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Abstract

At INFN-Legnaro the heavy ion injector PIAVE, based
on two superconducting RFQs and 8 quarter wave
resonators (QWR), is at an advanced stage of beam
commissioning. The RFQs (SRFQ1 and SRFQ2), built in
full Nb within a stiffening Ti jacket, are 0.8 m in diameter
and 1.4 and 0.8 m long respectively, with a resonant
frequency of 80 MHz. The PIAVE beam is bunched by a
normal conducting 3-harmonic-buncher upstream the
SRFQs. The SRFQs are specified to work at a peak
surface field of 25.5 MV/m, a value which was exceeded
in the test phase and has been recently confirmed in on-
line tests. Phase and amplitude locking, versus both
microphonics and pressure variations of the liquid helium
bath, is the main issue. Since November 2004, the two
SRFQs have been used quite extensively, for beam
acceleration tests in PIAVE, showing a high degree of
reliability. A '°O*" pilot beam, received from an ECR ion
source located on a high voltage platform, was used in the
tests. The typical ion beam current was a few hundreds
nA, even though it could be raised up to a few LA without
any inconveniences. Beam tests with '**Xe'®" were made
too. The paper reports the more recent results of on-line
SRFQ tests and beam operation.

INTRODUCTION

The tandem-ALPI heavy ion accelerator complex has
been completed with a positive ion injector (PIAVE [1]),
featuring as accelerating structures 2 SRFQs and 8 QWRs
[2], all in full Nb. In contrast to the XTU-tandem, PIAVE
is able to feed the booster ALPI also with heavy ion
species (up to U), delivered by an ECR ion source.

Since November 2004, beam tests were carried out first
of all through the SRFQs and later through the entire
injector. A beam of '°O**, from the ECR ion source on a
high voltage platform, was used for the tests (a current of
~ 1+3 mA was typically available from the source). As
expected, the energy output of PIAVE was 20.8 MeV.
The measured transverse emittance was 0.1+0.15 mm
mrad, to be compared to an expected value of 0.1 mm
mrad. The recorded longitudinal emittance is still a factor
4 higher than the theoretical value (2 vs. 0.5 keV ns/A),
but we suspect that instrumental errors still bear a non
negligible contribution, which is being eliminated. Beam
transmission, between 85% and 100% in the cavity-free
regions, turns out to be as high as 68% in the 3H-buncher
[2]-to-SRFQ section (expected value 70%).

Fig. 1 shows a photo of the compact PIAVE injector.

The present paper is dedicated to the operation of
SRFQ elements, core of the PIAVE injector, being their
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Fig. 1 Photo of the service floor of the PIAVE injector.
The squared cryostat on the right hand side contains the
two superconducting RFQs (upstream on the beam line),
which are followed by two cryostats, containing 4 QWRs
each.

design construction and laboratory tests described in Refs.
3,4,5,6.

SRFQ1 and SRFQ2 are the first superconducting RFQ
structures ever built for being put in regular beam
operation. Their construction and operation went
through many technological challenges, which were
overcome in the test phase, such as end plate RF joints
[5], gaseous He removal by the hollow electrodes [7] and
others. The last critical issues could be focused only after
assembling the resonators in the on-line cryostat:

a) To reach the specified accelerating field at the
reference power dissipation (P4 ~ 10 W), in the
on-line cryostat.

b) To keep the SRFQs frequencies locked to the
master oscillator, by compensating
- the changes of the cavity volume due to

drifts of the liquid He pressure
(phenomenon with a time scale of seconds)
- environmental vibrations, inducing
oscillations of the SRFQ resonant
frequency in a ms time scale.
Locking tests were extensively performed during
off-line tests [5], but the real operational
conditions could be faced only after assembling
the resonators in the line cryostat and connecting
it to the actual refrigeration system.

¢) To find an accurate and fast method for setting
the relative phase between the SRFQs and the
phases of the bunching structures.

d) To check the SRFQ beam alignment, in cold
conditions, with respect to the beam line and to
verify the effect of misalignment on beam
transport.
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Q-CURVES: REACHING THE SRFQS
SPECIFICATIONS

The SRFQs main parameters are listed in table 1.

Table 1 Main parameters of PIAVE superconducting

RFQ:s.

SRFQ1  SRFQ2
Frequency 80 80 MHz
Length 1.41 0.08 m
Diameter 0.05625 0.05625 m
Weight 280 170 Kg
AV_interelectrode 148 280 kV
No. of modulated cells 41 13
Esp 25.05.00 25.05.00 MV/m
Es o/Ea 10 7.33
Bsp 0.025 0.03 T
Stored Energy 2.01 3.06 J
Pgiss (design value) 10 10W
Q 1x108  2x10°

At the maximum peak surface field of 25.5 MV/m (the
design value, which was overcome since the off-line
tests), the inter-electrode voltages of SRFQ1 and SRFQ2
are 148 and 280 kV respectively, values which are
significantly higher than those achieved by typical normal
conducting RFQs. The stored energy of the SRFQs is
acceptably low for reasonable SEL phase-amplitude
stabilization circuits [8]. Being the RFQ mostly a
focusing structure, with a small on-axis component of the
electric field, the ratio E/E,, is particularly low, with
respect to other s.c. cavity types, i.e. 1/7.33 and 1/10 for
the two resonators respectively. Hence the design values
of the accelerating field are limited to 2.4 and 3.4 MV/m
for SRFQ1 and SRFQ?2 respectively.

In fig. 2 the Q vs. E, curves for the two SRFQ
structures are shown.

In order to reach these performances, each SRFQ
underwent bake-out, at ~350 K, for about 30 h. Keeping
the intermediate shields at 77 K, resonant field emission
(RFE) was processed in 24 h, while residual RFE low
level processing (up to E, = 0.32 MV/m for SRFQ1 and
E, = 0.85 MV/m for SRFQ2) required a few more hours.
In addition, both cavities have always shown a very last
RFE level at E, ~ 0.9+1.2 MV/m: to overcome this level
and to He-process non resonant field emission (FE) 2 h
and 9 h for SRFQl and SRFQ2 were respectively
required.

The on-line Q-curves are lowered by the presence of
VCX fast tuners [9], which provide frequency control,
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Fig. 2 Q vs. Ea curves of SRFQI (red) and SRFQ2
(blue). Full bullets represent on-line measurements (Q
values loaded by the VCX fast tuners), while empty
bullets are the old off-line measurements.

with respect to the 80 MHz master oscillator, in a window
of +40 Hz (SRFQ1) and +100 Hz (SRFQ2). The VCX
fast tuners dissipate their power in a liquid nitrogen bath.
The liquid He consumption was measured at 4 K, while
the cryogenic system was set in the He-to-recovery
configuration, confirming the Q-values of the old off-line
curves.

ON LINE PHASE AND AMPLITUDE
STABILITY

In SRFQs, phase and amplitude locking is strongly linked
to the pressure change rate of the liquid He bath. The
resonators are equipped with slow mechanical tuners and
VCX fast tuners. The liquid He pressure change, which
has a time scale of seconds, induces frequency shifts
which must be counteracted by the mechanical tuners.
Each cavity features two tuners, one per end plate: one is
used to increase the frequency, the other to decrease it.
The overall tuning range is + 100 kHz. When any of the
tuners reaches the range limit, the direction of motion of
both is reversed. The mechanical tuners are able to keep
up with frequency changes of the resonator smaller than
2+3 Hz/s (mechanical limit), which corresponds to a
threshold in AP/At ~ 3+4 mb/min. Moreover, the
mechanical tuners, when moving, tend to excite
mechanical vibrations in the large drum-like end-plates.
While the latter are typically well compensated for by the
VCX fast tuners, a relevant optimization work on the
refrigeration plant proved to be necessary, in order to
reduce the fluctuations of Py, which were initially as high
as 30 mb/min, below the mentioned threshold (3+4
mbar/min).

Limiting He-pressure fluctuations in the
refrigerator

Both the overall pressure excursions and the rate of
pressure change in the SRFQ cryostat were significantly
reduced in September-October 2004. This objective was
reached:
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e through a careful setup of the parameters
controlling the opening of the cryostat valves,
which had to be operated in a continuous filling
mode)

e keeping the liquid He level constant, by
compensating the rf thermal load with a heater in
the dewar or, conversely, by increasing the liquid
helium production rate.
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Fig. 3 Pressure fluctuations during a typical working day
in June 2004, i.e. before optimizing the refrigerator
parameters (AP/At reaches 30 mbar/min).
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Fig. 4 Pressure fluctuations during a typical working day
in June 2005, i.e. after optimizing the refrigerator
parameters (AP/At <2 mbar/min).

Two compensation setups were implemented, one for the
SRFQ cryostat operating alone and one for the three
PIAVE cryostats operating together.

Figs. 3 and 4 show the result of this optimization process.
In fig. 3, the variation of the liquid He pressure in the
SRFQ cryostat, in a typical working day in June 2004, is
shown. Fig. 4 reports an equivalent graph, obtained one
year later after the optimization of the refrigerator
parameters. As can be seen, both the overall pressure
excursions and the maximum values of AP/At were
significantly decreased. The latter went from more than
30 mb/min to below 2 mb/m, i.e. below the threshold of
effective performance of the mechanical tuners.
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Stability performance

In the refrigerator conditions shown in fig. 4, it was

much easier to maintain phase and amplitude lock of each
resonator to the master oscillator than was reported earlier
[10] for conditions similar to those of fig. 3.
Figg. 5 and 6 show the phase and amplitude errors of
SRFQ1 and SRFQ2 respectively. While in SRFQ?2, the
VCX fast tuner of which offers a resonant frequency
control range of 200 Hz, locking is stable, on SRFQI, the
VCX range of which is 80 Hz, a few jumps of the phase
error over a 5 hrs recording time can still be noted.
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Fig. 5 Phase (red bullets) and amplitude (green bullets)
errors of SRFQ1 in time, after optimization of the cryo-
plant parameters (Py, values are shown in blue).
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Fig. 6 Phase (red bullets) and amplitude (green bullets)
errors of SRFQ2 in time, after optimization of the cryo-
plant parameters (Py, values are shown in blue).

In nearly all cases, a phase error jump in SRFQI
coincides with the movement of a slow tuning end-plate,
which is moved inward or outward in small steps,
depending on the sign of the phase correction required.
As mentioned above, it is believed that the stepwise
motion induces vibrations on the drum-like end-plate
itself, resulting in a short unlock of the cavity phase. This
mechanical vibration is damped in a few hundreds ms, as
could be observed by a digital oscilloscope.

The frequency window of the SRFQI VCX must be
increased and we plan to do this in the first planned
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injector stop. However, a few unlocking events can
hardly be noted in most nuclear physics experiments; for
those few experiments in which this might be a problem,
one can plan to inhibit data acquisition during an unlock
event.

SETUP OF THE RELATIVE PHASE
BETWEEN SRFQ1 AND SRFQ2

The relative phase between the 2 SRFQs can only be
set, by looking at beam output energy and beam
transmission.

We accelerated a beam of '°O* (PIAVE pilot beam),
coming from the Alice ECRIS on the 350 kV platform.

Once a proper phase and amplitude stability has been
achieved, the two SRFQs can be prepared for beam
acceleration.

A split SRFQ (two resonators) with additional external
bunching requires proper phasing of these three elements.

We proceeded in the following way:

e field amplitudes of SRFQs and 3-harmonic
buncher were set according to the computed
values;

e the external buncher was kept off and the
relative phase between SRFQ1 and SRFQ2
was found, looking at expected energy gain
and beam transmission;

e when the proper value of phase between
SRFQ1 and SRFQ2 was found, the buncher
was switched on and its phase scanned,
looking for maximum transmission.
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Fig. 7 Expected beam output energy (dashed line) and
transmission (continuous line) at the exit of SRFQ2 vs.
the relative phase between the resonators.

The beam output energy was measured through elastic
scattering of accelerated ions from a thin Au foil into a Si
detector, located at a 25° angle from the beam axis.

Fig. 7 shows the expected beam output energy and
transmission vs. the phase difference between the two
resonators. The transmission is shown on the same graph.

In fig. 8, the beam energy curve of fig. 7 (red line in
fig. 8) is compared with the experimental values, which
reproduce the theoretical curve rather well. The optimum
phase difference is marked by the dashed line in both
graphs.

126

Theoretical and measured output energy
[MeV]

dsrra2-Osrrat

Fig. 8 Measured values of the beam output energy (blue
bullets) vs. the relative phase between SRFQ1 and
SRFQ2. The dashed light blue line shows the phase
difference value to be chosen according to the RFQ
theory curves, is then set: it corresponds to 30% beam
transmission, consistently with computed values.

Optimization of field and phase of the 3-harmonic
buncher increases then the overall transmission from 30
to 68% (70% being the computed value).

ALIGNMENT TOLERANCES

The computed SRFQs alignment specifications are
better than 0.2 mm on all Cartesian axes, so as not to spoil
beam transmission: this holds true for both the aligment
between the two SRFQs and between them and the
injection line.

Once the beam was correctly accelerated, we decided to
purposely and stepwise misalign the quadrupole doublet
in front of the SRFQs between +1.2 and -1.2 mm and look
at beam transmission, so as to check the computed
alignment tolerances experimentally.

Fig. 9 shows the result of the purposely made
misalignment on the vertical axis: it can be seen that, as
long as the misalignment is smaller than + 0.2 mm, beam
transmission is very marginally affected by that (a few
percent only).
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Fig. 9 Transmission changes as a function of vertical
misalignment of a quadrupole doublet, located at the RFQ
entrance.
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