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VT ~ 14,5 MV 
From H to 197Au, E = 30 ÷ 1.5 MeV/A
CW or pulsed

XTU-Tandem

ECR on 350 kV platform
SC-RFQs and QWRs
Veq ~ 8 MV

PI Injector PIAVE

SC Booster ALPI

68 SC Quarter Wave Resonators (Nb, Nb/Cu)
Veq ~ 48 MV, species from 28Si to 197Au
Injected by Tandem or PIAVE

TANDEM PIAVE ALPI COMPLEX

Fully operational with noble 
Gases; ECRIS replacement 
in 2008



UU--shapedshaped linaclinac withwith 33 QWR QWR ββ00 sectionssections
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Beam sharing among Tandem, 
Tandem+ALPI and PIAVE+ALPI

30%

53%

17%

Tandem

Tandem_ALPI

PIAVE-ALPI

3600 h/yr of beam on target



136Xe+208Pb136Xe+208Pb

March 2007



ResonatorResonator performance performance 
and and operationoperation

1.1. CuCu--basedbased cavitiescavities
2.2. Full Full NbNb cavitiescavities ((QWRsQWRs and and SRFQsSRFQs))



ALPI superconducting linac ~ 70 Quarter Wave Resonators
in 21 cryostats,  @ 4.2 K

OriginalOriginal ALPI PlanALPI Plan
−− EEff:  6:  6--20 20 MeVMeV/u, /u, 
−− First stageFirst stage: 93 : 93 PbPb/Cu QWR, /Cu QWR, 
−− EEaa== 3 MV/m 3 MV/m 
−− EEpp = 15 MV/m= 15 MV/m
−− SecondSecond stagestage:  :  ECR+SRFQECR+SRFQ

((VVeqeq~~ 8 MV)8 MV)

1992:  ALPI during first assembly

1994:  ALPI 1994:  ALPI startsstarts operationoperation
withwith 16 16 resonatorsresonators
In a few In a few yearsyears the the numbernumber of of 
resonatorsresonators increasedincreased toto 48 48 
(in 13 (in 13 cryostatscryostats))



•Pb/Cu :  initial phase, readily available
•Full Nb R&D
•Nb/Cu (sputtering) R&D

Three technologies launched for QW Resonators



19901990:  :  PbPb/Cu/Cu technologytechnology validatedvalidated

Ea = 2.3÷2.7 MV/m
Reliable operation
Cheaper than full Nb, 
mechanically stable, not
susceptible to quench, 
ideal for complicated 
geometries
Limited performance, 
and some degradation
of Ea

19941994--19981998:  :  CompletionCompletion of of PbPb/Cu /Cu ALPI section at β0 = 0,11

β0 = 0,11



MeanwhileMeanwhile:  :  R&DR&D on on full full NbNb and and sputteredsputtered
NbNb resonatorsresonators launchedlaunched

QWR QWR byby NbNb/Cu DC /Cu DC biasedbiased sputteringsputtering -- Start in1988, first Start in1988, first 
prototypeprototype in 1991 , a in 1991 , a modifiedmodified prototypeprototype ((roundedrounded shortingshorting plateplate) ) 
reachesreaches nearlynearly top performance top performance in 1993in 1993

QQ00~~1,5x101,5x1099, , EEaa ~~ 6 MV/m6 MV/m at 7 Wat 7 W
Full Full NbNb QWRQWR -- prototypesprototypes forfor 80, 160, 240 80, 160, 240 MHzMHz, first , first QQ--curvecurve of of 
lowlow ββ 80 80 MHzMHz full full NbNb cavitycavity in 1993in 1993

QQ00~~1,2x101,2x1099, , EEaa ~~ 6 MV/m6 MV/m at 7 Wat 7 W

Full Nb, 80 MHz, βopt~0,055Nb/Cu, 160 MHz, βopt~0,13



1996:  1996:  first first cryostatcryostat withwith higherhigher ββ0 0 NbNb/Cu/Cu
resonatorsresonators installedinstalled

RetractedRetracted beambeam portsports ((ββ00 0,130,13))
RoundedRounded shortingshorting plateplate
Capacitive Capacitive couplercoupler (no (no holehole in in 
high j high j regionregion))
Material:  99,95% OFHC Cu, Material:  99,95% OFHC Cu, no no 
brazedbrazed jointsjoints on on cavitycavity, , collarcollar
nornor supportssupports
EEaa ~ 6~ 6÷÷88 MV/m (QMV/m (Q00 ~ 6~ 6÷÷7x107x1088))

QWR

Cathode

Ground

β0 = 0,11 β0 = 0,13



OffOff--lineline QQ--curvescurves ofof NbNb/Cu/Cu sputteredsputtered
resonatorsresonators

6 ÷ 8 MV/m
(Ep = 30÷40 MV/m)

On line Ea:  beyond 6 MV/m 
Phase stability is not an issue (Δf/ΔP ~ 0,01 Hz/mbar)



FromFrom 19991999: : applicationapplication of the of the sputteringsputtering
technologytechnology on on allall ββ00=0,11 =0,11 cavitiescavities ((PbPb →→ NbNb))

From 1999 urgent major 
maintenance on all mid β
cryostats: 4 leaking units –
cryogenic valve, actuated by
a 16 bar He circuit

Meanwhile:  preparation of 
mid β Cu substrates for Pb
replacement with Nb

Despite:  smaller shorting
plate radii, sharp edges on 
beam ports and coupling
holes, brazed joints (brazing
junk released during
sputtering)

Small radii Brazed joints



 

0

1

2

3

4

5

6

CR7-
1

CR8-
1

CR9-
1

CR10
-1

CR12
-1

CR13
-1

CR14
-1

CR15
-1

CR16
-1

CR17
-1

CR18
-1

cavity

Ea [MV/m]
Nb/Cu 2006

Removed Pb/Cu

20032003: : MidMid ββ00 sectionsection upgradeupgrade completedcompleted

((Ea = 2,7 → 4,4 MV/m)

(carried out with no interference with ALPI physics programme)

β0 0,055

n.44 160 MHz, Nb/Cu, β0 0,11

Bu

Buβ0 0,13



On going R&D:  On going R&D:  Further  improvementFurther  improvement
in mid in mid ββ QWR performanceQWR performance

LNL is prototyping 4 new LNL is prototyping 4 new ββ00 0,11 0,11 
resonators:resonators:
•• Beam portsBeam ports by extrusion (by extrusion (roundedrounded

edgesedges))
•• Rounded shorting plateRounded shorting plate
•• Capacitive couplerCapacitive coupler
•• No holes in high current regionsNo holes in high current regions
•• No brazing in outer resonator bodyNo brazing in outer resonator body

1.E+07

1.E+08

1.E+09

0 1 2 3 4 5 6 MV/m

Q

7 W

Old shape
New shape

Present lab RP authorization: 3 MV/m
Expected in ALPI:  ~ 4,4 → 5,5 MV/m

After sputtering

A.M. Porcellato, poster TUP38



ResonatorResonator performance performance 
and and operationoperation

1.1. CuCu--basedbased cavitiescavities
2.2. Full Full NbNb cavitiescavities ((QWRsQWRs and and SRFQsSRFQs))



Full Full NbNb QWR QWR sectionsection (80 (80 MHzMHz, , ββ=0,55)=0,55)

Prototypes
(at 80, 160, 240 MHz)  
till 1993, then
production of n.12 80 
MHz β0=0,055 cavities
Indispensable for
A>100 Tandem beams
and all PIAVE beams
In 1998:  12 
resonators were
installed in ALPI

Outer conductor: double wall
instead of explosive bonding
(high T treatments possible)

n.12 80 MHz, full Nb, β0 0,055

β0 0,11 β0 0,13

Bu

Bu



OffOff--lineline QQ--curvescurves of full of full NbNb QWRsQWRs
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(Ep = 30÷40 MV/m)



ECR Ion Source on 350 kV platform

2 SRFQs

8  Low β QWRs

ECR Ion Source Platform

2 Superconducting RFQs

Full Nb RFQs and QWRs in PIAVE 
operational since Fall 2005



Superconducting Superconducting RFQsRFQs
ACHIEVED RESULTS

1. Q vs Ea curve as 
specified

2. Frequency locking
by means of VCX
(vibrations) and 
mechanical tuners
(liquid He 
preassure
breathing), after 
ensuring gentle 
cryogenics
conditions

3. Classical RFQ split 
into 2, with 
external bunching 
(relative phase
must be found)

4. ± 0,2 mm 
alignment on beam 
axis for good 
transmission
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DifficultiesDifficulties and and challangeschallanges in full in full NbNb
resonatorsresonators

A  zero A  zero orderorder problemproblem forfor QWRsQWRs:  the :  the 
cryogeniccryogenic system system cannotcannot feedfeed lowerlower ββ00 full full 
NbNb QWRsQWRs reliablyreliably (1998, (1998, solvedsolved 2004)2004)

PhasePhase stabilitystability vsvs slow P slow P changeschanges and and 
mechanicalmechanical vibrationsvibrations

-- QWRsQWRs: : improvedimproved slow slow tunerstuners, , dampersdampers
((EEaa ~ 3~ 3÷÷4 MV/m), 4 MV/m), new RF system (new RF system (aimaim: : 
5 MV/m5 MV/m))

-- SRFQsSRFQs:  2 :  2 largelarge rangerange tunerstuners eacheach, VCX , VCX 
Fast Fast TunersTuners (ANL design)(ANL design)



ProblemProblem in in feedingfeeding lowlow ββ resonatorsresonators withwith
gas and gas and liquidliquid HeHe

1996-1998: observation of  unbalanced cryogenic loads
Shield T (He gas) increases towards low β linac far end

Ineffective shield cooling → anomalous liquid He
evaporation → No liquid He transfer (CR04÷CR06 could not
accumulate liquid He!)
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2004 2004 -- UpgradeUpgrade of ALPI of ALPI cryogeniccryogenic lineslines

2004:  scheduled
ALPI stop
Cryogenic lines
system reshaped

ΔP = constant on 
each cryostat

Additional tools
mounted: 

− 4 valve boxes
− P and T sensors
− 2 mass flow meters



ResultResult of the of the upgradeupgrade

ShieldShield temperaturestemperatures are are nownow muchmuch betterbetter
balancedbalanced ((wholewhole linaclinac coolingcooling possiblepossible))
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NoisyNoisy cryogenicscryogenics urgedurged the the developmentdevelopment of of 
mechmech. . DampersDampers forfor QWRsQWRs

Liquid He P occasionally changes by 100 mbar/min
(Cu-based cavities:   0,01 Hz/mbar)
Low beta QWR: Δf/ΔP up to 1 Hz/mbar
Mechanical dampers can compensate up to 10 
Hz/min changes (Modes at 42 Hz and 22 Hz)

Large He P jumps must be either eliminated or 
compensated by damper + efficient slow tuner

Recording of amplitude
distribution of frequency
oscillations



Slow Slow tunerstuners upgradeupgrade
Replacement of standard 
cam-shaft tuner with the 
TRIUMF design QWR tuner
actuated by a standard 
stepper motor 

Very small and 
reproducible backlash

Resolution better than
0,33 μm (equivalent to
1 Hz frequency steps)

Little magnetic material 
and no lubricants

Result:  thanks to work on cryogenic lines, mechanical damper, 
slow tuner full Nb QWR operate at nominal field (3 MV/m), 

still limited by RF system



Present low Present low ββ00 QWR upgrade:  QWR upgrade:  
RF systemRF system

One more low β0
cryostat with 4 
cavities

Pampl = 150 → 1000 W

Upgraded rf system  
-LN cooled couplers
-LN cooled RFlines

More efficient 
“slotted” slow tuner

Expected result:  
Ea = 3 → 5 MV/m

A. Facco, poster WEP08



SRFQsSRFQs phasephase lockinglocking issueissue
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They work very nicely as long as liquid He ΔP/Δt < 5 
mbar/min (usually the case)
Only drawback:  early inexperience in using their
electronics properly caused an avalanche of PDS shorts →

extraordinary cryostat maintenance in Spring 2006

Δf/ΔP ~ 40 Hz/mbar !

•Gentle cryogenics
•VCX Fast Tuner

(ANL design)



SRFQsSRFQs are are followedfollowed byby 8 full 8 full NbNb QWRsQWRs

β0 = 0,055β0 = 0,047

PIAVE QWRs feature an operational field of 4,1 MV/m (with respect to 3 MV/m
of ALPI):  after RF system upgrade they are expected to exceed 5 MV/m



ALPI ALPI equivalentequivalent voltagevoltage increaseincrease
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OperationalOperational comparisoncomparison of QWR of QWR 
((NbNb/Cu and Full /Cu and Full NbNb) and ) and SRFQsSRFQs

Nb/Cu QWR Upgraded Nb/Cu Full Nb QWR Full Nb SRFQ
Ēa [MV/m] 6,5 4,5 6,5 2,2 / 3,2

Ēp [MV/m] 32 22,5 32 25

Ēa,op [MV/m] 6 4,4 3 / 4,1 1,9 / 2,8
RT RFE conditioning [h] 48 48 96 32
Cooldown time per cryostat [h] 8÷12 8÷12 18 12
4K RFE conditioning [h] None None 2 20
HPPP [h] 4 4 None 100
He conditioning [h] 6 6 6 20
Q-disease None None Some None
Deconditioning None None None On SRFQ2
Phase locking tools O.C. O.C. O.C.+Damper VCX

Unlock rate [day-1] 0 0 0÷5 0÷5



Setup of Setup of EEaa and and φφ of resonatorsof resonators

The source buncher
delivers 1.2 ns bunches
at ALPI entrance (i.e. 
70deg@160MHz)

(tandem energy spread < 
0.1 %)

Resonator +20° or -20°
phases (and their 
amplitudes, in some 
cases) are regulated, so 
as to minimize the 
average phase width of 
the bunch and to keep its 
oscillations under control

First step:  Longitudinal dynamics is defined in a dedicated spreadsheet

Example:  a Tandem-ALPI 70Zn10+ beam
(Efin = 450 MeV)



Longitudinal dynamics is 
inserted into a Trace3D 
sheet:  quadrupole
gradients are regulated, 
so as to have a beam 
which be well enough 
focused in the cavities 
and not too large in the 
magnets

Make sure that the chosen 
dynamics does not imply 
too large quadrupole
gradients:  otherwise 
back to Excel spreadsheet 
to changes resonators φ.

Second step:  Trace3D calculates transevrse dynamics 



1. Possible longitudinal beam losses (and their cause) are searched

2. Quadrupole gradients are corrected in order to minimize transverse losses 

Third step:  ALPI is simulated with PARMELA 
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Future Future perspectivesperspectives

ChallengesChallenges on SC on SC cavitycavity developmentdevelopment fromfrom::
1.1. ExperimentalExperimental campaigncampaign withwith EUEU--detectordetector

AGATAAGATA
2.2. UseUse of PIAVEof PIAVE--ALPI ALPI asas RNB RNB acceleratoraccelerator



AGATA detector: a milestone for 
PIAVE-ALPI

4π set of γ detectors, 
designed to be operational
at European Laborarories
offering high intensity
stable and unstable beams
ItsIts demonstratordemonstrator willwill bebe
commissionedcommissioned and and testedtested
forfor the first time the first time at LNL (I)at LNL (I)
withwith PIAVEPIAVE--ALPI ALPI beamsbeams
(10/2008(10/2008--04/2010)04/2010)
GANIL (F)GANIL (F) ((upgradedupgraded
versionversion ):  2010):  2010--20122012
GSI (D):GSI (D): after 2012after 2012

(Advanced GAmma Tracking Array)
180 large Ge crystals, segmented 36 fold

AGATA

To fulfill AGATA experimental specs:  higher currents and energies of heavy ion beams
are required on PIAVE-ALPI

132Xe



XTU-Tandem

PI Injector PIAVE

Target & Mass 
Separation area
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40 MeV 0.2 mA Driver

S=1÷1.5 x 7 mm, diam 70 mm

5x107÷5x109

Ions/s
Beam

SPES: a SPES: a MidMid--termterm RNB RNB FacilityFacility
Based on a 40 MeV Proton Driver and 

Multi-Slice Direct Target Concept

~1013 fissions/s

16 M€ funded, 32 M€ sub judice

SC linac ALPI

132Sn
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132132XeXe36+36+ in 2009, in 2009, withwith new ECRISnew ECRIS
and and upgradedupgraded lowlow ββ sectionsection

(quadrupole gradients below 20 T/m)  

β0 0,047 β0 0,055 β0 0,11 β0 0,13

Final energy:  0,95 (2007) → 1,68 (2009) GeV

in out
εx,norm,RMS 0,10 0,14 mm.mrad
εy,norm,RMS 0,10 0,16 mm.mrad

εz,norm,RMS 0,06 0,63 mm.mrad
Energy 0,58 12,42 MeV/u
Transmission 93 %
Beam current ~20 pnA



2007 2008 Funded Mid β upgrade High β extension

CR03 0 5 5 5 5

CR04-CR06 3,5 3,5 5 5 5

CR07-CR20 4,2 4,2 4,2 5,5 5,5

CR21-CR25 5,5

Present ECRIS, stable beam 132Xe20+ 7,1

New ECRIS, stable beam 132Xe26+ 10,3 10,76 12,3 14,3

Charge breeder, RNB 132Sn20+ 8,7 9,8 11,3

Eacc [MV/m]

Energy [MeV/A]

Resonators Upgrade Phases

Low β0 res. upgrade, new ECR (funded)

Further mid β0 cavity upgrade (cheap)

Five additional high β0 cryostats

AGATA demonstrator, RNB accel. project

PIAVEPIAVE--ALPI ALPI rresonatorsesonators upgradeupgrade and and 
theirtheir impact on impact on beambeam final final energyenergy

Full Nb, 80 MHz, β0 0,047-0,055 Nb/Cu, 160 MHz, β0 0,11-0,13
Lower β0 section Medium-High β0 section



OutlookOutlook
SinceSince 20 20 yrsyrs LNL LNL havehave beenbeen involvedinvolved in in 
R&DR&D of of lowlow beta beta resonatorsresonators ((QWRsQWRs in in 
PbPb/Cu, full /Cu, full NbNb, , NbNb/Cu, /Cu, SRFQsSRFQs, , cavitiescavities forfor
high high currentcurrent applicationsapplications))
ALPIALPI (and (and thenthen PIAVEPIAVE), ), currentlycurrently working working 
forfor anan intense intense N.P.N.P. experimentalexperimental
programmeprogramme (70% (70% rejectionrejection factorfactor),), are are 
steadilysteadily improvingimproving theirtheir perfomanceperfomance
The The opportunitiesopportunities offeredoffered byby the the AGATA AGATA 
arrayarray and theand the SPES project SPES project are are givinggiving
furtherfurther momentummomentum in the in the samesame directiondirection

Thanks to:  A.M. Porcellato, A. Facco, P. Posocco


