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Abstract
PSI’s Injector II cyclotron is the only cyclotron worldwide

that makes use of the so-called “Vortex effect”, in which the
space charge force leads to the counter-intuitive effect to “roll
up” bunches, thus keeping them longitudinally compact. The
effect has been confirmed by bunch shape measurements and
the PIC-simulations with OPAL. However, PSI’s new fast
matrix code MinT allows to reproduce the Vortex effect by
a linear matrix model which is computational much cheaper
than PIC simulations, and is suitable for “online use” in
Control rooms. Furthermore it provides the second moments
𝜎𝑖𝑗 of matched distributions.

We compare results of various measurements with MinT
calculations which show that the linear model works well and
provides excellent initial conditions to fit the beam profiles
of the 72 MeV transfer line to the Ring cyclotron.
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Figure 1: Accelerator part of PSI’s high intensity accelerator
facility (HIPA).

Figure 1 shows PSI’s High Intensity Proton Accelerator
(HIPA): A Cockcroft-Walton DC pre-accelerator provides a
870 keV proton beam of typically 10 mA DC current. Two
(first and third harmonic) bunchers are used to generate
50 MHz CW bunch structure before the beam is axially in-
jected into the first turn of Injector II as shown in Fig. 2. Due
to the Vortex effect the bunches remain almost round. The
beam is extracted at 72 MeV from Injector II and transported
with the IW2-beamline towards the PSI’s Ring cyclotron.
The 590 MeV beam is used to generate pions and muons at
two graphite targets and for neutron production in the Swiss
spallation source SINQ [1].
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THE VORTEX EFFECT
The Vortex effect [2] (or “negative mass instability” [3])

is due to strong space charge of bunches in the isochronous
regime of circular accelerators. The space charge force
induces coupling terms between the longitudinal and the
transverse-horizontal beam motion [4, 5]. This coupling
leads to a dense and matched core bunch and (typically)
a halo with two tails [6, 7]. In the bunch core the space
charge force is approximately linear and the linear match-
ing conditions can be computed, if beam current and core
emittances are known [5, 8]. The halo tails of the bunches
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Figure 2: Central region of the Injector II cyclotron. Several
movable collimators (KIP3, KIR1, KIP4) allow to remove
halo in support of a clean bunch formation. The first few
turns of the beam path are shown as well.

are cleaned by horizontal collimators if the orientation of
the tails is transverse. However, the orientation of the halo
tails depends on the details of the bunch formation and the
strength of the space charge force, i.e. the beam current. As
shown in Fig. 2, the first turns of Injector II are equipped
with several sets of movable collimators. The radial position
of the “KIP2” collimator is used to control the beam current.
The other collimators allow for a setup with low losses at
extraction.

However, if the orientation of the halo tails depends on
the beam current, then the extraction losses caused by the
halo tails will also depend on the bunch charge. Figure 3
shows the losses of the ionization chamber “MII6” located at
the extraction of Injector II versus beam current, measured
with current monitor “MXC1”. The losses show a strongly
non-linear, almost periodic, dependency on the current. In
case of a strong Vortex effect, one expects that filamentation
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Figure 3: Extraction losses vs. beam current, measured with
ionization chamber “MII6” located behind the electrostatic
extractor “EID” of the Injector II cyclotron.

of the beam leads to a self-matching of the core bunch, while
the beam halo will either be removed by collimators and/or
will lead to increased losses at extraction. The effectiveness
of the collimators depends on the orientation of the halo tails,
which in general depends on the bunch charge as illustrated
in Fig. 4.

KIP3l/r

A) Longitudional Bunch Halo Wings

KIP3l/r

B) Transverse Bunch Halo Wings

Figure 4: The effect of horizontal collimators depends on
the orientation of the halo tails relative to the collimator
aperture.

THE IW2 BEAMLINE
A simulation of the 72 MeV (“IW2”) transfer beamline

with the PIC-code OPAL [9] with space charge has been
presented in Ref. [10]. But the use of PIC-codes is compu-
tational expensive. An alternative is the use of a linearized
approximation [5] which allows to model the Vortex effect
by TRANSPORT type matrix methods. This has been imple-
mented in PSI’s new fast and linear beam code MinT (MinT
is not Transport) [11]. A sequence of symplectic transfor-
mations allows to compute the matched beam parameters in
isochronous machines for given current and emittance(s) [5,
12].

As shown in Fig. 5, the matched beam in the last turn of
Injector II, provides excellent starting conditions for beam
optics computation of the IW2 beamline. The only free
parameters for the fit of the horizontal beam envelope are the
horizontal (longitudinal) emittance 𝜀 = 𝜀𝑥 ≡ 𝜀𝑧. In a first
step (dark colors), all beam profiles, horizontal and vertical
are fitted by two parameters, the vertical and the transverse
emittances. The vertical phase space distribution is not

necessarily matched, and the fit could be (slightly) improved
in a second step by varying the three vertical parameters
𝜎33, 𝜎34, 𝜎44. The resulting envelopes are shown in brighter
colors.

Mon Sep  4 10:20:36 2023Beamline IW2  (./iw2_20230720_123206.mes)  Inj II −> Ring, Current =      1900. 
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Figure 5: MinT beam optics calculation of the IW2 beam-
line at a beam current of 1.9 mA, assuming a fully matched
beam (dark colors) and - in light colors - a horizontally
matched beam with the vertical beam parameters matched
to reproduce the measured beam sizes (cross markers). The
dispersion (green), the vertical (2 𝜎𝑦, red), the horizontal
(−2 𝜎𝑥, blue) and the longitudinal beam size (𝜎𝑧/2, orange)
are indicated by solid lines.

BEAM EMITTANCE VS. CURRENT
The beam profiles in IW2 were measured at various beam

currents. Fits of the ion optics using MinT provide the emit-
tances; results are shown in Fig. 6. The results for the vertical
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Figure 6: Emittance values as obtained from various MinT-
fits (dots) of the IW2 beam profiles (production tune). The
functions are not “fitted”, but just guides to the eye.

direction 𝑦 are in reasonable agreement with

𝜀𝑦 ∝ √𝐼/𝐼𝑚𝑎𝑥 (1)

The transverse horizontal 𝜀𝑥 and the longitudinal emittance
𝜀𝑧 have the same behavior at high current. But at inter-
mediate and low currents there are local variations due to
the halo tails, the orientation of which changes with beam
current. Depending on their orientation the halos are re-
moved more or less effectively by the collimators. To test
this interpretation, the measurements were repeated with
different collimator positions. Figure 7 compares measure-
ments with the central region collimators opened as much
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Figure 7: Left: Vertical (red dots) and horizontal (blue dots)
emittance vs. beam current for collimators “open” (left) and
production settings (right). The functions are guides to the
eye.

as possible (at 𝐼 = 1 mA) and compared the results with a
production setup. In case of more open collimators the func-
tion 𝜀𝜋 mm mrad ≈ 1.1 √𝐼/2 mA, printed in cyan, describes
the behavior up to 1 mA, while the emittance clearly reduces
between 0.8 and 1 mA in case of the production settings of
the collimators.

BEAM SIZE vs. CURRENT
The linear model for the core bunch in the presence of the

Vortex effect gives the following relation between beam size
𝜎, emittance 𝜀 and current 𝐼 [5]:

𝜎4 − 4 𝐾3 𝑅2

3 𝛾 𝜎 − 4 𝜀2 𝑅2

𝛾2 = 0 (2)

where 𝐾3 = 3 𝑞 𝐼 𝜆

20 √5 𝜋 𝜖0 𝑚 𝑐3 𝛽2 𝛾3
. If the current 𝐼 ∝ 𝜀2, then

one obtains
𝜎4 − 𝐴 𝜀2 𝜎 − 𝐵 𝜀2 = 0 (3)

with two constants 𝐴 and 𝐵 and therefore

𝜀 = 𝜎2

√𝐴 𝜎 + 𝐵
(4)

and
𝐼 ∝ 𝜀2 = 𝜎4

𝐴 𝜎 + 𝐵 . (5)

Hence, for low currents (𝐴 ≪ 𝐵/𝜎), the current will behave
like 𝜎 ∝ 𝐼1/4 and for high currents (𝐴 𝜎 ≫ 𝐵), a proportion-
ality 𝜎 ∝ 𝐼1/3. Figures 8 and 9 show profile traces of the
extraction probe RIE2, Fig. 10 shows the width of the last
peak when fitted by a Gaussian function. The data are in
good agreement with 𝜎 ∝ 𝐼1/3.

OUTLOOK AND CONCLUSION
PIC-simulations of Injector II and the IW2-beamline have

been done before [10, 13]. But PIC-simulations are not re-
quired to obtain the envelopes, if it is known, as in case of
Injector II, that the beam is matched. The linear matching
model of MinT provides sufficient information to compute
the starting conditions for the calculation of the second mo-
ments of the IW2-profiles.
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Figure 8: Scans (inward and outward) of Extraction Probe
“RIE2” of Injector II in production setup. The expected
location of halo traces are marked by red ellipes.
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Figure 9: Same kind of scans (inward and outward) as in
Fig. 8, but with “open” collimators.
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The current dependence and the measured losses indicate
that the beam halo is effectively removed at production cur-
rent, though parts of the beam halo seem to survive up to
extraction at intermediate currents.

The results are an important step towards a more detailled
and comprehensive understanding of the bunch formation
in Injector II.
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