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B paMxax -MeTofla 9KBHBaJNleHTHHX cxeM paccMorpeHn sbdexts Harpys-
KU OYUYKOM YCKOPAWEHX DPE30HATOPOB B CTALWOHADHOM H MEPEXOJHOM pPexH-
max. lloxasano, uTo B cjayuae Hakonureaa-pacrtaxurens (HP) uenecoobpas-
HO MCOOJAB30BATb paccorjacoBaHHu#i pexum paGoTw BU-remeparopos
¢ ONTHMH3MPOBAHHHIMH = 3HAaueHHAMH xoodduumeHra cBAsM B W yraa pac-
crpofixu ¥. [Mepexopgusue sddexTn, BO3HHKAWEHHE NPH HHECKUWH HHTEHCHB-
HOro crpynnipoBaHHoro nyuka B HP, Moryr 6uWTh B 3HAUHTENbHO# CTENeHH
CKOMIEHCHPOBAHH BBEeJeHHEeM NporpaMMHpOBaHHOro ckauxa @asw cHrhHazna
BU-BoabyxgeHus. .

Puc. 6, cnucox aur. - 5 Hass.

Steady-state and transient beam loading of acoelerating
cavities is treated using the sihple equivalent oirouit model. It
is shown that mismatohed operation of RF-generators with optimal
values of the coupling faotor f and the cavity tuning angle ¢ is
preferable for a pulse stretcher ring. Transient beam loading
effects ,arising at injeotion of a high-intensity bunched beam into
an empty ring, oan be essentially reduced by applying the
synthesized correction to the RF-drive signal ("*phase Jump*
technique).

6 figs., 5 refs.

flpocuM M3BHHUTH 3a HH3KOE KAUECTBO MeuyaTH, Bu3IBaHHOe JedHuuUTOM
noaurpaduuecKux MaTepHanos.

<§> XapbkoBCKUA PU3UKO-TexHudeckud wucraryt (XOTH), 1992,



fhe RP-system of th- pulme mtretcher amd siorage ring (PSSR)
which is under design at Kharkov [1] has to support the necessacy
acoelerating voltage parameters in different opexaticn modes at
minima) power inputs. According to these requirements the basio
dosign of the RP-system is outlinad and various opzretion
conditions for RP-power generators zre oonsidersd. Por the machire
with & high oirculating beam curment, much as PBER is, beum ioading
of the acoelereting cavities has to be taken into aacouni. Bawm
* loading effeots can be treated for iwo basic cemes:

~treomient beam loading. :

The former is valid for routins astorage ving operation tm? wag
treated by many authors (see ref.[2]). The Ilatter oase ocnaerns
synohrotron and pulse stretcher operation., In our oase tiransisn:
beam loading takes place at injeotion of a high ourrent eleoiron
beam from the linao into the empty ring, when .ocircvulating beam
‘surrent rapidly inoreases from zero to its peakx value.

In the present paper both ateady-state and transient bveam
loading of the PSSR asoelerating cavities are considersd using ths
simple equivalent oircuit model. Claims on  feedback  lcops
controlling HP-voltage parameters are put forwmd in ordes 1o
ensure the etfective operation of high power RP-anpliriers.
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o Jmimamﬁtywitht‘hamtoadad&-vum%md tlze shunt

m&nmalmd ﬁthammchedbemnith average. ourrent I. In

the vicinity ol ths resonsuce freqmny w, ne oavity with - a high

G~ouiae: oxn  be aubat:c.mted by Ebe para.ﬁlel RIC-cirouit. The
equiveient oirouit of the cavity, anupled through the tranemission

line without losses to the current generator I_, as seen from the
sorelernting gap.. is prosented in fig.1. Interaciion betwsen the

tremuuission lins and the oavity is defined by the ooupling

mofﬁcimt P=Q,/Qpyys Where Q.. iz the external Q-value. The

loaﬁed&mlwﬂlisnlamto ﬂma by the expreeaian.

Q = Qof(i+p) S (1)
- The ﬂala"'!mtm bunched beam is mmnted in the oir«mi‘s with
" the cwrrent-generator I =l exp(i¢,} (I,-the component of the beam
carrent at the i\mdmnntal frequency, for peint-—h.ka bunches Ibmal.
&’-—tmmw:zs phase of thubmon nitahedparallel to the
' mmlarsting 8P

ﬂg 3 m mimmt oirmit.

« ﬂm phasor: chagmn f’or tha anoe..m*hing aap: voltage and
~eurrent ix pressnted in tﬁg.g. Prom -the anzlyris of the. equivalent
oirewit (fiz.1) and the phasor diagram Wilson has derived the

- feXlowing equetican for voltage components vs and Vv, [2]:



¥ = 22, 28 Zocop 1 + B) @)

‘ A/ w IR comfp/ (1 + B), {3)
mrm ia the aavity imtmrpmidingthaaooemtmg a2p
voltage V., and q:iuthnmitytmingmgia.wmadbytm.
following e@rcuim. ‘

= 20 /(1 + Pzl ~ 0,)/ 9, = ~2Q,0m/ (4)

@ being the genaratar frequency. From t‘lw mmia of . thn rhasor
diagram the relation tou,m* :

2«1+§)2 2 2y R

Pmﬂ *M—-‘([ +mms¢3] 4 [WW3%3 {5y -
. Notation is defined in the oaption of tig.2. Rel_g-cm, 5)
desoribes generator performance in the most gemersl ocase, i.e.
- under mismatched conditions snd for an arbitrary tuning angle ¢. 3y

Prig.2. ‘nmphnordiagrmrorﬁia acoelerating m mts ami :
- voltages (steady state bean loading) The notation sz '

T (T,) - the gemerator voltage (current);.
V‘(ﬁ) - the besmn-induced voltage (o\_mt)i. _
o - the total cavity voltagm;
¢, - the synchranous bunch phase; :
¢ -~ the oavity tuning angle (thephaaenglebetme and~.

V_ or betwsen 'f m? V2

9 tnebmloadingangle (thephasemglahamf and.

-I‘b )
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& proper adjustment of parameters and ¢ one can set m relation

e fham’-mrmmbemmmnt.

o In RP-systeus of electron siorage rings the ocoupling fastor B

" 1w ususlly choser so as to ensure matching between a generator and
a,caritxmramimlbeammmt O PorIaI ‘we have:

Typ= Ty + By | | (6a)
cIVeow - (&b)
By VAR : (o).
p-«(p+r»/}/rs1+ dnooapsoﬂ, m
tmps-B-—-T ‘tant, : (8)

ma.lng (7), wo can rewrite relation (5} in the tollowing torm
r,. P p+1 3
in 2
+ 3‘+(_taz+ t 123 {9
g by 17 Gy bl ro andy,
Satding tb is mﬂa by one of the tw> Yollowing ways:
_ - The tuning sogie ¢ is adjusted aoccording to (B) and is
fixed. Felation (3) turmm into T
P, B-1 Bs1 I '
B g lEr t 2+ *m’%"r 1% (10)
2. 'i.‘he resonance fmquenoy of a ozvity  is changed
synolrorously with beam ourrent variations so as to compensate  the
‘menciive beam loading ocmpsrmnt. In this om, expression (9) is
redquced to - ) '
P- g1 p-!-‘l

'x‘a—' ot I 12 o (11)-
'.l.'ha Pm/P valuas versus ourrent lozd I/I, caloulated for PSSH

design parameters’in the pulse stretching md.e (By=3.0 GeV, ¢ =712°,
I uO i4 A) ere preseateqd in fig.3. Shunt :.mpedauce of the
acnvlmt ‘ng cevity was taken 22 M. The figure ocan be treated in
the Following way. i

v The generator iz matched o & load for a peak  beam ourrent -
I'sI inj=oted intn the ‘r:ing (m@ut euav-poin‘!: in the figurs). During
sl:m besn extraction a oimu.l.atmg, beam current deoreases down to
zero (in the figure - Irom right t2 left). Por supporting Vo= oonst
a cavity inpm: pcwer. has to be chanzad according to - the
meﬂmz;ies ‘presenied with orvsases (fired ¢) or x's (reastive beam-
loacing sompeneatior). It is olearly meen that in the first oase

4
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' P e v anne woamy x-ames v ammg '
_Pg.3. Cavity input power vurm’%eam owrent ( I = 0.4 A, ¢'-72°
P =21.6 kW), Notation: + - matched oparatiou (at I-I.ﬁ.

compenaation, -~ matched operation with reactive besn

loading oompensation: x - mismatohed operation with popt and
¢°Dt (ainiml. peak power regime).

the power supplied to the cavity at the end of extraction (marximal
mismatoh) is essentially higher than that in the second ocams. In
addition to it P m(I’fO) > Em(laxo), so it inmposes mors strfmgent i
limits on the stored beam ocurrent and requires 3inoorporation of
high power oirculators in the RF-power transmission line.

The tuning symtem for the PSSR escoelerating oavities with
mechanical tuners provides the reactive beam 1o(ding aompensation
' only for long-time beam cwrrent variations and. oavity temperature
drifts, so it is reascnable  to optimize RP-generator opmticn
‘using the basic relation (5). The main optimization requirement is
to: deorease to minimum the peak velue of cavity input power,
W;V moonst. during extraction, that is realized  under the
 comdition: ¢ - ' :
-5



. E‘m(‘hﬁ) = ”mfI“Imx U (12)
] tm r&hﬁpu topether with the main requiredent gives the
. ﬁ:llmi\'ag ugtiml values ﬂopt and q’opt” ' ‘
 Bopt [T (27, yroosd, Ceeinfe ) (13)
%tmmmuug/tav (1+8). azmb o JHootd, ) (14)

) m inpu‘a nower mmm dzpendsnny Loy mismatohed cperation
ridh the optimal §.and ¢ ie sleo shom in tig.3. It is evident that
" 4ds operstion regime < vequires lower peak powsr levels than
operation with ¢ Zixed ai the matching point I=I .. '

My sisnatohed operation with ﬂep’: and q;opt has the additional
wiverstuge: it doece not require increasing 2n input power by a2 Jump
at irgeotiomn. It should be aisc noted that the cavity tuning loop
in {be pulse strstohing mode has . ko' ke insensitive 4o periodio
mme in peam. 1oading R '

| HERARE TR mw 1OADING

A% injcoticn of ‘& bunched heam into an empty ring in higa-Q
- M-cavities osolllations of the cavity voltage occur, the demping
times: o whioh im proportional (o a loaded Q-value of the
"beam-saviiy" systom. This so-called "transient besam loading” must
‘Do properly trested ard &te’ oavity voltage variations must be -
deaped in ordar o avoid: 'uisnit;.mt effects on the beam. The
- oonlywin ol *krmimt besn loading and- its possible cures with t(he

- faai feadbaocit ‘eﬂchmlog m prai:an amm.ar acoslerntors are given

ig raty, [3,4).
= . Covsider the tmnsi.enu Tegime. csf a cavity ai  injection using
. tae mvalmt aircuit .of tig.:. The phasar diasmm in fig.4
represaats’ tho  oiroudi behaviar at ‘injection. The starting
. omcillation axplitude. Y oax: be cbtained from the oondition that
. e g “waliage oennot alunga instantly,. i.a. immediately after .
: in.}eaf;}w b hmn ‘ .

v v+vmsvs T, . sy

Iu tm, &he weotor ¥ alt)s whiuh vepmmta the ixmtant valve
ar m omeillation amlim ‘at " the momemt t.,. is decreasing
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exponentially with the timé eonstmt'r am:iatumiasarm

o Vet Ygpemp(-t/%y) mtz(mn. I us)
andtuephaaeangleo'&depe.ndamt mmmmmama@_,
. 6= B t= T, tangp : L (18)
The instant gap voltags ¥ (t) 1 defined hr I
k/ {t)- '7 + ¥ tt) ‘ (19)

The above forrmlas mm be sxienged to the me or . m—hn-n
injection. The corresponding expressions are given in dppendix.

Using this approach we have caloulated the gap voltage
amplitude and phase at ixx.:eot:.on for two n;:erat:um rogimes oY
RP-generatora: matched (at Iulm) and mismatehed with . 5opt and
Q/o . The resulte obtained are presented in tig.5. 'ﬂmw mhow that
for. the tirst regime gap yoliage perturbations ere a 1little more
pmnounoeri than for the second. Por the desigried ocurrent I=.14 A
the emplitude deviation from its steady state valus is about 23%,
the phase jump at in:ieotion amounts to 56.3° '

To maintain V oconstant during  injeotion within the limits

&v /.= =12% and 0¢,=" =20 using feedback technology, one has to sttain

the delay time in the teedbaok loopn less than 150 ns. It - seemn
more practical to npply the synthesized correctiom sigmal to- the
RP-drive system, thus compensating oavity voltage pmmtim

&.4 The phasor dzagx-am for tne uonelmting sa.p mlta@es
‘ (tra.nsient beam loading at injection). -
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 Pig.5. m variatim of the gap voltaga pmmters at injection
_ (104344 Ay q; =’72°).Notationa + - mtohnd. operation, -
- wismxtched eparstion with ﬁogt and q’opt'

m& m.oul&tioms and ths analysis i.ndinata that the ,t_:haae Jump
in the  RP-drive. will be  suffiocient to attain the ‘goal. The
‘emplitude deviations during injection result in a negligible change
of the beam engrgy apread (~1 MeV) which is less than the initial
enargy spread of the injeoted beanm (-3 MeV). "The teokmique of
inmduamg a phase jump at injzction togethar with an offset in
tuning of oavit;es m been wusmed in the RPF-system of the SLC
“dsmping ring [5]. ‘In our case, only a phase jump is sufficient, if -
 the mismatohed operation with Bopt 304 By, takes place.
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A simple treatrent oy cavity bean load:i.qg for a pulse
siretoher ring indicates that the mismatohed regine for HP-power
generators with- optmwed. values of the coupling feofor and tne
cavity tuning angle is preferable. Transisnt beam loading etfects
at injeotion can be esmentially reduced by introduoticn of a phase
Junp into a EP-drive signal.
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APPERDIZ
The phasor diagram of ancelerating gap voltages for two-furm »
injection is presented. in fig.A1. Indices (1) and (2) ocorrespond uc
voltage values before and after beginning of the second Tuen.
Pirst of all we shall find the relation between V'’ ana
) .Prom the phasor diagram we find: ‘
7, (112. v 24y, (V2 _ oy v (Woome
2)2, y 2, ¢ (2)2 _ (2}
v vg + ¥y avgvb cos?
Considering that
2 (1)
Vb = Vb = vh I

ve come to the relation
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A A e, sfz o, ‘2’2+ A »vzb/z) : o
&a ﬂm V‘ ani. ’!’ mmlvmlateﬂ using !.omzlaa (2! and
(3}:7(?}i&l£indnlue.ﬁ8u!gle % oan be fomd from the
L'Mlmﬁnz exprassion: .
e aromin (1V, ‘E’N Vsiniz-0, )1} i (a2)
rmmtmm‘amalwzommmgimm of the seoond
R (G<hi<k, ), where 3, 1 the rotation poriod for bunches in the

‘rﬁrg;.ﬂxeimtm mpl.j.mde valus ean be culoulated trom tlw
‘m‘am

Pig. At ‘.Bhe phasor diagran for two-turm injection. Notations are:
‘ ‘v{, -;(3)-<;,n, bm ivcuged voltage (steady state value);

’ ‘V"” v(‘) ~4he amplitude of the gap voltage oao.d.latmns.'
tf“‘ V“") the starting oscillaticn amputm, ,
f&‘;-f\r‘“ _1.',‘?‘ the total gap voltage (steady state value);
: '5‘ﬁv"’1‘ vm the instant velus of the gap voltage smplitude.

W
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The cavity time constent T, and the DMase shift 39, ur
czloulated using equations (v7) and (18), oorreuyondimly m
instant phase value is defimed by the mmuiem

: 1= mmtvg* /i) sin@-08,)1 o un

On the seoond turn (t>4y), the instant values of the &ap
voltage and the yhase can be obtained from the following relations:

v(a) = 7(2) exp{(t-t )/"C ]‘[7(1)2‘*('2;4__' ) . o
-vj,‘” v oos(toﬁﬂ,‘)}”?x L -ty )/y) (49)
e= [~ (¢-4))-(-08, I (A10)
g arostalv, iy, ‘“m(m no 1411)
B0, (%=1, )%, taaep ' a2y v‘
¢ (2} @ _<M)~..12‘ ) - (A13Y
To= mamtv (2)/7 ) sing) : ; (A14)

The V“) and. 36, values are caloulated us:mg formulas (AS) and
“8), oonvespondinglx putting b-tv
ipenpaiy I0CIym 0 DONMIIING aam

11
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