be_ tested
temporary b,e_m stop, Now, the Booster i_ commit- a_d it_talled. The final commi_oning of the
ted to the AGS op_tiom program for both hear7 Bo:_t_ to, AGS beam t.rm_er line lad injection is
ion and proton beams. Thua, the Booster extraction currently being undertakm.

and t, +`¢_¢spondha_; AGS inj_t_on _yst_ms mm_t In thi_ _rti_|e, th_ _t¢m d_,p, rm_lis+_ion
operate routinely up to a pu_ rcpet_tkm frc_.uvaey tech niqu_ and p_nCormaace data will be presented.
,of 7,5 He.rts, and up to a beam energy of 1.5 Gev,
The injection f_kicker i_ located in the A5 section INTRODUCTION

o,f the AGS ring _l i_ _ to ddlect the p_toa or The AO_Bovster operation undertaken this

heavy ion beam _nto it4 final AGS clo_ed orbit, spring: ha_ s_ccmfully accelerated _ilico,n i,oms,gold
The Boo0_ axtractioo and the AGS inject,ion ion_, and p.roton_, which marks the beginning of the

f_st kickers are both multi+module sTs,_ems.AJ_o, new era of the AGS hLgh energy physics and nuclear
they both serve tJ_edual-functionof deflectingthe physicsprogram& As a major pm_tof theoperating
protonor heavy _on b.c_m_,w_ch requirea change program, the Bo_,terto+AGS tr_fer fastkicker

inpulser_ time,Amplitude, fiat top duration, _nd _y_t_m_have bv¢_ rtmn,i,ngaatidactorily.

thefalltime,Fo¢ _h _y_m, tim mul_tipkmodul_ The Bo_'.tez ¢g'_+o,n f_t kicker (FS)
are srr_ngod e._tri¢_ in para/ld. _ mod_e de_ect_ the pm_icle beam _'rom the ddormed

drivesone lumped indlfietaaeep_¢ttwerframe m_#t Bo_.terorbitintotlm _1,r_t_Jn_ep,tumaperture.
sectLcm,_,ndthe m_tet_ mm_ed m_mLeaflly The p_rticlebeam i_tlmatra_portedMd matched

in series.The pul_ cm-r_t d_v_ from the _ through the _r to A_ tr_m_er linea_d

modulator cre_t_ a pulsed malefic _ld in the arrivesatthe,A_S hajectionseptum aperture,which

mague_ aperture which impm'ts an _t_tlsr inflec_ the beam into the AGS flag. The AGS inj_-
defl_c'tion to the p_g particle b_ from/into tion f_t kicker (,A_) ddiect_ the parti¢|e beam ia_
the ma_+hineorbit, theproper AGS ¢loeed-_bit.

A diatinctivefeamrvof th_AG_8 i,n_.e_ionf_t The modu_n of tl_AGS iajoctionmad the

kicker modul_tom k _e t_l-bittj,ng fua_ou Booers" _tr_tio,n fastkid_ mm bmeMly E-type
refund for pro,tonbesm injection.Thk _bl_ the pul_ forming ne_work_. R,,O eompemm.tiot_are

sys,,_m to producea fMt currentf_l t,ime(< 140 n_) treedto s.h,a|mthe frontedge of the pul_e,which

to go alongwith the high currentp.ul_amplitude imp_ov_ the puh_ ri_ time significantly.Pulse
(II00Amper_/modu+le)with a f_t rise time (<1_0

'Work_¢¢fotm®damdertl_ a_Ipi,c_of tits U.S.D,o_,_rtm,e_tOfEm_)l_. _I ,_))_ ,_.

D ISTRLSLJTION OF" I'H'I,S DC'lC:+r- -, ,,.,MENT .IS UNLtMITE_
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length change i_ accomplished by mechanieally .Seated t_y A.V. Soukas, and Y. Y. Lee). Their length
switching in or out additional PFN sections. In the axe also made different by the same ratio to result

Booster e_xzraction fast kicker, when used for proton in a nearly constant inductance per section. The
extraction, the terminating resistor is mashed to AGS injection fast kicker occupies less than a meter
the PFN impedance thus enabling a fast pulse _ in the AGS A5 straight section, where the emitt, ance
time. For heavy ion extraction, the requirement is of _he beam varies slightly. Hence, the three _ect_ons
for a higher peak current (about 1600 A/mc_iule) of the AGS _.ujection kicker magnet have been ml_de
but a slower rise time, therefore the r_i_tor is identical.

switchedto a smallervalue mismatching the PFN
impedance to gain more current. The AGS injection Multiple Module Conztructlon

fastkickerincorporatesa tailbitingsection,which In our application,the multiplemodule sys-

iirequiredonlyduringprotoninjectionto obtainffi tem has the advantageof |oweringthepeak voltage
fastpubs falltime as wellas a fastrisetime.The per module compared to a singlemodule _cheme.

basicprincipleof the hard tubetailbitingcircuitLs Thus, the modulators can be operated in air

to apply an opposing high voltage _cro_ the load without use of dielectric agents. However, it requires
magnet nearthe end ofthepuLseflat top,to force• a lotof attentionin the constructionto ensure._n_

fastdecreaseofthe magnet current.The inductively overallsystem performance.In our cases,every
stored energy in the magnet willbe extracted ttttemptwas made to produce modules that were

rapidlyand dissipatedin the load resistor.The uniform in constructiontechniques.In the Booster

main circuitdiagram of one of the AGS injection casea protbt_rpewas built,sad thiswas copiedfour
fastkickermodulJttorisshown inFigureI. timesby a constructioncrew.Thisresultedinlati_.

factoryperformance..TheAGS injectionfMt kicker

MULTIPLE MODULE SYSTEM CON- modulatorshvve much more stringentrequirement
STRUCTION AND INTEGRATION on theconstruction,becatmeoftheriseand fMltime

The AGS injectionfastkickerand theBooster requirementsand becauseof thetightspacerequire-
extraction fast kicker axe both multi-module sys- ment. Each module k constructed in a box of

terns. There are three PFN modules in the AGS approximate 12.5"x48"x60", These modules have
injection kicker system, which are connected to shown high reliabi|ity. The waveforms generated
three independent magnet sections.The Booster from the multiplemodules are fairlycloseto each

extractionkickerconsistsof fourPFN modules one other.In Figure2, the magnet currentsas seenon

foreach of fourmagnet sections.The m_gnets are current transformerpickups on the output are

lumped inductancepictureframe type.The core obtained from the threeAGS injectionfastkicker
materialisferriteand the singleturnconductoris modulators.The firstand the thirdmodules have

made ofcopper, the waveforms almost identical.The second one,

The requirementfor a fullaperturepicture locatedin the middle of the three,is slightly

frame magnet isnecessarytopermitpassageof the differentfrom theothers,becausethe magnet inthe

large si_ high intensity beams through its window middle section has more coupling inductance. This
during injection,acceJeration,and extraction.This phenomenon has alsobeen observedin the Booster

resultsin a relativelyhigh inductancemagnet, fastkickermodulators.Physically,themodvlea ase
Several techniques were used to minimize the indue- mounted as close as possible to the magnets in the
rance.The Bo0eterextractionfastkickerislocated acceleratortunnel.

in the BoosterF3 straightsection,which isabout
2.4 meter long. [n this d+istance, the beta function The System Integration

_. and the dispersion function D. change rapidly, The multiple modules are electrically linked
which deterrly_nes the horizontalemittanceof the togetherat theircontrolunit.The controlracks and

beam according to the equation the high voltage power supplies axe located in the

._ dp xi2 service buildings outside the accelerator The
le. (D.--_-)_] . The horisontal aperture master control unit is an Allen Bradley programm-tings"
requirementis 3" attheupstream end of theF3 see- able logiccontroller(PLC), which receivesstatus

tionand 4.6"atthe downstream end.To reducethe commands from a localpand or from the AGS

magnet inductance,thisemittancevaryingeffecthas main controlcomputer system.The PLC generates

been taken intoconsiderationin the designingthe the command chain to controlthe high voltage
magnet. The firsttwo sectionsof the F3 magne_ power supplies,triggerpower supplies°thyratron
have a window width of 4.0" and the other two auxiliary control power, and the modulators, lt also

have a window width of 4.8".(Thiswas firstsug- monitors,processes,and reportsthe statusof the
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equipments to the AGS main control center and the • otmlty used devices. One of the C'XII68's is probably
local display panel, more than 10 years old, and it is the only thyratron

To minimise the coupling between the which requiredadjustmenton the time delayafter

modules and between the power supplies, it is neces- the initial setup. Ali other thyratrons have been
sary ta# eliminate ali ground loops and multiple stable. Sweral C"X1168 thyratrons have arrived
commons. The AGS injection kicker system exhibits recently, the old ones will be replaced probably after
more sensativity, due to the complexity of the tail this AGS operating period is complete.
biting circuitry. In its control design, the whole sys-
tem is considered as one circuit. This helps the THE DEVELOPMENT OF THE TAIL BITE
design by developing on the principle of single point CIRCUIT
grounding, As seen by our results, this proved to be When the Booster is operating at an extrac_
effective. Both the AGS injection and the Booater tion energy of 1.5 Gev for protons, the AGS RF sy_
extraction kicker systems have achieved multiple tem will be running at 4.114 MHz frequency, which
module decoupling. Each module can be triggered corresponds to 243 ns time spacing between the
independently, while others show no misfiring, even center to center of the beam bunches. The nominal
though they are fully charged. The magnet cou- bunched beam length is 80 ns, and the maximum
piing, in these situations, does not affect the thyr_- bunch length is less than 100 ns. Therefore, the
tron holding ability, space between the end of one bunch and the begin-

ning of the other bunch is 143 rm minimum. The
The Multiple Module Synchronisation and AGS injection fast kicker pulse has to rise up
Trigger Gen_ators between the bunches, then keep fiat in order to

The high voltage trigger generators for the deflect the passing beam bunches into the AGS ring,
AGS injection fast kickers are designed and built in and then fall Aown before the earlier injected circu-
the Lab. Each trigger generator consists of basically lating beam bunches come back. ttence the bunch
a storage capacitor, charged up to 400Vdc, two spacing and length set the upper limit of the pulse
power MOSFETs in paralld as the switch, and a 2:1 rise and fall time. This fast fall time requirement
pulse transformer which steps up the pulse to 800V demands the development of the tail biting circuitry
maximum and isolates the input and output circui- for the AGS proton injection.
tries. Two types of power MOSFETs are used to The development work started with a liters.

compare the device reliability. Four trigger modules ture search, then proceeded to computer simulation,
are made of Motorola M'IWI13N50E TMOS, which and then to hardware realization. In the implemen-
ia rated at goss-.5OOVdc , and lu_-6OAl#_ee. And, tation of the tail biting circuit, it is very important
the other two trigger units u_ the Advanced Power to minimize the noise at its source, isolate the noise
Technology APTI001RIAN MOSFETs, which is paths, and shield the tail biting thyratron from
rated at VvssmlOOOVdc , and lo_-38Apwl_. The other radial electromagnetic fields, such as from the
six trigger generators have been operated for 5 fields of the main thyratron. In 1988, we built a test
months, 24 hours/day. Up to date, there is no model to study the system feasibility. This unit

failures on neither type of MOSFETs. The pulse rise used CX1154 type thyratron as the switching des-
time of these trigger units are in the order of 40 ns. ice. It was vc_rycarefully packaged and constructed.

Two SRS DG535 precision digital pulse and With some modifications, this unit soon reached
delay generators are used to synchronize tire output design expectations. In testing a module we charged
pulse of the multiple modules, Each digital delay both the main and the tail biting section capacitors
generator has four output channek. One unit is used up to 25 KV, and the unit worked in a relatively
to _,nchronis¢ ali three main thyratrons, and the stable manner.

other is used to synchronize the three tail biting The first prototype module was designed and
thyratrons. The pre-icmigation grid of the tail biting built in la_¢ 1989. lt employed either an CXII68B

thyratron hs pulse charged, which produce a longer or CXII88BD two-gap double ended thyratron as
anode delay. Therefore, the trigger pulse to the tail the switching device, and added other components.
biting thyratrons are set in advance of the main The inr#mt was to h_crease the operating range to
thyratron trigger, although the main thyratrons arc the full extent of the specification oi' the injection
turned on about 700 ns earlier than the tail biting kicker, and in addition, to add the function of the

thyratrons. In th/s way, time jitter is more depen- pulse length change to accommodate the require-
dent on each individual _hyratron. The three main ment for either proton o: heavy ion injection. How-
thyratrons, CXlI68B type, axe the new devices, and ever, in some aspects, the design became overcom-
the three tail bite thyratrons, C_XII68's, are previ- plicated, and the packaging and the auxiliary circuit



desigT_ were improper. Al_ter several design and con- t_ape, then shielded completely by a layer of copper
structionmodifications,it was improved to au tape.This electrostaticshieldwas electricallycon-

operatingrangeup to $00 Ampere inprotonmode, nectedto thecore,and from therea wireisbrought
lem than halfof thespecifiedrmage.The basicprob- to the outside.Severallayersof insulationare

lem was a falsetriggeringofthe tailbitetl_yr,_tron, placedover the coppertape to isolatethe primary
due to noisegeneratedat the initialconductionof and secondarywindings.The secondarywindingis
the main thyratron.This problem was due to aLso 20 turns,and covered by more insulation

severalreasonssuch _ theeliminationofthe thyra, materiM to separateitfrom thecase.A verycritical
tron shielding,m_ive groundingloops,low signal stepin buildingthispottedtransformeristo make

to noiseratioof thetriggeringschemeappliedatthe surethatitisfreeofairvoids.For thistransformer,
tailbitethyratroncontrolgrid,etc.In the end, we utilizeda thintwo partroom temperaturecuring

almc_t the entirehighvoltagesectionof thisunit epoxy with a settingtime of at leasta halfhour,
was disassembled,and work was stopped, and pumped itdown to -29"Hg. The transformers

The development of the tailbitingcircuit were highpotentialtestedto 40 KVI)C, whiletheir

resumed al'tsrtheearlycommissioningperiodof the insulationrequirementisinthe30 ICY pulsedrange.

AGS Boosterin June 1991.We learnedseveralIea- Duringtheinitialconductionof themain thy-

sons from the testmodel and the firstprototype ratron,the floatingsideofthe magnet willjump to

module, namely the importanceof properground- a transientnegativehighvoltage,equalto approxi-

ing, sl_eldingand noisereductiontechniques.A mately the magnitude of the mm PFN charging
secondprototypewas builtunder the strictguide- voltage.Thinstransientlastsabout one hundred

linesof takiugprecautionsinthedetailedgrounding nanoseconds,which means thata sharphighvoltage

and shieldingofallareas, pulseup to 30 KV isseenby the tailbitingthyra-

In the secondprototype,the main thyratron tron cathode..._Ithoughthe tailbitingthyratronis

high voltagesectionand the tailbitingsectionare floating,evena smMl fractionof thispulsecoupling
separatedintotwo compartments.The two thyra- couldcausean instabilityofthe thyratron.By mov-

tronsaremounted atrightanglesand shieldedfrom ing the tailbitingdamping resistorfrom the anode

eachotherby a I/4 inchthickaluminum plate.The sideto the cathodeside,itisolatesthe tailbiting
two high voltageisolationtransformers,which are thyratroncathodefrom thedirectconnectionto the

used to supply the filament,reservoir,and grid high voltageend of the magnet. This seemed

power to the tailbitethyratronand themain thy- ,.qTectivdyeliminatethe transientpulse coupling.
ratron, are located 3 feet away from the respective The maximum operating voltage in proton injection
tubes. Therefore, ali the wires from their secondary is about 30 KV in the main PFN. We tested it in
leads are run within 5/8 inch diameter copper pipes excess of 42 KV in main PFN, and the tail bite thy-
to the thyratron. The pipes are connected at one of ratron is stable without mistriggering. We also
their ends to the thyrsxron cathode or anode com- tested it with the summation of the main PFN vol-
mon. rage and the tail bite capacitor voltage up to the

maximum tube rating 70 KV. The system is stable
We also used tri-axial cables, with one end of and operates properly.

the outer shield grounded, for ali high voltage
triggers and current monitors. Ali power and control Every step we described above has improved
wires are twisted and double shlieided. Ali equip, the system performance significantly. The construe-
ment grounds are individually grounded to a single tion units duplicated from this prototype were ali
building ground point by use of 3/4 inch wide tested to the peak rating and work properly. This
copperbraid, systemhas beeninoperatingsinceearlythisspring.

The photographsinfigures2,3,4,and 5 show .some
The highvoltagetriggerpulseto thetailbite oftheresults.

thyratroniscoupledthrough a dry'type highvol-

tageisolation pulse transformer. This type of trigger The result of the tail biting performance
transformer is not available on the commercial , would be better if the main switch is a single ended
market, therefore we decided to build our own. We thyratron, which could keep the undershoot at the

used an Arnold AL 248 as the transformer core, and end of the pube within about l0 percent. In Figure
an aluminum can as the case. All the sharp edges on 6, the waveform of the tail biting circuit is obtained
the core are machined to be rounded and then using the CX1168 thyratrons as both main and tail

wrapped it completely with fiber glass tape and biting switches. The undershoot at the end of the
impregnated under vacuum with a thin epoxy. The pulse is due to PFN mismatch and pulse reflection.
primary winding has 20 turns of #18 AWG PVC Although the double ended thyratron has the

insulated wire which is covered by a layer of mylar advantage of bidirectional conduction of current for
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a mismatched network, it might not be the best ject, AI) Department, Brookhaven National
choice when the pulse undershoot is of the 'concern: Laboratory, 1988.
In the present st_tus, the pulse undershoot is toler-
able, and itwillbe compensated by the bunch-to- [2] W, Zhang, et al.,"TestFut Kickerpulser",

Proceedin_ of 7rh PulsedPower Conference,
bunch transverse damper kicker which is under con- 1980.
struction and test. In addition, the tail biting sec-
tion alternately could be a multiple section R-C net- [3] E. Frick, et al., "Fast Pulsed Ms,net Systems
work,which might resultina cleanerwaveform, forProton and AntiprotonInjectionintothe

400 GeV Proton Synchrotron',IEEE
Conference Record of 1082 Fifteenth Power

CONCLUSION Modulator Symposium, 1982.
This project has reMly been one of team work.
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work in the scheduling,construction,installation 1973.

emd operationof the systems.The greatmanage- [5] J.P. O'Loughlinand L. J.Sidler,"The End of
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Figure 1. The main circuit diagram of the AGS injection fast kicker modulator.
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Figure 2. The current wavefornls of the AGS Figure 4 (a). The main current with tail bite
injection fast kicker module A, B, and C. and the tail biting current.

Figure 4 (b). The main current without tail bile

Figure 3. The typical current waveforms and the relevant position and magnitude of
with or without tail bite, the required tail biting current.

Figure 6. The current waveform obtained
Figure 5. The magnet current waveform when using CXI168 thyratrons as both
in heavy ion mode. the main and _ biting switches.
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