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Abstract

The ISAC 35 MHz split-ring RFQ is designed to accelerate
ions of A=q � 30 from 2 keV/u to 150 keV/u in cw mode at
a constant synchronous phase of �25�. Beam tests with 7
of the 19 split rings installed (E�n = 0:55 keV/u) have re-
cently been completed. The tests demonstrated that a con-
stant synchronous phase RFQ with external buncher works
splendidly for low beta, low intensity applications. One pe-
culiar aspect of the RFQ is that the longitudinal acceptance
is larger for beams injected off-center. The test set-up and
results of both the measurements and the simulations are
presented and discussed.

1 INTRODUCTION

A radioactive ion beam facility with on-line source and lin-
ear post-accelerator is being built at TRIUMF[1]. The ac-
celerator chain includes a 35 MHz split-ring RFQ, operat-
ing cw, to accelerate beams of A=q � 30 from 2 keV/u
to 150 keV/u[2]. The final RFQ electrodes will span 7.6 m
with 19 modules each consisting of one ring and 40 cm of
electrodes. The gross specifications include a bore radius of
r0 = 7:4mm, and a maximum inter-vane voltage of 74 kV.
A unique feature of the design is the constant synchronous
phase of -25�[3]. The buncher and shaper sections of the
RFQ have been eliminated in favour of a four-harmonic
sawtooth pre-buncher located �5 m upstream of the RFQ
in the low energy beam transport (LEBT). This shortens the
RFQ and yields a smaller longitudinal emittance at the ex-
pense of a slightly lower beam capture. The pre-buncher
operates at a fundamental frequency of 11.7 MHz, one third
the frequency of the RFQ. Presently three harmonics are op-
erational on the pre-buncher resulting in a predicted capture
efficiency of 80%.

It was decided to proceed with a two-stage installation.
We have installed and tested with beam the first seven rings
of the RFQ. Installation of the remaining twelve rings is
now in progress.

2 THE TEST SET-UP

A schematic of the test set-up is shown in Fig. 1. An rf
short is placed after the seventh module to confine the rf
fields. Eight electrostatic quadrupoles are used to trans-
port the beam to a diagnostic station downstream of the
RFQ tank. A Faraday cup and profile monitor assembly are
placed just after the RFQ short and again in the middle of
the electrostatic transport after the fourth quadrupole. The
quadrupoles when tuned act as an energy filter; the unac-
celerated beam is lost in the first few quadrupoles. There-
fore the transmission difference between the first Faraday
cup and the second marks the capture efficiency of the RFQ.

Figure 1: Schematic diagram of the test set-up.

The diagnostic station shown in Fig. 1 includes a Faraday
cup, profile monitor and a spectrometer consisting of an ob-
ject and image slit and a 90 degree bending magnet. A slit
and harp transverse emittance rig is positioned upstream of
the magnet. An Allison type emittance rig is located in the
LEBT to record transverse emittances before acceleration.

3 RESULTS

Both rf and beam tests have been successfully completed.
The RFQ was operated in cw mode for all beam tests. The
operation of the RFQ at peak voltage (74 kV) is stable[4].
Beams of both N+ and N+

2 have been accelerated to test the
RFQ at low and high power. Two beam emittances were
used: a regular emittance beam of ��x;y = 0:03�mm-mrad
and a collimated ‘pencil’ beam of ��x;y = 0:003�mm-
mrad.

3.1 Regular Emittance Beam
Beam Capture Beam capture measurements as a func-

tion of RFQ vane voltage have been completed for each ion
and for both unbunched and bunched input beams. The re-
sults are given in Fig. 2 (squares) along with efficiencies
predicted by PARMTEQ (dashed lines). The RFQ capture
efficiency at the nominal voltage is 80% in the bunched case
(three harmonics) and 25% for the unbunched case in rea-
sonable agreement with predictions. The capture efficien-
cies for one harmonic and two harmonic pre-bunching are
63% and 74% respectively.

Energy and Energy Spread The energy of the beam
as measured with the analyzing magnet is 55 keV/u. The
energy spread for the bunched and unbunched cases was
measured at�0.4% and�0.7% respectively and compares
well with PARMTEQ predictions (Fig. 3)

Transverse Emittance Transverse emittances were
measured before and after the RFQ. The results show that
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Figure 2: The beam capture (squares) for both bunched
and unbunched initial beams of N+ as a function of rela-
tive vane voltage are compared with PARMTEQ calcula-
tions (dashed lines). In (b) results for both N+

2 and N+ are
plotted with respect to absolute vane voltage.

Figure 3: Results of energy spread measurements of accel-
erated N+ beams for both (a) unbunched and (b) bunched
cases. PARMTEQ simulation results are plotted for compar-
ison.

when the matching is optimized the emittance growth in
both planes is less than 10% for an initial beam of 15�mm-
mrad. A summary of the results for N+ is presented in
Fig. 4. Space charge forces limit the longitudinal accep-
tance for currents above�1 �A but do not impact the trans-
verse emittance.

3.2 Pencil Beam Experiments

During initial beam commissioning it was observed that
when the system was tuned for maximum capture the beams
emerged far off-center. There was concern that a dipole
component internal to the RFQ was steering the beam. Two
circular apertures of 2 mm separated by 0.7 m were placed
in the RFQ injection line to create a centered ‘pencil beam’
to diagnose the problem. A vertical deflecting steerer was
available downstream of the collimators to move the beam
around the RFQ aperture.

The tests showed that the RFQ dipole component was
negligible. However we found that the acceptance of the

Figure 4: Transverse emittance measurements (4RMS val-
ues) for N14 before and after the RFQ. The normalized
emittance values are also displayed.

RFQ is larger for off-centered beams. The two-term poten-
tial function yields the spatial component of the accelerat-
ing field as

Ez =
kAV

2
Io(kr)sinkz

where k = 2�=�� and � is the relative particle veloc-
ity. Hence off-axis particles experience stronger fields than
on-axis particles, particularly at injection where � is small.
In the ISAC RFQ the design synchronous phase is fixed at
�25� at the nominal voltage but for off-axis particles the
effective synchronous phase decreases, increasing the ac-
ceptance. A typical measure of the synchronous phase is
the cut-off voltage, that voltage below which no accelera-
tion can occur. Beam transmission as a function of RFQ
voltage measured for a centered beam and two off-centered
cases (Ac = 1:7 mm and Ac = 2:7 mm), plotted in Fig. 5,
clearly shows that the cut-off voltage decreases for increas-
ing amounts of off-centering. As the voltage nears cut-off
the difference in acceptances between on-axis and off-axis
particles is enhanced.

Figure 5: Transmission of ‘pencil beam’ as a function of
RFQ voltage for a centered beam and two cases of off-
centered beam.

3535

Proceedings of the 1999 Particle Accelerator Conference, New York, 1999



Transverse Acceptance and Centering Error An
off-center small emittance beam passing through the RFQ
makes coherent oscillations about the RFQ axis. The trans-
verse phase advance per unit length is dependent on the
RFQ voltage. The centering error can be determined by
scanning the RFQ voltage to produce a 2� change in the
transverse phase advance while recording the final beam
position. The rate of phase change with RFQ voltage, when
compared with beam simulations, can be used to determine
if the centering error was due to a mis-alignment at injec-
tion or was developed during acceleration from a dipole er-
ror. Beam position as a function of RFQ voltage is given
in Fig. 6 for steering plate settings of 0, 400 V and 600 V.
The two deflected cases correspond to the transmission data
plotted in Fig. 5. Based on the steering/transmission data
the transverse acceptance was estimated to be� 140�mm-
mrad.

Longitudinal Acceptance The longitudinal accep-
tance was measured for a centered and an off-centered
beam (Ac = 2:7 mm) at the nominal RFQ voltage. The
energy of the injected beam was varied at the source. For
each energy step the phase of the bunched beam was varied
with respect to the RFQ phase and the capture efficiency
was recorded. Comparison of calculated and measured
beam transmission contours for centered and off-centered
cases are presented in Fig. 7. The settings where the
capture dropped to 50% of peak value is used to define the
longitudinal acceptance contour. The measured acceptance
is estimated to be 220�%-deg and 460�%-deg at 35 MHz
for the centered and off-centered beams repectively (0.35
and 0.73�keV/u-ns). PARMTEQ simulations predict cor-
responding acceptances of 310�%-deg and 570�%-deg
(0.49 and 0.91�keV/u-ns).

4 TUNING AND MATCHING

The increase in accelerating field strength for off-axis par-
ticles provides a large stable saddle point in the longi-
tudinal motion. One problem however is that the trans-
mission improves (at the expense of beam quality) as the
beam moves off-center making tuning difficult. Larger un-
matched beams are subject to a spread in the radial tune due

Figure 6: Beam position at RFQ exit as a function of RFQ
voltage for steering plate strengths of 0, 400 V and 600 V.

Figure 7: Beam transmission contours (plotted every 10%)
for calculated values ((a)centered and (b)off-centered) and
measured values ((c)centered and (d)off-centered). Off-
centered beams have a coherent amplitude ofAc = 2:7mm.

to the radial variation in the field strength and produce trans-
verse emittance growth. A larger phase acceptance leads to
a higher population of the tails in the accelerated longitudi-
nal emittance. An optimization procedure was developed
where the LEBT is tuned at high RFQ voltage for maxi-
mum transmission then the last steering plates and matching
quadrupoles are re-tuned at an RFQ voltage near cut-off to
achieve a local minimum in the transmission. The proce-
dure results in both a centered and a matched beam since a
matched beam sees more uniform accelerating fields on av-
erage.

5 CONCLUSION

The beam test results demonstrate a strong confirmation of
both the beam dynamics design and the engineering con-
cept and realization and give us full confidence in proceed-
ing with the installation of the remaining twelve split rings.
The ‘pencil beam’ proved invaluable in diagnosing the ef-
fects of off-center beams on beam capture.
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