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Abstract CAVITIES

A heavy ion superconducting linac is being installed aMedium Beta Cavities
TRIUMF to increase the final energy of radioactive beams The cavities, originally developed at INFN-LNL, are

from_ ISAC. A first stage of 20 MV consisting of five two-gap bulk niobium quarter wave cavities. The first eight
medium beta cryomodules each with four quarter Wavgo e a design velocity of, 5.7% while the remaining

bulk niobium cavities and a superconducting solenoid ig, .\« have a design velocity ¢f, = 7.1% (Fig. 2). The

being mstalleq_Wlth commissioning schedgled for Deccavities were fabricated at Zanon in Italy. The initial four
2005. The cavities have been fully characterized for rf per:

¢ T dqules h b q Id Were chemically polished at CERN and the remaining six-
ormance. fwo cryomodules have been tested at co te'??e'en were chemically polished at JLab. Recently two cavi-
peratures. A high beta cavityd{ = 0.104) for the next

ies received additional electro-polishing in a collatiom
phase is presently in design. A weak phase lock loop tech; P g

. . . . ith Argonne[1].
nique is used to monitor the control loop phase noise to
characterize system microphonics. Arecent highlightes th
acceleration of heavy ions by one cryomodule as a proof of
system integrity. The report will summarize all aspects of ° o | ° e
the program.

(Ie
b

INTRODUCTION H oo H 1 1
TRIUMF is now preparing a hew heavy ion supercon-
ducting linac as an extension to the ISAC facility to permit L] ] :
acceleration of radioactive ion beams up to energies of at E 5 T -

least 6.5 MeV/u. The superconducting linac is composed of Bl B ! I
two-gap, bulk niobium, quarter wave rf cavities, for accel- , . n PN P PO

eration, and superconducting solenoids, for periodicstran ) |\ONa A=A b Flet (50 %)

verse focussing, housed in several cryomodules. The "ni?gure 2: The two medium beta quarter wave cavities for
is grouped into low, medium and high beta sections. Th%e ISAC-II linac

installation of the linac has been grouped into three stag(t-)s '

highlighted in Fig. 1. The initial Stage O to be completed The cavities are equiped with a mechanical damper
in 2005 includes the installation of a transfer line from thgynjich limits microphonics to less than a few Hz rms. A de-
ISAC DTL (E=1.5 MeV/u) and the medium beta section tqnoyntable flange on the high field end supports the tuning
produce 20 MV of accelerating voltage for initial experi-pjate. Rf coupling is done through a side port. To date nine-
ments. Stage 1, to be completed three years later, 'nClUC%%n cavities have been characterized via cold test. Typica
the installation of the three high beta modules for a furthgfeatment involves a 30-40 minute high pressure water rinse
20 MV. The ISAC-II accelerator final Stage 2 is foreseerynq twenty four hour air dry in a clean room, followed by

IH=DTL1

after 2010. vacuum pumping and bakeout at 95 C for 48 hours. This
Stage 2 I is foIIov_ved by pre-cooling either by an quition of.LN2 to
o B = ———— eeep)  the helium space or by 48 hours of radiation cooling from
?:/ low § @S2 Medum g High 8 the LN2 cooled side shields.
ST E=0.Mev/u "315 ﬁ The ISAC-Il medium beta cavity design goal is to oper-
E_15Mev/u ate up to 6 MV/m across an 18 cm effective length with
e »Xk P.., < 7 W. The gradient corresponds to an accelera-
% Stage O \%\\ tion voltage of 1.1 MV, a challenging peak surface field
;S o e of E, = 30 MV/m and a stored energy df, = 3.2 J
‘ s beaoB oW T = o= 5~ HEBTT_Exp | and is a significant increase over other operating heavy

ion facilities. A distribution of the initial cavity perfer
mance is shown in the top plot of Fig. 3 for the charac-
teristic fields at 7 W cavity power. Four cavities out of the
nineteen did not met specification with at least one cav-
“TRIUMF receives funding via a contribution agreement tiglothe Ity b€ing very poor. Recent studies have shown that the
National Research Council of Canada cavities can havé)-disease that makes them susceptible

Figure 1: Stages 0, 1 and 2 for the ISAC-Il upgrade.
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to slow cooldowns[1]. All initial tests involved a pre-cool

with LN2. A small flow of LN2 was delivered to the in- Table 1: Parameters of ISAC-Il cavities.

- ; Parameter HB | MB (flat) | MB (round)

ner conductor volume and maintained until the outer met‘lf (MH2) 14141 1061 1061

sensors indicated- 170K. Radiation and thermalization 3 0.104| 0064 0.072

would bring the cavity to 160K before helium transfer. A T?I'F 0.089| 0087 0.090
fast cool-down procedure has been adopted where the C‘Nﬁoreo(mm) 20 20 20
ity is radiation cooled to~ 220K for 48 hours and then gap (mm) 45 40 40
rapidly cooled with LHe down below 50K in less than one drift tube (mm) 60 40 60
hour. The LHe flow isv 50 Itr/hr. Several of the previously Less (mm) 180 180 180
poor cavities have been retested and the latest cavityperfo Heefi gf;ht (mm) 577 755 750
mance summary is shown in the bottom plot of Fig. 3. Ay (mm) 13 0.56 0.75
(a) Initial Tests ZZC((&\(;{;)) 120 860 860

527 MM i V (MV)@6MV/m 1.08 1.08 1.08
H E,/E, 4.7 5.6 4.6

21_ L L | B,/E,(MT/MV/m) | 10.3 10.3 10.1

U/E2(J/(MV/m)?) | 0.073 0.1 0.092

—‘ RsQo(£) 24.8 20.1 19.1

0 . . Rsn/Q(Q 499 486 519

(b) After fast cool—down

N
1

Distribution

L] L | phase-locked loops for phase and frequency stabilization.
H _‘ Amplitude and phase regulations, as well as tuning control,

are performed using digital signal processors. The rf band-
0 . . ; . , width is broadened by overcoupling.
E, wm % * A measurement of the phase noise is a sensitive tool to
produce valuable information regarding the environment
Figure 3: Histogram summarizing cavity performance fowithin the RF system. Fig. 4 shows the equipment setup
seventeen tested cavities. Shown are the numbers of c&Fr measuring phase noise. The white boxes are compo-
ities achieving a certain peak surface field at 7W heliuments that are already present in a self-excited regulation
load. Initial tests are shown in the top plot and recent stsystem, so the only extra equipment needed are a low phase
tus is shown in the bottom plot after testing poorer cavitiegoise frequency synthesizer and an FFT analyzer. In order
with a fast cooldown. to keep the phase detector from wrapping around due to
long term phase drift, the feedback loop géip is set to
Presently only one cavity does not meet specificatiothe minimum required for the phase detector to remain op-
with a hard quench limit at 3 MV/m. We are making planserating in its linear region.
to etch the cavity again to try to improve the performance.

Low

High Beta Cavities Freg Rt
In the second stage of ISAC-} 20 MV of high 3 quar- %
ter wave cavities will be installed. Twenty high beta cav- o6,
ities are divided into two modules of six cavities and one '|""““ tector = ’I FE
module of eight cavities. Each of the medium and high |
beta cryomodules are equiped with one solenoid each. TH —1 x
high beta cavity will have the same transverse dimension| " Limier [ i
as the medium beta cavity but with a higher frequency tc
increase the design velocity. The cavity is presently in the 0
prototyping stage with production to begin in 2006. @ —] phase m““"'a""lt—

The rf parameters of the three ISAC-II cavities are given
in Table 1.

Figure 4: Schematic of phase noise circuit.
RF SYSTEMS

RF Controls The RF Control system [2] for the su- Fig. 5 shows the phase noise spectra of Cavity 2 under
perconducting cavities is a hybrid analogue/digital syste different feedback conditions. The different spectra show
Each system consists of a self-excited feedback loop withe suppression of phase noise below the regulation band-
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width when the phase loop is closed. The spectra also show
the characteristics of various noises in the RF system. The
broad band centered at around 4 Hz is due to cavitation
boiling of liquid helium. A sharp peak at 15 Hz is the }
mechanical resonance of the push-rod of the tuner. Some
broad band noise is evident at 50 Hz due to the cooling
fans in the power amplifiers, and the noise centered around
75 Hz is the fundamental vibration mode of the center res-
onator.

Phase noise of Cavity 2

— AmplLock, Phaselock, TunerLock o=1 15"
10 — AmpLock o=2.75°
—— AmplLock, Phaselock, TunerLock o=06"

Figure 6: Photo of tuning plate and tuning lever mecha-
nism.

MEDIUM BETA CRYOMODULE

The vacuum tank consists of a stainless steel rectangular
box and lid. All services and feedthroughs are located on
the lid. The entire cold mass is surrounded by a forced flow,
liquid nitrogen cooled, thermal shield. The shield corssist

: o o o o .  of several Cu panels riveted together to form a box with
Freq (Hz) Cu tubing soldered to the panels to form a serial LN2 cir-
cuit that also cools the coupling loops..Ametal magnetic
Figure 5: Phase noise spectra for cavity 2 in SCB3 duringhield, consisting of 1. mm Conetic panels is attached to the
recent cold test. inside of the vacuum tank outside the LN2 shield. A sin-
gle LN2 panel and:-metal shield suspended from the lid
make up the top thermal and magnetic enclosure respec-

LN2 Cooled Coupling Loop Initial cavity studies at fively. Thex metalis designed to suppress the ambient field
TRIUME were done with a coupling loop designed a®y a factor of twenty. Cavities and solenoids are suspended
INFN-Legnaro suitable for operation with lower gradientd"™0m & common support frame itself suspended from the
and lower forward power. Tests at higher power indicate af@#"K lid (Fig. 7). Each cryomodule has a single vacuum
unacceptably large amount of power is depositectiit 4  System for thermo-isolation and beam acceleration. This
new coupler has been developed|3] that reduces the helifmands extreme cleanliness of internal components and
load to less than 0.5 W at the design gradient of 6 Mv/nRrecludes the use of volatile lubricants and flux, as well
and P; = 200 W. The coupler has a stainless steel bod§S Particulate generators, to avoid superconductingcirfa
for thermal isolation and a copper outer conductor and fontamination. Assembly is done in the new ISAC-Il clean
feed line cooled with LN2. Cooling of the inner conductor@0m. The cavities must be aligned to within 0.4 mm and
is achieved by adopting a thermally conducting Aluminunih€ solenoid to 0.2 mm. A wire position monitor (WPM)[S]
Nitride dielectric localized in the coupling loop. ThermalSystem has been developed to monitor the position of the
radiation from the uncooled rf drive cable is intercepted b§old mass during thermal cycling.
an LN2 cooled copper tube.

Phase noise (radQJ'Hz)

Mechanical Tuner A high resolution mechanical CRYOMODULE TESTING

tuner[4] has been developed. The tuning plate is actuatedThe cryomodule assembly and commissioning tests are
by a vertically mounted permanent magnet linear servo mgonducted in the clean laboratory area in the new ISAC-
tor, at the top of the cryostat, using a ‘zero backlash’ levet building. Single cavity cold tests in a small cryostat
and push rod configuration (Fig. 6) through a bellows feedsonfirmed the initial cavity parameters. An EPICS based
through. The system resolution at the tuner plate centepntrol interface is used to interact remotely with the cry-
is ~ 0.055um (0.3 Hz). The tuning plate is radially slot- omodule systems during the test. Two cryomodules SCB3
ted and formed with an ‘oil can’ undulation to increase thés = 0.071) and SCB1 ¢ = 0.057) have been assembled
flexibility. The demonstrated dynamic and coarse range @nd tested to date.

the tuner arec4 kHz and 33 kHz respectively. The demon- Alignment-SCB3The position of the cold mass as mon-
strated mechanical response bandwidth is 30 Hz. Amplitored by the WPM at three cold LN2 temperatures is re-
tude and phase regulation can be maintained for eigepeatable to withint50.m vertically anct=100um horizon-
frequency changes of up to 60 Hz/sec. tally. Due to the different materials involved the solenoid
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series circuit with the side shield cooled at the same time
as the coupling loops. This means that after the bakeout is
complete the coupling loops can go through a large temper-
ature excursion as the side shields are cooled. Our analysis
\4 shows that the problems with the rf feed lines have devel-
@* oped when the coupling loops were brought quickly (1-2
hours) from 360K to 80K. The procedure now is to regu-
late the LN2 flow to slow the cooldown rate.The rf cable
design is also being reviewed.
In a standard cryomodule rf test all cavities are powered
and locked to the ISAC-II specificatiort}, = 6 MV/m,
E, =30 MV/m, f = 106.08 MHz, 3=200,P; = 200 W.
. This checks not only the cavity but also the coupling loops,
m tuners, amplifiers and rf controls. In the most recent test
: cryomodule SCB3 was moved to the accelerator vault and
Figure 7: Cryomodule top assembly in the assembly franigsted in situ with the helium refrigerator in closed loog an
prior to the cold test. final cabling from the final dedicated control units and sup-
plies. Due to the rf feed problem mentioned above only
three of the four cavities was operational. However the
experiences more vertical contraction, with 4.4 mm athree cavity systems were powered and locked in ISAC-II
LN2 and 5 mm at LHe temperatures while the cavitiespecifications for a successful 24 hour test.
contract 3.3 mm at LN2 and 3.8 mm at LHe tempera- Solenoid and Remnant Field
tures. For beam dynamics reasons we require the cav-Each cryomodule is equiped with a 9 T solenoid. The
ity beamport centerline to be 0.75 mm below the bearsolenoids are equiped with bucking coils to reduce the
centerline as defined by the solenoid. Cold tests | arfdinge field in the vicinity of the adjacent cavities to less
Il results show that final alignment is achieved by alignthan 40 mT[6]. The solenoid ran up to 9 T without quench-
ing the cavities while warm to (0,0,0,0) horizontally anding the adjacent cavities. When the solenoid is ramped
(+0.28,+0.38,+0.38,+0.28) vertically with the solenoid aup to 9 T and then ramped to zero there is still significant
(z,y) = (0,0). Optical targets are then placed in the upfrozen flux in the solenoid. If the cavities are warmed above
stream and downstream solenoid bore for cold test IIl. Thigansition and then cooled this frozen flux significantly re-
beam axis is defined by optical targets on the beam apertudeces the performance of the cavities. If the solenoid
of the tank. Adjusters located on the lid are used to aligis taken through a de-gaussing cycle before being turned
the solenoid targets to the beam axis targets after coolindf the fringe field from the frozen flux is reduced. The
the cold mass. frozen flux can be quenched by warming up the solenoid
CryogenicsThe helium transfer line fits to a manifold in above transition. Operating the solenoid can magnetize the
the helium space that delivers helium in parallel to a seriggu-metal. In order to reduce the impact on performance
of 3 mm tubes that are routed to the bottom of each of tH&e solenoid should be de-gaussed by cycling the current
cold mass elements. This system works well to efficienti{hrough zero, reversing polarity and raising the current to
cool the cryomodule. At a total flow of 75 Itr/hr the cavitieshalf the initial value and repeating until the current issles
cool together at a rate aH0°K/hr while the solenoid cools than 1% of the initial value.
at a rate oR20°K/hr due to its larger mass. The measured ]
static load for SCB3 and SCB1 is 13 W each and comparécceleration Tests
well to estimates during the design phase. The LN2 flow The first acceleration of ions with superconducting rf at
required to keep the side shield less than°¥0B ~ 5¢/hr  TRIUMF/ISAC was in Nov. 2004 [7] with alpha particles
matching design estimates. from a radioactive source. The source was positioned just
RF TestsThe cavities are first baked at90°C for 48 upstream of the cryomodule and the 5.8 MeV alphas were
hours. LN2 is then fed through the side-shields and the coldtroduced through a thin Kapton window. The window
mass is cooled by radiation for at least 48 hours to bring theegraded the initial energy to 2.8 MeV. The particles were
average temperature to about 200K before helium transfaiccelerated through the ISAC-11 medium beta cryomodule
The cavityQ, values are similar to those measured in thand the final energy was measured with a silicon detector
single cavity cryostat indicating that themetal reduces in a downstream diagnostic box. The maximum energy
the remnant magnetic field to a sufficient level. On tw®f 9.4 MeV is within 6% of the expected energy for the
of the cold tests we have had problems with one or morfeur cavities operating at the ISAC-II specified gradient of
cavities having an open connection on the rf feed. The&MV/m (E,=30 MV/m).
open connections close after warming. The hypothesis isIn the most recent test cryomodule SCB3 was moved to
that the thermal contraction on cooldown is responsible fahe accelerator vault (Fig. 8) and tested in situ with the he-
the open circuit. For simplicity we run the LN2 as a singldium refrigerator in closed loop. The test allowed us to op-
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erate the cavities in the vault environment and with the final
cabling, control systems and power supplies. The configu-
ration was identical to the planned installation with the ex
ception that temporary transfer lines were used for this tes
As mentioned only three cavities of four were operational £ 507 N
due to a rf cable problem. &
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Figure 9: On-line tuner position response to a pressure ex-
cursion in the helium space due to mode switching of the
refrigerator. The tuner signal from three cavities locked a
6 MV/m are displayed.
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Figure 8: SCB3 in the vault during the beam test.
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The tuner on-line performance was measured by alter- 021 [ -
ing the cavity frequency by forced variations of the helium - )N

pressure. The pressure variation was initiated by chang- 6 7 " v/ 10 il
ing the speed of the main compressor. Three cavities were

on _and locked and remained chked during the e>_<cursiq4_=‘gure 10: Energy spectra of 26Mg6+ beam. Shown are the
which corresponded to the equivalent of 300 Hz eigenfreg e ira of the injected beam and the spectra after turning on

quency swing. Fig. 9 shows the helium pressure and assg phasing three cavities sequentially.
ciated tuner position throughout the pressure excursion.

A 26Mg6+ beam at 1.5 MeV/u was delivered from ISAC
through the S-bend transport system and tuned through tf# K. Fong, et al, “Status of RF Control System for ISAC-
cryomodule. The superconducting solenoid was set to the 1l Superconducting Cavities”, LINAC2004Lubeck, Germany,
theoretical field strength. A beam profile monitor and Fara- Aug. 2004.
day cup in the downstream diagnostic box were used to o8] R. Poirier, et al, “Rf Coupler Design for the TRIUMF ISAC-
timize the beam and a silicon detector was used to measure Il Superconducting Quarter Wave Resonators”, LINAC2004,
the final energy. The three operating cavities were turned Lubeck, Germany, Aug. 2004.
on and phased sequentially. The final spectra of the ungaj T. Ries, et al, “A Mechanical Tuner for the ISAC-Il Quarte
celerated beam plus the spectra after each cavity is turned Wave Superconducting Cavities”, PAC2003, Portland, May
on is shown Fig. 10. Assuming a synchronous phase of 2003.
¢s = —25° the three operating cavities give a total volt-{5] w. Rawnsley, et al, “A Wire Position Monitor System foreth
age gain of 3.6 MV corresponding to an average gradient |SAC-II Cryomodule Components Alignment”, LINAC2004,
of 7.4 MV/m and a peak surface field of 37 MV at 7 W per  Lubeck, Germany, Aug. 2004.

cavity. [6] R.E. Laxdal, et al, “Magnetic Field Studies in the ISAC-I
Cryomodule”, this conference.
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