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Summa ry 

An additional high power RF system has been built 
for Nimrod to provide an 8th harmonic accelerating 
field i.e. the 2nd harmonic of the main RF. Its 
purpose is to reduce the bunching factor of the proton 
beam thus increasing beam acceptance and accelerated 
intensity. In the accelerating cavity a drift tube is 
tuned over a frequency range from 2.8 MHz to 16 MHz by 
two ferrite loaded resonators. The configuration 
adopted proved to have considerable advantages over a 
self contained tuned cavity particularly for assembly 
and access, permitting economy in the use of ferrite. 
The problems discussed include that of covering a wide 
tuning range while restricting the magnetic flux in the 
ferrite, suppressing unwanted modes in the cavity and 
maintaining accurately the phase and amplitude of the 
harmonic field relative to the main RF. 

Introduction 

Up to the present time machine development on 
Nimrod has not involved major changes to the RF 
acceleration system. The improvements in quality and 
intensity of beam have been obtained I) by modification 
and reorganisation of the present system such as the 
commissioning of radial and phase control systems to 
improve RF capture and facilitate precise steering of 
the beam, the provision of phase ramping of the de- 
buncher to improve matching to the machine acceptance, 
and reorganisation of the pole face winding supplies 
to increase the useful aperture; and 2) by increasing 
the efficiency of beam control in the extraction 
process where methods such as the use of servoed 
frequency-modulating noise, and the use of thin septum 
magnets have succeeded in greatly improving extracted 
beam efficiency and effective spill time. However, 
as in al1 accelerators there are space charge forces 
limiting the intensity of beam which may be injected 
and accelerated and it is believed that no further 
increase is possible without modifying these forces’. 
To this end the system described below was designed to 
add a second accelerating field at the 2nd harmcnic of 
the main RF field. The correct relative amplitude and 
phase of this field is such as to produce a combined 
accelerating field as shown in fig. la, the harmonic 
field being produced in a separate straight section 
Giii quad r-or; :i’iiii~ Li,r md i ii RF. The acceierated 
particles receive the same synchronous energy gain/turn 
but there are now two stable phase angles $A and ,$B, 
compared wit? the normal case where the syn- 
chronous energy gain occurs at pS, The effect is to 
increase the phase acceptance area and to reduce its 
maximum ampiitude as shown in fig. lb. 

Ley us define the bunch shape as the factor B 
then B = N/N (1) 
where N Q A/2n = average part;cles/unit angle 

R SC z = maximum particles/unit angle 
A = phase stable area , rad’/sec 
2 = peaknamplitude of phase stable area rad/sec 

SO B = A/273 (2) 
here it is assumed that the density of particles in 
phase space is uniform. 

0 ilefincs tlic inverse of transverse space charge 
seen by those particles going throuqh the peak values 
of synchrotron oscillation and hence closer to condit- 
ions where loss through betatron resonance is certain. 
Ii I? can be increased then given otherwise equal 
conditions an equivalent number o particles should be 
trapped and accelerated. The method has been tried 
elsewhere’* 3 , on an experimental basis, with success. 

Fig. la 

I PHASE SPACE 

The system being installed on Nimrod is designed to 
increase B by between 321 and 47% the actual improve- 
ment depending on the programming of the magnetic field 
during the first 2 msecs of acceleration. As it is 
intended to maintain the harmonic field throughout 
acceleration the RF power required is comparable with 
that supplied to the main RF system. The new system 
is now being installed during the present annual shut- 
down on Nimrod. This paper describes the main features 
of the system, the reasons for their present form, and 
some of the electrical problems encountered, it does 
not describe the vacuum and mechanical engineering 
problems. 

Choice of RF Geometry 

Firstly it was decided to use ferrite for tuning 
purposes as alternative methods of mechanical tuning 
have at least comparable difficulties. Next a choice 
was made between 1, a self-contained tuned cavity with 
a ferrite loaded interior and a re-entrant portion 
containing the vacuum vessel, and 2, a drift tube 
structure in which the tuning system consisted of two 
ferrite loaded resonators in the form of shorted-stub 
coaxial I ines. The dominant problem with both systems 
was of producing the necessary permeability changes in 
the ferrite to tune the system over the frequency range 
required for Nimrod i.e. from 2.8 to I6 MHz. In either 
system the bias conductors must couple into pairs of 
ferrite stacks so that induced RF potentials in them 
can be arranged LO cancei by aiternating the senses of 
the conductors. The features of each system are listed 
below. 

one qap per cell with the full field avail- 

ib) 

(cl 

(d) 

ie) 

able as acceleration potential. 

is self-contained with the ferrite nounted around 
the re-entrant sections containing the vacuum 
vessel. The stray inductances of the ferrite 
stacks are thus minimised. 

the RF feed to the accelerating gaps adds con- 
siderable stray inductance to the final valve 
structure. 

complex decoupling and mechanical shielding is 
required to keep the bias conductors out of the 
RF field. 

Lhe ierriLe sLrlcks ~must be in frames large 
enough to contain the vacuum vessel. On a weak 
focussing machine this is a considerable object- 
ion since the aperture is large requiring phys- 
ically large assemblies. 
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Fig. 2a & 2b. Side and Plan views of Drift Tube 
and Box 

2) Drift Tube with External Ferrite Stacks 
(a) has two gaps per cell with only the time diff- 

erence voltage available for aiceleration, 
therefore tends to be long (a quarter wavelength 
for ful 1 volts) with a large self capacity, 

(b) stray inductance to the ferrite is larger, 

(c) RF feed to the drift tube can have low stray 
inductance with the final valve mounted very 
close to the drift tube, 

(d) shielding of the bias turns frcm the RF field 
is complete, 

(e) separated from the vacuum vessel geometry there 
is considerable choice in the form and volume 

cf the ferrite staclts, 

(f) not being self-ccntained like the cavity the 
drift tube arrangement does permit separate 
fabrication and testing of the main components, 
a factor of considerable advantage during the 
corstruction program. 

The drift tube system was chosen features 2d, 2e and 
2f being ccminant. The requireiment !,,a~ for a tuned 
iys:em cvei the range 2.8 to 16 MHz with a peak 
voltage of IO KV on the gaps giving an effective 8th 
narmonic accelerating field to the beam of 8.4 KV peak. 
i.e. CO? cf the main RF field. After a rrcdcl study th,e 
structure iho..:n in figs ?a and 25 $135 selected. rf-e 

firal valve, a 35 kW air-cooled tetrode, was mounted 
:- 3 r:-2:-‘tr2rt ,..‘! I i: tk top -+T tt-e ‘.;ICULrn tcx :.:tb aI 
tile ierr1t.e leaded resonators on either side. T?e bias 
carductcrs were placed in the field free region insile 
the re,cnr3 L’ST5, I. 1-3ver’, i rig the box above and below 
beaIm ,aperture but inride the copper c!,in of the drii’t 
tute. The bi3%, ircturn iold[,ctori traversed the top and 
.,C? :cx ill’, Ike box ‘xi-f ‘. a-e> under-neath fir shields. Tile 
%h 1 I i’ ,f tnf t<,x :r:~‘rior :.;a’, plac$~d render ~~ac~urn to 
a:, :id thi reed for Irsulating i’dct1J1-3 v/indoLd,s at the 
cr’it tub? ends ,a;: d their cdpaci tance. 

Fcrri tC 
- 

Th IS zP.2 i ccc 8,131 a Jomnant problel:l ha.Ji?q a coniid- 
tcr?l;le bc~r;-s m thr geometry list-:,:-cd above. Fig. 3 
;hoti,s ;/:r) rz~~~ired ~JI-/~t/on ‘of :J agairst bias field 
con-p,:.rec m.,itll th,>t of the ,‘~,iin RF sy;tcm, t4e new 
‘5;’ , TV :>I de. :,3nd~J a ‘very wide I-range i II ; . Ideally the 
s\-‘rr:. I_,., 8.2 !‘3.:*. pr,L,;>l:,d b; ,, : ‘it f e r r i t c t 0 : ‘ii f L n s 1 
PF ,~‘p I i t icr !~i~~:u I !J ?‘?t ‘,.>r’, (over th- band i e. the 
1 0 F ,- I3 d u i3 t ~:il.juld r-2na.r constant rlj the frequency 
:- ; -1.5 3nrl tiTc* fr.rri t-c.2 ;I , p ro q r l-b 5 : i ‘/e 1 y b i rr s e J IHcw~~e r 
iL ii i dpcr t,ve i. . . o o t, : .a i r t h i ‘> f igLrr cf merit from 

‘YZ .~rri:~~~rnt.-, :bt:linc.J an,.:er cl~-~~~:ly simulated $:;orking 
c;ond i i ior,‘, ot’,er:,: i ‘,e i 1 car bcf gr~li~.ily nisleadinq. 
This ii i I lustrat:<,d in Fig. 4 ‘:,?ere .lO.~, under s’wept 

and fixed conditions is compared with that measured in 
the unbiased flux state. Note there is a large reduction 
in ~Qw when the bias field is swept rapidly during the 
early part of the acceleration cycle,as found elsewhere*. 

Fig.3 Fig. 4 
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Another factor which must be accounted for is the 
variation, of permeability with increasing flux density. 
This can lead to highly Lnstable conditions as resonar,ce 
i S Jpproached. The normal resonant response curves 
become lopsided ard in the limit it is impossible to 
..-:,.r-:* Cl] .,., 4t: ~il,~.U.,I “, ;-es;:,a:.ca t:;,g ;,;a,-ic;.: t, 3 ;“,,lr 
ir, RF voltage as the triple valtie -egion is crossed’ 
(Fig. 5). The effect is not seen under s.,ept conditions 
35 the ferrite losses reduce the flux changes for small 
tLning errors. At fixed freqiic-Icy it is apparent but 
not a serious problem on the drift tube ‘,:~I;;~YY as tre 
firral vdl?/e impedance pr#ovidee 5af; icicnt 183’; to 
‘-, :i p, p ‘C’ 5 ‘, t 17P ‘jump’ phenomenon. The pr,:j31 <:-i 
with a test riq designed tz mea-,ure the -Q a: 

:.,i:: ; c l, e r ,2 
,nax !?F 

flux in sinqle ring5. 

The dianetev of tr,e forechorttncd stybs or resorat- 
or-5 !,,as deterimined by the I-aximun fIbx dens. ty al lo~.~:.~tlL~ 

and 0. ,‘alIs rapidly ‘,,,i:h i?creasinq i’lux. Tbr- ,.anti- 
facturel-s experience *i[th large ring\ used on AG 
c.ynehroi:-on cavities JS at CERN <and Brookhaven r,+, 
useful I-ere. The ferr’tc f i’?aI Iy cho5e1) .,ias :l,znufact- 
ured by Messr5 Philips or E i ndi-ovc:n ald was eiser t i a I v 
simil->r co that. i.scd son the i:cw FF ,:yste.?s on th,. CEilN 
PS. Each rc;cnat,2;- CGm/7r/:ii.d 26 rir;rjj 3: di,ii~-,;.,iiJhb 
.44 c: O.D., .25 m I.D. and .025 m th;ch in+e:-poi,ed ‘;I i t h 
.4trr c,.:oled plates of ‘,p i ra J 1 y :~jound coppe r tube :o I ,de r 
tonIled and math i led to f I a t discs rj’ 6 ~TCS tk ickncc,s. 
5 lrit* t’it: resonator forrs ci short+ d ic~i~‘~~l I ii’<. :he 
PF cut-r-ent varies along its length, VI i t h ,3 :‘,3x i ~::ii:‘l r3 t 
1.11~ charted end. F!i,x fdtznsi:y t,crcfore ‘,,iries :.,i th 



Fig. 5. Single ring, 0.7 “a excitation 

ring position and a careful assessment of these losses 
was rlade to ensure that thermal stresses were kept 
within safe limits. 

Final RF Power Stage 

A 35 kW RF tetrcde was preferred to a grounoed 
grid triode since it placed less load on the preceeding 
drive stage, thus permitting use of a commercially 
available I kW wide band distributed amplifier as a 
drive chain. The input capacitance of such tetrodes 
is high and careful matching to the driver output was 
necessary to maintain bandwidth. The choice was 
influenced by the higher power gain obtainable with 
tetrode. The load seen by the final anode is shown 
Fig. 6. 

C .Di?li’T TUBE ETC. 
!,;/?EIODE STRCYS 

vg 
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in 

The stray inductance comprising the valve 
itrucrure and stem and the re-entrant section Imust 
carry at resonance that fraction of the reactive curreni 

‘CA, flcbring through Ca, as well as the loss current 

IR. The vector diagram is drawn with the assumption 
that Vd is held in anti phase with Vg, by the bias 
loop. There is a considerable voltage drop across LA 
due almost entirely to ICA so in practice Va exceeds 
Vd by about 1 kV peak at resonance. Operating 
conditions are HT = 13 kV Va = II kV Vd = IO kV, 
la = IA and 2A (mean) while sweeping. The drift tube 
,m,! j”criy 27-p nnorgtpr( -‘t “‘,. snri -tcyt[-] t’-mJs f:-,zcipc: .._L J ._I 2 ._ 
:h2 anode circuit from decoupling problems. This __ 
produc2d a problem in the cathode and heater decoupling 
*‘d k i c I; +i a 5 rriativelv easier to d2al with. 

Unwanted Resonant Modes 
Tl-,t circuit shckin in FII;. 6 :oes not appi,/ at 

higi-er frequencies. Her2 the drift :ubc ard box 
bena’its 1 ikz a series resc?apt circuit at 32 and 35 MHz. 
Tuned ccupl ing loops are bJ:it into the box to suppress 

t ,e u:-k/an ted trades , tke loaqs Sting fo-med by horizl;ntal 

conjuc:orb bricging ti-e space between tl?e v,2lv2 we1 I 
and ti-2 side and end ‘.,:a1 Is of the box,conn2cting 
t’:*,zuyh thlz 3cx &,~a1 Is to preset V~~ICIJWT cap.?ci to-:, :,I i th 
series camping r25i5tor5. Wher: these circuits have 
Dcen FrcpvFiy tUrcd tie ufi!.,anted li:Gdes are COrlplcteiy 

‘uporA.,,-,c,d al?d the final val,~f aperate’; c.,t.lbly and 
r‘>] / ,?? y See Fis. 2,3. 

Bi;;s Systen 

I n I. k e b i ,a s i n g c. y 5 t <<,I, I 2 t u r n 5 a r 2 ;I r ran q 2 d i n t ‘wo 
5 ,-oiip’, of 6 connected in saral ICI. Fs the reC;onator 
i li’t~., I I >I( t’?c ftxrri?e d ‘.erieii dec .upl iqg c;lpaci tan:c: 

‘, rc’ct ssJry at thesir ends I0 .i vo i d a i? e f f i: c t i v 2 5 ho r t 

circuited turn in the bias load. The Bias Supply 
comprises a motor generator and a 3000 amp transistor 
series regulator. A notable feature of the transistor 
bank is the thyristor crowbar which shorts the collect- 
or emitter bus bars if any power excursion in the trans- 
istor bank exceeds a predetermined safe level. Further 
protection of the bias system is providec by a sensitive 
earth leakage protection system. 

The effect of macnetcstriction in the ferrite was 
manifest as a high pitched noise in rhe ferrite rings. 
Transfer function measurements of the bias loop showed 
a pronounced resonance at about 7 KHz corresponding to 
a fall in reactance of the bias winding and a ccrres- 
ponding nechanical resonance. The effect is so strong 
it dominates the bias transfer function at all bias 
fields. It can be suppressed by placing a I ohm 
resistance across the bias turns alternatively or by 
inserting a trap network, twin or bridge T, in the 

operational amplifiers controlling the Bias Supply. 
Various mechanical damping arrangements were tried with 
little success. 

Local current feedback enables accurate control of the 
startirg current before the bias loop is closed at the 
start of acceleration. It also controls a programmed 
current SC that the ferrite is correctly biased at the 
rate required for acceleration. The controi I ing 
function for this is derived from the primary frequency 
generator which accurately tracks the machine field. 
Initial phase errors in the bias loop are considerably 
reduced by this means. 

Transistor failures; each transistor in the bank has its 
own fuse with a contact to signal a failure remotely. 
Above a few per cent failure the bank is isolated and 
the fact indicated,so far despite much hard interrupted 
experimental usage there have been no trips on trans- 
istor percentage failure. 

Amplitude and Phase Control System 

Given a well behaved ferrite biasing system the 
accurate maintenance of relative phase and amplitude 
of the 8th harmonic field is feasible. However cable 
distances are considerable, un,tiianted RF currents 
abundant and there are many potential errors due to 
other forms of interference. P. closed loop phase- 
locked method ii therefore necessary to maintain the 
desired relationship. For the a,npl itzde control an 
AGC system functions from the rectified RF potentials 
at the ends of the drift tube via a semiconductor 
wide-band multiplier at the inout tn t-he drive rbain. 
The phase control system employs considerably more 
sophistication to conpensate the phase discrepancies 
in tne cabies ard ampii;ier 5~ag.e~ of hot? the N/P ,3 n d 
the 8th harmonic RF system. The PFG signal is fed to 
the harnonic drive chain through an AGC mtiitipiier, 
‘act phase shifter, freqLcncy dsublrr rrd a disltally 
control ;ed prograIlmc:d ;jiase cXz3np2nsator. Tie phases 
of the mair and 8th hsrr,onic f’2Id are compar2d in rq 
phase detector coupled tc t’-ie gap *zon;tor,z via 12~2’ 
cznt-ol units, matched c-lbicy all(l in tre case af ~hth 
rair field, a fri;quenc\{ dobblcr. in t?e 8th ~,~rmo,~i~; 
Tide it wa’; found neccssar-y to iutstitutt~ a sir~~lator 
bac.ed on f.1~: doiAbler circuit bu: ,,.;~h<,i;t it: ~clo~blin~ 
action to maintain chase pari:y uld,:,- ,a1 I :..or-kilg 
condityons. In the f3st please ,;!iiitc’, <opt-ratitJr i: 

through a my; tL:m of ~1; dcbsnd ‘,cm ico~:d~c:cr 1-1bi t i pl icrr 

operat irg on qhrl\e ,;pl i Y c i5laly 90” ,ip,?rt. .>~~d i L” r ,’ I1 ,y i-7 
is through i45” TI-UIII i’ero phase ihii t ‘21; th ri bsn&Zi:th 
of abouT 50 i:Hz. I; dig / rai iy control ice ;r-$2grammr:d 
phass unit is ~.~:.plo~jc.d to ~-witch in disc;-et.2 c-ieI,-,.,~ 
via 5r:mic:;nductor ‘;cri tc,cs lo co.~p,:n~.ati itjl- :i-(: 
rcl-l,iive phase i’rrcrs <&rii,irg dur:r,q a~cc,~l~~r;it ior n8,1 
‘2 r y Zh2 ~-~i~~jr ‘jf t/!c i.ic.i ph,;:r: ,?~‘i:cr. 
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RF Discharge 

The RF conductors in the resonators and final valve 
housing are in air and present no unusual problems. In 
the box, however, the vacuum conditions present an add- 
itional source of discharge, i.e. multipacting or 
electron resorance wrere electrons accelerated in a low 
RF field have the numbers and phase for a sustained 
discharge. At the start of acceleration normal oper- 
ation is not aitectec, the RF potential on the drift 
tube rises in a few microsecords durinq turn on, through 
and above tre multipactor zone to 10 Ki’. The zone 
boundaries rise with increasing frequency and as 16 MHz 
is approached there is less margin against discharge. 

‘When the jrift tube system was first operated under 
vacuum the multipactor zone boundary was explored by 
lo,dering the potential uiitil discharge occurred. At 
this stage the vacuum was not good and the eiectrode 
surfaces unconditioned, next carbon black was applied 
to the drift tube to reduce its secondary emission 
coefficient and the boundary was remapped. Finally the 
carbon black was rwoved and a conditioning process 
evolved in ,which t’le drift tube was operated at just 
above di scharqe level, here the vacuum pressure would 
r:se as adsorbed gases were released; thus conditioned 
a further reduction of RF potential was possible. 
After several hours of such work the drift tube could 
be operated at all frequencies with a substantial 
margin abcve the discharge levels. Work is proceeding 
v.ith electrcdeb mounted on the box walls and biased 
with a high DC potantial to further inhibit the 
phenomenon. 

A ~:o~~diti~oned 
-4 carbori bl3ck 
0 iinc 0 ml it 5. ? *e :3 

1 KC 
i ,il . . 2 
E .5 
3 

1;:: 
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ir, . 
r;: 

. . A.. : 7 

I 
Al , A’ I. 

IJ i ,(,I i ,, , tO’ji, 
.,-I f.d :,:3.5E. 

:.lC -2 c;-i..lj it ;,-j.p:~ i _. I. A ,, , 1init. .>qJl:'",: 
.,,ri I;:.. .JjLy. ..:I; ., : II . It, .d zones 7k.<.,l.fi,l ir, 
!td 0 ’ 3 :: ]i;ir ..1 :-it :-:Lit.? .y. i’ll::r:t-<yih:; 

The measured discharge levels are plotted in Fig. 7 
on a chart due to Hatch6 which gives the multipactor 
zones <or parallel plate aiuminium electrodes in 
vacuum where these zore boundaries are calculated from 
relationships as in the equation below for the lowest 
3 cycle mode. 

,\ 
V = 47f’d’/Ce/m[(k+l)/(h+l)]r coq + 2 sir@) (3) 

wrere ‘? = peak RF ,volts 
f = frequency 
,d = electrode spacing 

= electron phase 
ii eqn9 (3) it is assumed the emitted electrons leave 
the surface at a certain fraction, l/k, of the incident 
electron velocity, which has been found to be independ- 
ent of the tyoe of electrode materials used. Eqn. (3) 
defines the electron phase boundaries for multipacting, 
the upper and lower boundaries of each zone being 
determined by the secondary emission yield curves for 
the materials used. 

Normal operation is shown by the shaded area, AB, 
A’B’ , where the drift tube potential across the 
respective minimum and maximum ‘d’ values rises rapidly 
during turn on and fhe line BB’ to C where the voltage 
is constant at 10 kV or 7.0 kV rms. The results of 
unconditioned and conditioned measurements are plotted 
and show interesting correlations with the mapped zones 
The 0 against iZdZ relationship is confirmed for the 
unconditioned and carbon-blacked states and in the 
conditioned states it appears the copper surfaces of 
the drift tube and box are considerably better than in 
the theoretical care for aluminium. 
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