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In a particle accelerator with a periodic structure beam space charge force may excite resonant beam

emittance growth if the particle’s transverse phase advance approaches 90�. A recent simulation study

with the PARMILA code [D. Jeon et al., Phys. Rev. ST Accel. Beams 12, 054204 (2009)] has shown the

feasibility of measuring the stop band of this fourth order resonance in the GSI Universal Linear

Accelerator UNILAC and proposed its experimental verification, which is reported here. Measure-

ments of transverse phase space distributions behind a periodically focusing structure reveal a fourfold

symmetry characteristic of fourth order resonances as well as a resonance stop band above �0 ¼ 90� per

focusing cell. These experimental findings agree with results from three different beam dynamics

simulation codes, i.e., DYNAMION, PARMILA, and TRACEWIN.
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The possibility of degrading beam quality in high inten-
sity accelerators as a result of the periodically modulated
space charge force was recognized a number of years ago.
The first systematic and self-consistent theoretical study of
such phenomena in linear transport systems showed the
existence of stop bands in all orders of perturbations of an
initially well-matched Kapchinsky-Vladimirsky (KV)
beam [1]. At low intensity (small space charge tune shift)
these stop bands are located near resonance conditions of
the kind n�0 ¼ 180� or 360�, with n describing the order.
The most prominent case of stop bands resulting from this
study has been the so-called envelope instability (near
2�0 ¼ 180�) found for a zero current phase advance �0

just above 90�. Its existence was studied experimentally in
a linear transport experiment in the context of heavy ion
inertial fusion [2], which was more recently compared with
detailed computer simulation analysis [3].

Avoiding such a �0 � 90� stop band has become a
commonly accepted rule of linac design since [4].
Simulation studies of periodic focusing lattices have sug-
gested, however, that the interpretation of this stop band as
envelope instability is incomplete for realistic (non-KV)
beam distributions, in which case a 4th-order space charge
resonance (with 4�0 ¼ 360�) dominates over the envelope
instability as was shown in Refs. [5,6] in the context of
circular accelerator periodic focusing lattices. It should be
noted that the same 4th-order space charge resonance may
occur in a circular accelerator if the phase advance in the
fundamental lattice cell approaches the required condition
4�0 ¼ 360�. Its appearance was actually demonstrated
experimentally in the KEK proton synchrotron by an ob-

served emittance growth for injection at a tune ofQ ¼ 7:05
corresponding to �0 ¼ 90:64� (28 cells per turn), which
was explained as 4th-order space charge resonance [7]. A
recent theoretical study has shown that this 4th-order space
charge resonance also sets important design constraints in a
nonscaling fixed field alternating gradient (FFAG) accel-
erator, where crossing of it may occur due to a large tune
swing during acceleration [8].
The present work is the first experimental account of this

phenomenon in a linear accelerator. An important condi-
tion enabling the current study has been the successful
termination of a benchmarking experiment at the
UNILAC supported by the European Commission [9] in
the years 2006–2008, which led to a visible improvement
in mismatch control and confidence in diagnostics [10]. In
the course of this benchmarking simulations it turned out
that at the UNILAC a measurement of the 4th-order reso-
nance might be feasible [11].
The experiments were done using the first Alvarez type

DTL tank of the GSI Universal Linear Accelerator
(UNILAC) originally designed for acceleration of
238U28þ [12] depicted in Fig. 1. The tank comprises 63
rf-gaps accelerating the beam at a synchronous phase of
�30� with 108 MHz rf frequency from 1:4 to 3:6 MeV=u.
Adjacent rf gaps are separated by a drift tube housing a
single quadrupole. The transverse focusing lattice is of the
F-F-D-D type; i.e., two consecutive quadrupoles are fo-
cusing in the same plane followed by two quadrupoles
focusing in the other transverse plane. Accordingly, the
beam passes 15 full lattice periods within a length of 12 m.
In order to provide for sufficiently high phase advances
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within the quadrupole field limits, the ion 40Ar10þ was
used.

At the UNILAC intense and stable dc beams of 40Ar1þ
are provided by a multicusp ion source with the energy of
2:2 keV=u. Beam bunching and acceleration to 120 keV=u
is performed in a radio frequency quadrupole structure
followed by two interdigital H-mode cavities providing
acceleration to 1:4 MeV=u at 36 MHz. Prior to injection
into the DTL the beam passes a nitrogen gas jet for strip-
ping to the charge state of 10þ . Afterwards the beam is
matched longitudinally and transversely to the DTL.
Figure 2 depicts the matching section comprising a
36 MHz rebuncher, a quadrupole doublet, and a quadru-
pole triplet with an 108 MHz rebuncher for final adaptation
of the beam envelope to the periodic lattice of the DTL.
Besides beam matching the section includes diagnostics to
determine the beam properties in front of the DTL.
Measurements of rms bunch length are performed by
detecting secondary electrons emitted by a thin foil inter-
secting the beam [13]. The electron arrival time on a
multichannel plate is related to an rf-master oscillator
thus achieving a resolution of 1� at 108 MHz. Horizontal
and vertical phase space distributions are measured using a
slit-grid device with a resolution of 0.5 mm and 0.5 mrad.
Finally, the beam intensity is measured with a beam current
transformer. Behind the DTL a quadrupole doublet focuses
the beam into a section comprising a slit-grid device for
emittance measurements (resolution 1:0 mm=0:7 mrad), a
current transformer, and a Faraday cup.

The linac section prior to the DTL was set to deliver a
current of 7.1 mA of 40Ar10þ. Using the diagnostics of the
matching section the beam properties in front of the DTL
were determined. The transverse zero current phase ad-
vance �0 along the DTL was set through its quadrupole
gradients. In order to provide for a 6d-matched injection
into the periodically focusing DTL lattice, the setting of the

matching section was adapted to each �0 individually. The
matching procedure is described in detail in [10]. �0 was
varied from 60� to 130�, and for each value of �0 hori-
zontal and vertical phase space distributions were mea-
sured at the DTL exit. Additionally, the beam transformers
at the DTL entrance and exit were used to verify full beam
transmission.
The method of reconstruction of the beam distribution at

the entrance to the 36 MHz rebuncher is defined and
experimentally verified in [10]. Its application to the
present experiment yields the initial distribution as plotted
in Fig. 3. It must be mentioned that the available diagnos-
tics and hence the reconstruction method is not sensitive to
eventual correlations among different planes. Being aware
of this uncertainty such correlations were assumed to be
zero anyway. However, they might drive emittance ex-
change between correlated planes.
Because of defocusing space charge forces the phase

advance experienced by the beam � is depressed with
respect to the zero current phase advance �0. The amount
of depression depends on the beam current as well as on the
emittances in the three planes. Table I presents the de-
pressed tunes for each value of �0.
In order to estimate the residual mismatch at the en-

trance to the DTL the computer code DYNAMION [14] was
used. The initial distribution was tracked from the 36 MHz
rebuncher to the DTL exit. At the entrance to the DTL the
beam Twiss parameters were extracted and compared to

→

FIG. 2 (color). Schematic setup of the experiments (not to
scale).
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FIG. 3 (color). Horizontal (a), vertical (b), and longitudinal
(c) projection of the phase space distribution at the entrance to
the 36 MHz rebuncher as used for the simulations. The
rms Twiss parameters and the corresponding ellipses are indi-
cated.

FIG. 1 (color). The Universal Linear Accelerator (UNILAC).
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the periodic solution. The relative mismatch [15] of enve-
lopes is drawn in Fig. 4 as a function of the phase advance
�0. It is very small transversely, but the relatively large
longitudinal mismatch is due to the large initial bunch
length exceeding the quasilinear ranges of the two re-
bunchers in the matching section.

Besides DYNAMION the simulation codes PARMILA [16]
and TRACEWIN [17] were used to simulate the complete
experiment. After measuring and simulating the transverse
phase space distributions at the DTL exit as plotted in
Fig. 5, the corresponding rms emittances were evaluated.
The mean value of the horizontal and vertical
rms emittance, i.e., �rms;? ¼ ð�rms;x þ �rms;yÞ=2, is pre-

sented in Fig. 6 as a function of the phase advance �0.

The emittance �rms;? at the DTL exit was found to be

independent of the phase advance for values of �0 � 90�.
Growth was observed for �0 � 90� in both transverse
planes. These observations are in very good agreement to
the simulations done with three different codes. The mea-
sured growth rate of �rms;? is constant for �0 � 110�. In
the horizontal plane the measured growth disappeared for
�0 � 110� while the vertical growth increased, leading to
a constant growth for the mean transverse emittance �rms;?.
The codes reproduced the behavior in the horizontal plane
but they delivered reduced growth beyond the resonance
also in the vertical plane. This disagreement might be due
to unknown residual correlations between the two trans-
verse planes in the initial distribution being not included
into the simulations as mentioned above.
Distributions corresponding to phase advances far away

from the stop band have elliptical shapes (Fig. 5). At �0 �
100� instead the measurements and the simulations clearly
revealed four arms, which are typical for a resonant 4th-
order interaction—here due to space charge.
This confirms the existence of a resonance stop band as

predicted in previous theoretical work [6,11]. The experi-

FIG. 4. Residual mismatch of the beam at the DTL entrance as
obtained from simulations using the DYNAMION code.

FIG. 5 (color). Upper (lower): phase space distributions at the
exit of the DTL as obtained from measurements (simulations
using the DYNAMION code) for a transverse zero current phase
advance of 80� (a), 100� (b), and 120� (c). Left (right) side plots
refer to the horizontal (vertical) plane. The scale is�15 mm and
�15 mrad. Fractional intensities refer to the phase space ele-
ment including the highest intensity.

TABLE I. Phase advances along the DTL in case of zero
current (left) and phase advances for 7.1 mA of 40Ar10þ (right)
for an rms equivalent beam with a KV distribution. The corre-
sponding normalized rms emittances are 0:15=0:22 mmmrad
(horizontal/vertical) and 78 degmrad longitudinally (referring
to 108 MHz and to relative momentum deviation). The longitu-
dinal zero current phase advance is constant and 43�.

�0 (deg) � (deg)

Transverse Horizontal Vertical Longitudinal

60.0 43.0 45.9 38.3

70.0 52.4 55.5 37.9

79.9 61.8 65.0 37.5

84.8 66.6 69.9 37.4

89.9 71.4 74.7 37.4

95.0 76.3 79.7 37.4

96.0 77.2 80.7 37.4

97.6 78.7 82.2 37.3

100.0 81.1 84.6 37.3

105.0 85.9 89.4 37.2

109.8 90.4 94.0 37.2

119.7 99.9 103.7 37.0

130.0 109.4 113.5 37.0

FIG. 6. Mean of horizontal and vertical rms emittance as a
function of the transverse zero current phase advance along the
DTL.
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mental stop band is well confirmed by simulation results
using the actual linac structure. The exact width of the stop
band depends on the type of periodic focusing—it is zero
for constant focusing. A necessary condition is �0 � 90�;
according to the theoretical analysis of Ref. [1] the width
shrinks linearly to zero with the space charge tune shift
�0 � �. In our case the stop band width is approximately
given by �0 � � � 20�. For phase advances above the
resonance the measurements revealed a constant �rms;?
higher than below, while the simulations predicted a de-
creasing slope. To verify whether the asymmetric behavior
of �rms;? around the resonance is due to the increased

residual mismatch at higher �0, simulations with a per-
fectly matched beam starting at the entrance of the DTL
were performed. The results revealed the same asymmetric
behavior as observed in the simulation of the experiment
with slightly mismatched beams. To estimate the impact of
the envelope instability, transverse rms beam sizes deliv-
ered by the DYNAMION code have been evaluated along the
beam line. Figure 7 plots the horizontal beam width for
three different phase advances. Also for �0 ¼ 120� no
envelope instability is observed. The envelope ripple at
100� is driven by the 4th-order resonance.

During the preparation of the experiments simulations
using a KV distribution with similar rms emittances and
equal rms mismatch to the DTL have been done. They
revealed very low rms emittance growth of less then 10%.
Since KV distributions do not have a 4th-order space
charge potential, this demonstrates that for the measured
emittance growth the 4th-order resonance dominates over
the envelope instability as predicted in [11]. Probably the
envelope instability needs significantly more periods to
develop with respect to the resonance. Hence these mea-
surements are the first direct evidence of a 4th-order space
charge driven resonance in a linear accelerator. They thus
offer a rigorous experimental basis for the 90� stop band,
which has so far been used in design consideration on
theoretical grounds only.
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FIG. 7. Horizontal rms beam envelope along the beam line for
three different phase advances as simulated using DYNAMION.
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