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Abstract

Future high power acceleratrs are aning at increasng the
power tran$erred to the bea through radidrequeng (RF)
cavities. Consequent] multiple main coupler dwes may be
required towithstand the lgh RF paver needeger cavity. An
anaysis including multiple couplers ath bean loading is
describé here featurirg the interaction beteen all couplers,
the bean and the cavity. In this description, the bea is shavn
to act asfiit were merely an additionhdrive for the cavity.
Specialfocus isgiven to thecaseof superconductig cavities in
a continuous (@) operatim mode Same important
conclusions devied from this anaysis are brifly discussd as,
for example, paver couplerfault conditions or avay to handle
the caonmissioning of an accelerator in a Ovde.

1 INTRODUCTION

The superconducting radrequeng APT (Accelerator
Productim of Tritium) cavities will be driven
simultaneous) by two power couplers. Consequentlan
anaysis involving multiple couplerswill be needed to
understandthe behavior of the interaction leten the
bean, the caviy and all the couplers, extendingetheam
loading introduction given in referenc.[

2 CAVITY, BEAM AND COUPLERS

Standard notationsill be used to defia the cavity
paraneters If W is the stored eneyg P, the dissipated
power andwy, the resonance pulsatiquy = 2 k), then
the shunt mpedance R and the quglifactor Q are

defined ty P.=|VJ?/2R and Q,=wr,=wW/P.,

To = Q/wy is the filing time of the cavity. A

superconductig cavity will have a vey high R (162 Q)

compared to a nanal copper cavit (5.1F Q). This

reduction 6 losses B more than10® will increase the
cavity fillin g time and the available beapower by the
same anount. The caviy voltage \, is arbitrarily defined
through the effective length of the caviy and the
effective accelerating field E :

VC = Eau: I (1)
The caviy impedance is
z, = R o —=2 @)
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If the injected tine of a particle passing through ttevity
is shifted ly &t = ¢/w as canpared to thenaximum energy
gain, then the accelerating voltagi#l be

Vacc VC COS(p (3)

astead stakregime, a current bea I, will induce a total
voltage V,=-R1,. The induced voltage si always

decelerating the particle3he bea canthen be merely
seen as a drive line having a fixed current soweeith
an equivalent voltage (vand will therefore belabeled
drive O0from now on. Let us ow consider mary RF lines
(labeled 1,2,k) with characteristicnpedances & coupled
to the caviy through a coupling factds, The external Q
of each line kis defined as Q, =Q, /B« and the loaded

quality factor Q; results fran Ql‘lz(z Qh . Introducing
the alpha coefficientso, = Q,/Q, =By, thesewill

always be bawveen 0 and? and obg the closure relation
Zak =1. The caviy detuning anglep is, by definition,

tany = - Q, (2aw/wy,). Each drive kwill see the cavity
impedance ¢ in parallel with all the othe drive
impedances transfored to the cawt (R/B,,) through its

own couplingcoefficiert By (Fig. 1). Consequemntl drive
k will see the overallmpedance :
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Therefore, the reflection coefficiepi of drive kwill be :
pp = 2a.cospe? -1 (5)

In order to get the different RF wers travelingon each
line, we will use the incident andeflected voltages
nomalized to their relative coupling coefficient, thia

(Vik/\/ﬂ) and (Vrk/\/ﬂ). Each nomalized drive should

_ V. +V .
exhibit the sme voltage ~—* —"* = congtant. The cavity

v Ok
voltage § V.=V, ¢+ Vo , equal to the su of all the
induced voltages fra each drive :
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Figure 1. mpedance transfor as seen fnm drive 1.

It can be shavn that the induced voltage of a crossing

particle with charge q on eachmode of the cavity will

simply reduce toV,,=-q(R/Q)w, and the corresponding

enery deposited W = (R/Quyg¥2 will decay after the
particle had passediith the time constantr,. Therefore, in

2 Thisis an adantage over the use of the B (those can I infinite) as it
significanty reduces computatbn errors.
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V, Z(1+p ) Vim (Vik+Vrk)
_c m =

v %o m NOm A Ok
The abowe bast equatios (6) will give all the return
voltages including the caviy one. Once the incident
powers {vith their phases) and e¢hcoupling coefficients

oy are set all the reflected pavers in each line, the beam
power and the cawtacceleratindield may be deduced.

3 EXAMPLE OF TWO COUPLERS

Let uslook more deepl at the casavhere wo couplers
are driving a single cavit. If the injected paers are P
and B with phasesB; and 6,, then, the corresponding
nomalized incident voltages are :

EVa J2RP, &%
542 J2RP, e

And the reflected eltagesderived fiom equations @) :

(6)
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The cavity voltage phase is, like in equation (3), notgd
the rderence phase taken opposite to thembé@aluced
voltage, V,,=-RI, with B,=1t The cavity power is

OooOooomoOoo

8,
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P.=|V.,[ /2R, the bee power P, =RelV,I5)=|V|i, coso,
ard y (R - F}k):kzo(Pi ~Py)-(P.+R,)=0 show that
7

power is conservedhe reflected voltages are :
Vi Bi Ve = Vi 9)
To minimize the generator peer, al V, should be set to
zero.That imposes to have for grine k :
SCH @
ik Bk Vc

(10)

And the external Q of each line have to be chosen so tha%

Pog o T
P 2(RIQ)R
A specific relation follavs betveen the detuning arel
of the caviy and the bea phasep:

tany -(1-2a,)tane (12)
In particular, if (ap = 1/2), corresponding to the casf a
matched singlecoupler (Q; = @), then w=0 for any
pha® ¢@. Whereas if(ap«1), general caseof running a
superconducting cayitwith beam (Q, » Q), then v =-@.
The caviy will have to be detunedyban angke equa to
the opposie of the bean phase. For théAPT cavities,

where the baa phase is (30 degrees)this corresponds
to a frequeng shiftof 947 Hzoff resonance.

4 SENSITIVITIES

Qx = = (11)

In orde to match the bem, external couplings have to bes 1. s © 9%

detunirg frequeny using (12). Correlativgl the cavity
voltage \. and the phase bap will be the desired ones.
Table | gives the sensitiyitof each panaeter.

Nominal |Drive Phas¢g Drive External Q Beam

Parameter
Curr ent

Values Power

Variation 6:= 0y +-10° | P=Pue (1+-10%) | Qi=Quet (1+-10%) | 15=lorer (1+-10%)

P, Reflected (W) 1500 119 472 2097

P, Reflected (W) 4872 393 0 2097

Beam Power (kW) 420 414 420 +-20 420 416

PhaseAngle ® (°) -30 -30+-7,7| -30-+1,15| -30 +-0,02| -30 +-5,1

[Energy Gain (MeV 4,20

Table | - Sensitivities of reflected yers, bem power,
phase angle and engrgain on various panaeters.

One can notice thamportance of the drive phases.tlie
maximum allowable rélected pever isfor exanple 1%o
(200 W), they should be set equid the pha® angke ¢ to
better than 2 degrees. Whereas the drivevepothe
externd Q or the bem currentmay valy by asmuch as
6.3% for the sme amount of reflection Note the
negligible effect of a externd Q variation on @. As a
matter of fact, one can eventd®s without ary adjustable
coupling. Coupling can be pre-adjusted &ach cavity,
taking in account the variation of (R/Q) along the linac.
Fixed coupling has the advantage afigicity, reliability,
and can avoid waanted failures. On #hothe hand,
adjustabé coupling may reduce the totalAC power
consumption d the acceleratowhen operate at reduced
current (at half current of 50A, a fixed couplig would
require 12% more RF paver than an adjustable coupler).

5 FAULT SCENARIOS

5.1 Beam Failure

If the bean trips, then the couplessill hawe to withstand
almost full reflection.The accelerating engrggain will
exactly double in the cawt The energ increasewill rise
with the time constant = dgty (46 psfor the 0.8 cavity).
The anplitude control loop bthe caviy should correct
and bring back the voltage to itsminal value.This RF
ontrd feedback has genenalla banavidth exceeding
OkHz and should easil conpensate for the field
variation.Therefore, the couplessill see tre full 210kW
reflection ony for about tens ofmicroseconds,while
hundred ofmicroseconds after baafailure, the RF drive
shouldbe sd badk to 105kW per coupler (agaiwith full
reflection) By that time, the RF drive can be shutvda
Consequenyl, bean failure ha& no severe impact,
provided RF control ensure that the ca¥ield would not
exceed a given level.

5.2 Cavity Failure

The cavity may fail in mary ways. It may experience a
sudden change in its remance frgueny (due to
mechanichstress or pressure),rtay leak, itmay exhibit
field emissionand finally it may quench. In the case of a
guench we are back to the above discussion during beam
trip and that should be handleg a quend interlock A

414 4,20 +- 0,20 4,20 4,20 -+ 0,42

for the whole ac@erator taking in acount the

adjustel using (11), pavers and phases using (10), andyarm sction, the cryoplantload and kystron effici ency.
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shift in the resonance frequgmewould mainly impad the
phase and should be correctadthe phase loopf field

emission occurs (inducing excessive Q losses and/or high

X-ray levels), then thempact should beminimal. No
effed will be seen on the couplerhe Q losseswill
induce higher grogenic losses and the Xyréevel canbe
monitored. In either case, the cavfteld canbe reduced
accordingy to an acceptable levelithout having ¢ react
promptly by shutting davn the RF othe bean (Here one
may allow a slow reaction tine). Finaly, in the case of a
leak, a vacum interlock should be set.

5.3 RF Power Failure

The RF systan failure may concern pwer suppy,

klystron circulator, divider owaveguide. In ancase, the
klystron is turned off. Cawtvoltage will then be exactly
opposite to the onevithout bean, the been inducing

exacty asmuch paver aswhat it ha beendesigné to

receive.The required action is to detune the cavar

emugh from reonance, rducing the beam induced
voltage.A detuning frgueng of 10 bardwidths 34 kHz)

will redu@ the bean power loss to less than 0.65%

(1.37kW).

5.4 Coupler Failure

The coupler might fail either because of aindow
problam (ceramic cracking, multipacting, breakdan, ...)
or because of the coaxial part itself (breakdp leaks,
cooling, high dissipationmultipacting, ...). A coupler

failure might lead to a serious failure (case of a leak, for

example) where the bean and RF should be shut wo
and the cavit isolated.

6 ACCELERATOR COMMISSIONING

AR f. 1 EH Iy g
H knomH 4(1_(]0)2 Ibnom
In the case ofthe superconductip cavities ay is very
small and can be neglectedihe input paver required to
achieve the sae accelerating field at zecurrentbean is
one fourth of the full paer at naninal bean. Of course,
almost all this paver is then fuly reflected. If tie cavity
frequeny is changed according to (1L%linearly with
bean current) and the input pe@r according d@ (17)
(quadraticwith current), everthing should renain stable
while increasinghe bean current.This should provide an
eay way for canmissioning the accelerator.

7 TRANSIENT ANALYSIS

In a transientmode, the use of thieapla® transfom will
make all the above relations, established for a gtetate

17)

regime, straightfowardly extended. The Laplace
transfom of the caviy impedance isz, =R P
2 +£+m§
0

which gives, once transfmed through each drive k :

Z=0,Zq P/t (18)
p*+(-a )p +o)
with the time constah T = agT,,.
The reflection coefficient is like in equation (5)
(p,11)= 20 /) (19)
p?+ L+
T

The basic equations (6) are still valid in the Laplace
trangorm. In particular using (6) and (19), onmay write

During commissioning, onemight use either a pulsed the caviy voltage as

bean and increag the duty cycle, or start at a vgrlow
CW currentslowly increasing to reach its minal value.
Let us exaine this latter case. In order to get thensa
acceleratingenery and the sae phase anglg in the
cavity, equations (8) give

|V e™ =-20, coapRIe7®+2 ago, co&p‘wl‘+z/aoa2 coap‘viz‘ (13)
If one recalls that the manal value ofcavity voltage for
the naminal bean current }nomis

Vc = 2C(OCCB(p(RIbncm) (14)

then taking theimaginay part of (13) leads to the relation

tany = (1, /I,nan) tan®@ Which is equivalent to :

FH _ tang Iy E
OF O 2Q,
Therefore, the cavity frequency shift skibule kept
proportional to the current beam.

Taking the real part of (13) and using (14with the
nominal input voltages giveny(10), one gets

Vi2

ol i

(15)

I bnom

Vi (16)

2 %11 2
u
which, considering that thevb ratics are identical gives

the input pavers on each coupler

ilnom Vi2n0m

(20)

V(IO _H)2+D/Z%H§2 oI VIKE

This function haswo poles, solution (Ep2+3+m§H:0,
g T O

. 1 . 1 1 .
which are p,=-—= -—H=-—4=jw,. The
P - J%}/E 4Q|2E - Joy

cavity voltage as a function ofntie is the] deducedby
inverting the Laplace transfort(t) J’ e”V,

V,(t)= (A p,e™t + Bp_eP*‘)+ % 2. /a0y Vi E:oswé‘“ej“’ (22)

The first bracket is the transient onejth the time

constant (2). The second ten is the stationar solution.

Finally, using the snplification Q » 1, the solution is :
(22)

-4 -t
V,(t)=V,(0)e 2" &' +§2,/cxoakvik%o&p V(@Y e 2T D)
3
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