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Energy Stability in High Intensity Pulsed SC Proton Linac
A. Mosnier, CEA-DAPNIA, Gif-sur-Yvette, France

Abstract RFQs, to besqual tothe 704.4 MHz rffrequency of the

SC cavities. Three different cavity types have been

Spallation sources dedicated to neutron scattering selectedrom input to exit of the linacand their energy

experiments, as well as multi-purpose facilities servingains as a function of the incomimmergyare plotted in
severalapplications call forpulsed modeoperation of a Fig.1 (synchronous phase of -30° included).

high intensity proton linac. There is geneagreement on

the superconductingechnology for the high-energy part, @Ple 1: Typical SC High Energy Linac for ESS

which offers some advantages,like higher gradient Input energy 85 Mev
capabilities or operational costs reductioncespared to Exit energy 1.333 GeV
room-temperatures acceleratisguctures. Thisnode of Peak beam current 107 mA
operation howevecould spoil theenergystability of the Chopper duty factor 60 %
proton beam and neetisus to becarefully studiedFirst, Bunch train period _ 600 ns
transient beam-loading effectsarising from the large Number of bunch trains 2000
beam phase slippage along a multi-cell cavity and LRFfrequency 704.4 MHz
associatedwith the finite RF energy propagation, can 2o T T T

induce significant energy modulation with a too small 10 % S

cell-to-cell coupling or atoo large number ofcells. g beta =086

Second,due to beam phase slippageffects along the °rg

linac, energy spreaelxhibits alarger sensitivity to cavity
fields fluctuations than relativistic particles. domputer
code, initially developedfor electron beams habeen 4
extended toproton beams. It solves the 6xbBbupled
differential equationsneeded todescribecavity fields and
beam-cavity interactions of an ensemble of N cavities 0 -
driven byone singlepower §ourceS|muIat|orj examples Figure 1: Energy gain for the 3 cavity types.
on a typicalpulsedproton linacare given with various

error sources, like Lorentz forces or microphonics  The operating accelerating fields G (net energy gain of a

o
T

Energy (MeV) ]
I

detuning, input energy offsets, intensity jitters, etc...  particle of constanspeed equal tadhe geometric beta of
the cell divided by the iris-to-iris cavity lengtbdrrespond
1 INTRODUCTION to electricand magnetic pealsurface fields ofabout 27

With the aim of studying the energy stability in a higtMV/m and 50 mT. The maincharacteristics ofthe 3
intensity pulsed superconductingroton linac, which ~ sectors are shown in Table 2. Longitudinabeam
could be spoiled bytransient beam loadingnd beam mMmatchingbetween sectors is controlled by adjustment of
phase slippage effects, wisedthe two computecodes the synchronous phases of the tinterface cryomodules.
MULTICELL and PSTAB. Theformer[1], based on a The resultingzero currenphaseadvanceper unit length
multi-mode analysis,calculatesthe systematicenergy ranges fromabout20° to 4°. The beam power per cavity
modulation generated within a multi-cell cavitye to the ranges fromi30 kW at the beginning to 680 kW at the
finite speed of the rf wave propagation; the latieitially ~ end of the linac for the mean beam current of 64.2 mA.

developedfor relativistic beams[2] has beextended to Table 2: Characteristics of the 3 sectors

low beta beamsand can handleall major field error LowB_| MedumB] High-B
sources (Lorentz forcesmicrophonics, input energy == (MV/m) 85 105 125
offsets, beanthargejitter, multiple cavitiesdriven by a Geometrid3 0.5 0.65 0.86
single power sourcegtc) includingfeedbacksystem and # cells 5 5 5
extra powercalculation. Due to lack of spadijs paper [ -rhies Joyort > 3 7

is a shortened version of a longeport[7] andpresents a # cryomodules 16 12 >3
few results of simulation for thease of aypical neutron Syncphase (dg) 730 7 o5
spallation source, like ESS[3]. Thelevant parameters of Energy (MeV) 85 - 195| 195 - 450| 450 - 1348

the SC High Energy Linac, whidimwve been chosen for

this StUdy are shown in Table 1. 2 TRANSIENT BEAM-LOADING
The bunchfrequencyduring beam-oriime is assumed,

after funnelling of two beams emerging of 352.2 MHz Fig.2 shows for example the energy gamdthe phase
slippage withrespect to aconstant velocity particle,
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which would stay on-crest of the RF wave, along the firstynamic behaviourdiffers from one cavity to another.
cavity of the linac. With araccelerating gradient of 8.5 With N cavitiesdriven byone single klystron, a total of
MV/m, the netenergygain is 2 MeVand the integrated 6xN coupled differential equations per klystron is required.

beam phase is -30°.
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Figure 2 Enérgy gainv andv phése slippage along the
3=0.50 cavity (G = 8.5 MV/m, E= 85 MeV, @, = -30°).
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This large phase slippage leads to different energy ga

andthen beaninducedvoltagesbetweenthe cells of the
cavity. As a resultyery largefluctuations of transient
beam-loading would bexpectedrom multi-bunch trains.
Fortunately, thanks to intercell coupling (about héte)
RF power propagates from cell to cahd will tend to
even the individual cell excitations. Some fluctuation
however still remains due to the finite propagation
velocity of the RF wave. lraddition, with a chopped
beam pulseperiodic gapsare cut in theregular bunch
train. Modelling the cavity as a single resonator results
a perfectsawtooth-like voltagelue tothe periodic beam-
loading andrefilling of the cavity. With themulti-mode
analysis, the fluctuation isncreased andollows the
oscillation caused by the closesbde tothe accelerating
Pi-mode of the passband. Taeergygain modulation is
then increased by a factor 3. (Fig.3).
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Figure 3: Bunch energy gain along - chopped beam pulse
(bottom: single resonator model; top: multi-mode model).

3 CAVITY FIELD FLUCTUATIONS

Due to beam phase slippagéfects of proton beams
inside and outside the cavitiesgenergy spreadexhibits a
much larger sensitivity to cavityfields fluctuations than
for relativistic electronbeams. Furthermore, icase of
multiple cavitiesdriven by one singlepower source, the
control of the vector sum of the cavity voltages is not a

- 3 equations per cavity for beam-cavity interaction
Instead of using therudeRF-gap approximatioKcosine-
like acceleration athe cavity middle, corrected by the
transit time factor) we preferred tointegrate theexact
differential equations ineach cavity in order to model
properly the beam-cavity interactiorOnce the linac
configuration has beedefined (cavity types, number of
cryomodules, design acceleratifigld and synchronous
phase) a reference patrticle is launchedugh the linac in
order to set the nominal phase of fiedd with respect to
bunch at the entrance of all cavities.

- 3xN equations per klystron for cavity field
The dynamics okachresonator isdescribed bytwo first
order differential equations, plusanother one modelling
gnamic cavity detuning by the Lorerftarces[4]. Beam-
loading ismodelled by acavity voltagedrop during each
bunch passageith a magnitude varying from cavity to
another. In order to minimize the needed RF power,

1) the Qex is set near the optimal coupling (about®s 10
2) the cavity is detuned to compensate rectivebeam-
loading due to the non-zero beam phase

3.4 One cavity per klystron

The cavity voltagesare controlled by modulating the
ﬁ.rnplitude and phase of thepower sourcevia an 1/Q
modulator. The in-phasand out-of-phasefeedbackloop
gains are set to 100and 50, respectively. Examples of
error sources, which were studied, are reproduced below.

- Input energy offset
Bunch phase oscillations induced by beam injectioors
will upset cavity voltage viabeam-loading. Without
feedbackthe bunchedecomeunstable verysoon, while
with feedback,cavity voltagesare efficiently controlled
and the constant field dynamics are recovered (Fig. 4).
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Figure 4: Beam energy deviation at linac exit without and
with feedback (input energy error 0.5 %).
- Lorentz forces
Because of the peak surface fields andhefmechanical
rigidity of the structure, Lorentforce parameter increases
as the cavity betdecreasesSimulationswere carried out
ith expectedvalues of 16, 8nd 4Hz/(MV/m)? for the

0,0003

more as efficient as for relativistic beams since th@reep= 0.5, 0.65and 0.86 cavity types. drder to relax
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the feedback requirements, the cavityst bepre-detuned, example groups of 8 cavities from the beginning of the
such that theresonancefrequency equalsthe operating 2" sectoronly (above200 MeV), Fig. 7 shows the 8
frequency at approximately half the beanidse. The total cavity voltages of the last klystraturing the beam pulse
detuning must then be set to the sum of the detunings faith Lorentz forces detuning effect3he total energy
Lorentz forcesand beam-loadingcompensationsFig.5 deviation at linac end is lower than 1%.
shows the resulting phase and energy errors diusithes 002 A
of the train at the linac exit. The extra power is maximum 0015
at the low energy part of the ling&4%) and decreases as 0o f
energy gain per cavity grows.

05

AVe/Ne

0.4 phase error (deg)

energy error (MeV) -0,005

0,3 L
0,01F

0,2 F

0,015

0,1 time (s)

0020 o0 e e e e e ey 0 1
0 0,0002 0,0004 0,0006 0,0008 0,001 0,0012

Figure 7: Amplitude of the 8 cavity voltages for the last
group (with Lorentz forces only).
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Figure 5: Bunch phase and energy deviations at linac exit The systematic energy modulation, enhanced by
(with Lorentz forces only). transientbeam-loading effectwithin a multi-cell cavity,

- Microphonics looks actually harmless (about3(y using SCcavities
With mechanicalvibrations, feedbackloops must be with low number of cellsand not too smallintercell
closed duringthe filling time, following pre-determined coupling (respectively 5and 1% inthis study).Besides,
amplitude and phase laws, to ensoni@imum RFpower the impact of variougrror sources on energstability in
during the beam pulse. Assuming typical 40 Hz typical SC proton linac hdsenstudied bymeans of a
mechanicaloscillation with an amplitude of 100 Hz simulation code,which integrates theoupled differential
(equivalent to phasBuctuations of +8°), thencrease in equations governindoth cavity field and beam-cavity
energy deviation at linac end is about 50% (Figdl the interaction. Wheneachcavity has its own RFAeedback
extra peak power to be paid is about 20% at low energy system, the cavity voltagesn be verywell controlled,
B L providing energyspreads athe linacendwell below the
specifications. However, groups ahultiple cavities
driven by one common klystrorand controlled by the
vector sum, give rise to significarénergy fluctuations
andshould only beused inhigh energypart, when the

cavity dynamic properties become similar.
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