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In the construction of high intensity accelerators, it is the utmost goal to minimize the beam loss by
avoiding or minimizing contributions of various halo formation mechanisms. As a halo formation
mechanism, space charge driven resonances are well known for circular accelerators. However, the recent
finding showed that even in linear accelerators the space charge potential can excite the 4σ ¼ 360° fourth
order resonance [D. Jeon et al., Phys. Rev. ST Accel. Beams 12, 054204 (2009)]. This study increased
the interests in space charge driven resonances of linear accelerators. Experimental studies of the space
charge driven resonances of high intensity linear accelerators are rare as opposed to the multitude of
simulation studies. This paper presents an experimental evidence of the space charge driven 4σ ¼ 360°
resonance and the 2σxðyÞ − 2σz ¼ 0 resonance of a high intensity linear accelerator through beam profile
measurements from multiple wire-scanners. Measured beam profiles agree well with the characteristics of
the space charge driven 4σ ¼ 360° resonance and the 2σxðyÞ − 2σz ¼ 0 resonance that are predicted by the
simulation.
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I. INTRODUCTION

Recently many high intensity linear accelerators have
been constructed or are under construction such as the SNS
(USA) [1], the J-PARC (Japan) [2], the KOMAC (Korea)
[3], the CSNS (China) [4], the RISP (Korea) [5], and the
FRIB (USA) [6]. For high intensity linear accelerators, a
primary concern is potential damage and radio activation of
accelerator components resulting from uncontrolled beam
losses. A major source of loss is a beam halo that intercepts
the bore of the linac and it is the utmost goal to minimize
the beam loss of halo particles by avoiding or minimizing
contributions of various halo formation mechanisms. Space
charge driven resonances are of interest as halo formation
mechanisms. Recently a few space charge driven resonan-
ces were studied for linear accelerators.
In the past, a lot of work has been done related to the

envelope equation [7], the particle-core model [8–11] and
the envelope instability [12,13]. The space charge driven
2νx − 2νy ¼ 0 coupling resonance study [14] between the
two transverse planes in the circular accelerator reported in
1999 drew attention to the space charge driven resonances
of high intensity accelerators, and the study was extended
to high intensity linear accelerators such as [15]. The
interest in space charge driven resonances of linear

accelerators was increased by the first finding reported
in 2009 that the space charge potential can excite the 4σ ¼
360° fourth order resonance in high intensity linear accel-
erators [16] just like in circular accelerators, and that the
4σ ¼ 360° resonance emerges first rather than the better
known envelope instability for initially well-matched
beams. This resonance is excited for 90° − Δσ ≤ σ ≤
90°. Here σ is the depressed phase advance per cell of
the linac lattice and Δσ is the stopband width of the fourth
order resonance which depends on the space charge tune
depression. This resonance was verified through the emit-
tance measurement and reported in 2009 [17]. Recently, it
was first found in 2015 that the space charge driven 6σ ¼
720° sixth order resonance is induced in high intensity
linear accelerators when σ is close to and below 120° [18].
In the design of high intensity linear accelerators,

designers have followed the rule to keep σo < 90° in fear
of the envelope instability [19]. For example the SNS
designers followed this rule (see Fig. 10 in [1]). However
the studies of the 4σ ¼ 360° fourth order resonance [16,17]
indicate that designers should keep σo < 90° because of the
4σ ¼ 360° resonance as well that is excited even for well-
matched beams. Moreover, some recent linac designs such
as [5,6] adopted σo < ∼120° for the upstream sections of
the linac because σo decreases very quickly from ∼120° to
below 90° as the beam is accelerated, and the associated
resonance effect is negligible. An in-depth study of the
space charge 4σ ¼ 360° fourth order resonance and the
envelope instability was recently reported [20].
In this paper, the experimental results are reported for the

space charge driven 4σ ¼ 360° resonance and 2σxðyÞ −
2σz ¼ 0 resonance. The experiments are based on multiple
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wire-scanner profile measurements using the Spallation
Neutron Source (SNS) Coupled Cavity Linac (CCL). The
main difficulties of the experiment are to generate a beam
with little halo and to maintain a nice beam quality into the
CCL. Otherwise, the induced halos by other mechanisms
can overshadow the effects of the resonances of interest. In
Sec. II, we present the experimental evidence of the space
charge driven 4σ ¼ 360° resonance. In particular, the
experimental data show the tendency that the spatial extent
of beam halo decreases as σ gets very close to 90°, just as
predicted by the simulation. In subsections II B and III B, it
is described how a beam with little halo into the CCL is
generated and how a nice beam quality is maintained by
matching well between the sections of the linear accel-
erator. In Sec. III, we present the experimental evidence of
the space charge 2σxðyÞ − 2σz ¼ 0 coupling resonance. In
Sec. IV, follows the conclusion.

II. SPACE CHARGE DRIVEN
4σ ¼ 360° RESONANCE

A. Simulations of space charge driven
4σ ¼ 360° resonance

Simulation studies indicate the feasibility of measuring
the effect of the space charge driven 4σ ¼ 360° resonance
in the SNS CCL using multiple wire-scanners. Multi-
particle simulations for a 38-mA beam with space charge
effect clearly show the manifestation of this resonance
when the depressed phase advance per cell σ is close to and
below 90°. First, we study the properties of this 4σ ¼ 360°
resonance as a function of σ with multiparticle simulations.
We choose σ ¼ 65°, 80°, 88.5°, 93° and obtain the
corresponding quadrupole gradients along the CCL chosen
for each value of σ. The quadrupole gradients of the CCL
lattice are adjusted to maintain the σ values constant along

FIG. 1. Plots of output beam distributions for four different values of σ, depressed phase advance per cell of the CCL lattice. The top
left plot displays the beam distribution for the lattice with depressed phase advance per cell σ ¼ 65° (σO ¼ 85°), the top right plot for
σ ¼ 80° (σO ¼ 100°), the bottom left plot for σ ¼ 88.5° (σO ¼ 108.5°), the bottom right plot for σ ¼ 93° (σO ¼ 113°). The difference
between the depressed and undepressed phase advance is 20°. The beam distribution change should be noted as the phase advance
changes from σ ¼ 80° to σ ¼ 88.5°, which presents a unique feature measurable with wire-scanners. Quadrupole gradients are adjusted
to maintain pretty constant phase advance σ over the CCL.
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the entire CCL for a given σ value. The gradients of CCL
quadrupoles thus obtained are used to set up the actual linac
for σ ¼ 65°, 80°, 88.5°. However the σ ¼ 93° lattice
is not used due to the interlock of the quadrupole
power supplies, because the required current surpassed
the interlocked values.
The numerical simulation is performedusing the PARMILA

code [21] with 50 000 macro-particle Gaussian beam
distribution with normalized rms emittance εx ¼ εy ¼
0.301 mmmrad, εz ¼ 0.394 mmmrad. These input emit-
tance values are obtained from the measured transverse and
longitudinal beam profile data from wire-scanners and
bunch shape monitors. For this beam, it is computed that
σo − σ ¼ 20° numerically using the PARMILA code. It should
be noted that the value of σO − σ depends on the beam
current. The phase advance is computed numerically from
the tracked beam distributions.
Simulations show that this resonance is pretty strong and

develops fast for the 38-mA beam. For instance, this
resonance induces an rms emittance growth of 67% for
the σ ¼ 80° (σO ¼ 100°) lattice according to the multi-
particle simulation. Simulations show that distinct reso-
nance features can develop in the beam profiles depending
on the phase advance per cell σ. Figure 1 shows the beam
distributions at the location of a wire-scanner in the down-
stream CCL for a few σ values used for the experiment.
The top left plot shows the output beam distribution for

the σ ¼ 65° (σO ¼ 85°) lattice, which is well below the
resonance and does not show any sign of resonance effects.
The top right plot is for the σ ¼ 80° (σO ¼ 100°) lattice,
which shows well-developed resonance structures with
particles trapped in the four resonance islands. The bottom
left plot for the σ ¼ 88.5° (σO ¼ 108.5°) lattice, which
shows that resonance islands shrink and move toward the

origin compared with the σ ¼ 80° lattice case. The bottom
right plot for the σ ¼ 93° (σO ¼ 113°) lattice, which is
above the resonance and does not show any resonance
effects again.
In particular, the comparison between the σ ¼ 80° and

σ ¼ 88.5° cases shows an interesting feature of the
4σ ¼ 360° resonance. As the phase advance switches from
σ ¼ 80° (the top right plot in Fig. 1) to σ ¼ 88.5° (the
bottom left plot in Fig. 1), the corresponding change in the
beam distribution leads to a distinct changes in the beam
profiles which can be measured with wire-scanners: the
intensity of beam shoulders increases while their spatial
extent decreases (see the arrows in the top plot of Fig. 5).
This is a unique feature that can be measured associated
with the 4σ ¼ 360° resonance and is due to the fact that the
resonance islands shrink and move toward the origin as σ
gets very close to 90°.

B. Beam matching and incoming beam quality

Figure 2 shows the schematic plot of the CCL and where
the wire-scanners are installed. In the experiment, the beam
matching is very crucial to minimize the possibility of beam
mismatch and its associated halo formation. For each lattice
with a given phase advance σ value, the upstream four
quadrupoles are adjusted to match the beam into the CCL
by using the four wire-scanners installed in series for
matching (WS104, 106, 108, 110 in Fig. 2). This matching
procedure is described in detail in [22]. Figure 3 shows the
results of beam matching to the CCL in the experiment for
the three lattices with σ ¼ 65°, 80°, and 88.5° respectively.
Figure 3 shows that the beam is matched well into the CCL.
The blue (red) solid dots represent the measured X (Y)
beam sizes obtained from the five wire-scanners (WS104,
106, 108, 110, 204). Solid lines represent the TRACE3D

FIG. 2. Schematic plot of the CCL (Coupled Cavity Linac) and the wire-scanners. The top row represents the CCL module 1 and the
beam travels from the left to the right and top to bottom. The CCL consists of four modules and ten wire-scanners are in use in total. The
upstream four quadrupoles are used for the beam matching between the DTL (Drift Tube Linac) and the CCL.
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code [23] fit to the beam size data obtained from
wire-scanners for the 38-mA beam, which determines
the incoming beam parameters (ε, β, α). The upstream
four wire-scanners in series are used for the beam matching
(the beam travels from the left to the right).
We suppress the beam tails and improve the quality of

the beam going into the CCL by adopting the “round beam
MEBT optics” in the MEBT (Medium Energy Beam
Transport) which suppresses the halo formation induced
by the optics of the SNS MEBT [24,25]. Both the
simulation [24] and the experiment [25] show that the
“round beam MEBT optics” reduces the X rms emittance
and beam halo significantly. The quality of the beam going
into the CCL can be measured with the four upstream CCL
wire-scanners installed in series (WS104, 106, 108, 110 in
Fig. 2). As shown in the measured profiles of Fig. 4, the

beam going into the CCL has very little beam shoulders and
has a pretty Gaussian-like density profile for all the wire-
scanners. The phase advance between the neighboring
wire-scanners is 65° (lattice with σ ¼ 65°), which ensures
detection of existing beam shoulders using the four wire-
sacnners in series. And Fig. 3 shows that the beam is
matched well into the CCL for all the three cases with the
σ ¼ 65°, 80°, and 88.5°. These two factors removes the
possibility of halo formation due to a beam mismatch and
existing beam tails of the beam going into the CCL.

C. Experiment of space charge driven
4σ ¼ 360° resonance

Once the beam matching is done for each CCL lattice
with the σ ¼ 65°, 80°, and 88.5° respectively, beam profiles
are measured with all the wire-scanners in the CCL. It

FIG. 3. Plots of beam matching to the CCL in the experiment for three phase advances. The beam is going from the left to the right.
The top left plot is for the σ ¼ 65° (σO ¼ 85°) lattice, the top right plot for the σ ¼ 80° (σO ¼ 100°) lattice, the bottom left plot for the
σ ¼ 88.5° (σO ¼ 108.5°) lattice. In the plots, σ (σo) is the depressed (undepressed) phase advance per cell. The blue (red) solid dots are
the measured X (Y) beam sizes obtained from the wire-scanners. Solid lines are the TRACE3D [23] fit to the wire-scanner beam size data,
determining the beam parameters (ε, β, α) of the incoming beam. The upstream four wire-scanners in series from the left (WS104, 106,
108, 110 in Fig. 2) are used to do the beam matching into the CCL experimentally. It should be noted that the beam is matched well into
the CCL for all the three cases. The beam current is 38 mA and the beam travels from the left to right.
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should be pointed out that there is no beam loss detected to
the beam current monitors nor to the beam loss monitors for
all the settings.
The measurements clearly show that significant beam

shoulders (halo) are induced for the σ ¼ 80° lattice, not for
the σ ¼ 65° lattice under the conditions: (i) the beam going
into the CCL has initially little shoulders (see Fig. 3) and
(ii) the beam is well matched into the CCL (see Fig. 2).
Figure 5 shows the beam profiles for the experiment (the top

plot) and the simulation (the bottom plot) in log scale for the
σ ¼ 65° (σO ¼ 85°) and σ ¼ 80° (σO ¼ 100°) lattices at the
downstream wire-scanner called “WS304”. The top plot
shows the beam profiles obtained from the experiment, and
the bottom plot shows those from the simulation under the
same conditions. The striking similarity should be noted
between the experiment and simulation. In the experiment,

FIG. 4. Plots of measured beam profiles of the beam going into
the CCL using the upstream CCL wire-scanners in series for the
σ ¼ 65° (σO ¼ 85°) lattice. The top plot shows the X beam
profiles in log scale obtained from the three wire-scanners,
“WS104”, “WS108”, and “WS110” and the bottom plot shows
the Y beam profiles from the same wire-scanners. These plots
show the quality of the beam going into the CCL. Measured beam
profiles indicate that the beam going into the CCL has very little
beam shoulders. For the σ ¼ 65° lattice, there is no resonance
effect coming into play in the CCL. These four wire-scanners
installed in series are used for matching the beam into the CCL.
The data of “WS106” were not saved properly to the file due to
software problems during the experiment.

FIG. 5. Plots of the beam profiles for the σ ¼ 65° (σO ¼ 85°)
and σ ¼ 80° (σO ¼ 100°) lattices in log scale. The top plot shows
the beam profiles obtained from the wire-scanner measurement
and the bottom plot from the simulation at the wire-scanner
“WS304” location. As the simulation predicts in the bottom plot,
one observes no beam shoulders for the σ ¼ 65° lattice in the blue
curve in the experiment. On the other hand, one observes
significant beam shoulders in the red curve for the σ ¼ 80°
lattice. It should be noted that the beam core width from the
measurement agrees well with the simulation. However the total
beam width from the measurement is wider than that from the
simulation. This is due to a lack of our knowledge of the input
beam density distribution. Note that the measured “tail” in
−85 mm ∼ −80 mm is due to the cross talking of x and y
wires of wire-scanners.
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one observes practically no beam shoulders for the σ ¼ 65°
lattice, which is consistent with the numerical simulation.
This is a proof that there is no resonance effect and no halo
formation for the σ ¼ 65° lattice.
On the other hand, one observes strong growth of beam

shoulders indicating substantial halo formation for the

σ ¼ 80° lattice in the experiment and simulation, even
though the beam is well matched into the CCL (see
Fig. 2) and has little initial beam shoulders (see Fig. 3).
This pronounced beam shoulder for the σ ¼ 80° lattice is
caused by the 4σ ¼ 360° resonance. Simulations show that
the resonance four-fold structures are alreadywell developed
at thewire-scanner “WS304” location (see the top left plot for
σ ¼ 80° of Fig. 1). One should note that the measured core
beam width agrees well with the simulation. However, the
total beam width measured in the experiment is wider than
that of the simulation. This difference is due to a lack of our

FIG. 6. Plots of the beam profiles for the σ ¼ 88.5°
(σO ¼ 108.5°) and σ ¼ 80° (σO ¼ 100°) lattices in log scale.
The top plot shows the beam profiles obtained from the experi-
ment and the bottom plot those from the simulation at the wire-
scanner “WS304”. The agreement between the experiment and
the simulation is remarkable. As predicted in the simulation, one
observes in the experiment that for the σ ¼ 88.5° case the
intensity of the beam shoulders increases while their spatial
extent shrinks, compared with the σ ¼ 80° case (marked by the
arrows). This is a pretty unique characteristic of the 4σ ¼ 360°
space charge resonance. It should be noted that the beam core
width from the measurement agrees well with the simulation.
However the total beam width from the measurement is wider
than that from the simulation. This is due to a lack of our
knowledge of the input beam density distribution. Note that the
measured “tail” in−85 mm∼ −80 mm is due to the cross talking
of x and y wires of wire-scanners.

FIG. 7. Plots of the measured beam profiles in log scale for the
σ ¼ 65° (σO ¼ 85°) and σ ¼ 80° (σO ¼ 100°) lattices at two
further downstream CCL wire-scanners. The top plot shows the
beam profiles obtained from the wire-scanner “WS310” and the
bottom plot from the wire-scanner “WS406”. One observes
formation of beam shoulders for the σ ¼ 80° lattice, while one
observes no beam shoulders for σ ¼ 65° lattice. One observes the
characteristics in the top plot of Fig. 5 of the 4σ ¼ 360° space
charge resonance consistently at these wire-scanners “WS310”
and “WS406”. Note that the measured “tail” in −85 ∼ −80 mm is
due to the cross talking of x and y wires of wire-scanners.
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knowledge of the input beamdensity distribution forweuse a
generated beam distribution of Gaussian density profile
truncated at three standard deviations. Apparently the actual
beam seems to have wider beam extent for the beam halo.
Now a comparison of the beam profiles for the σ ¼ 80°

(σO ¼ 100°) and σ ¼ 88.5° (σO ¼ 108.5°) lattices presents
another evidence. Figure 6 displays the beam profiles in log
scale for the σ ¼ 80° and σ ¼ 88.5° lattices at the wire-
scanner “WS304”, showing the striking resemblance
between the experiment (the top plot) and the simulation
(the bottom plot). One needs to compare the beam

distribution for the σ ¼ 80° case (the top right plot of
Fig. 1) and that for the σ ¼ 88.5° case (the bottom left plot
of Fig. 1). As the resonance islands shrink and move toward
the origin for the σ ¼ 88.5° case compared with the
σ ¼ 80° case, subsequent changes in beam profiles take
place: the intensity of the beam shoulders increases for the
σ ¼ 88.5° case while their spatial extent decreases (see the
arrows in Fig. 6), compared with the σ ¼ 80° case.

FIG. 8. Plots of the measured beam profiles in log scale for the
σ ¼ 88.5° (σO ¼ 108.5°) and σ ¼ 80° (σO ¼ 100°) lattices at two
further downstream CCL wire-scanners. The top plot shows the
beam profiles obtained from the wire-scanner called “WS310”
and the bottom plot from the wire-scanner “WS406”. One
observes that the intensity of the beam shoulders increases while
their spatial extent decreases for the σ ¼ 88.5° case, compared
with the σ ¼ 80° case. One observes the characteristics in the top
plot of Fig. 6 of the 4σ ¼ 360° space charge resonance also at
these downstream wire-scanners. Note that the measured “tail” in
−85 ∼ −80 mm is due to the cross talking of x and y wires of
wire-scanners.

FIG. 9. Plots of the beam profiles for the σ ¼ 65° (σO ¼ 85°)
and σ ¼ 88.5° (σO ¼ 108.5°) lattices in log scale obtained from
the wire-scanners “WS304” (the top plot) and “WS310” (the
bottom plot). These two wire-scanners are optically three cells
apart. In case of the σ ¼ 88.5° lattice, they are 265.5° apart. These
plots show that the overall beam profile of the σ ¼ 88.5° lattice
practically overlaps with that of σ ¼ 65° lattice except for the
small beam shoulders generated by the beam particles populating
the resonance islands. The plots of the σ ¼ 88.5° lattice shows
that the spatial extent of beam halo decreases as σ gets close to
90°. However the σ ¼ 93° lattice is not used due to the interlock
of the quadrupole power supplies, because the required current
surpassed the interlocked values. Note that the measured “tail” in
−85 ∼ −80 mm is due to the cross talking of x and y wires of
wire-scanners.
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Figures 5 and 6 manifest the consistent resonance charac-
teristics both in the experiment and the simulation.
Measurements at the rest downstream wire-scanners also

indicate that the same features persist that are observed at
the wire-scanner “WS304” in Figs. 5 and 6. One observes
consistent behavior of the resonance in all the downstream
wire-scanner data: “WS304”, “WS310’ and “WS406”.
Figure 7 shows the comparison of beam profiles at
“WS310” and “WS406” in log scale for the σ ¼ 65° and
σ ¼ 80° lattices and Fig. 8 for the σ ¼ 80° and σ ¼ 88.5°
lattices.

The numerical simulation indicates that the spatial extent
of beam halo decreases when σ gets close to 90° (such as
the case of σ ¼ 88.5°) and there is no resonance effect for
σ > 90°, as reported in [16,17]. This is due to the fact that
the resonance islands shrink as σ approaches 90° and they
disappear for σ > 90°. The comparison of the beam profiles
for the σ ¼ 65° and σ ¼ 88.5° lattices is informative in this
regard. Figure 9 shows that the beam profiles of the σ ¼
88.5° lattice practically overlaps with those of σ ¼ 65°
lattice except the small beam shoulders generated by the
beam particles populating the resonance islands of the σ ¼
88.5° lattice. This clearly demonstrates in the experiment
the consistency between the experiment and the simulation
of the fourth order resonance. All these agree well with the
characteristics of the 4σ ¼ 360° space charge resonance.

FIG. 10. Plots of transverse and longitudinal depressed phase
advances per cell σx, σy, and σz vs the CCL rf gap number. The
top plot shows the depressed phase advances for the “coupled
case” CCL lattice and the bottom plot shows the phase advances
for the “uncoupled case” CCL lattice for the 38-mA beam. For the
“coupled case,” the transverse and longitudinal phase advances
overlap with each other over the entire CCL to maximize the
coupling effect. The quadrupole gradients for the “uncoupled
case” is chosen such that the beam sizes of the two cases are
practically equal at the end of the CCL for a zero current beam.
The undepressed phase advance σo is about 20° higher than the
depressed phase advance σ.

FIG. 11. Plots of transverse and longitudinal normalized rms
emittances vs beam energy obtained from multi-particle simu-
lations in the CCL. The top plot shows the rms emittances for the
“coupled case” CCL lattice and the bottom plot those for the
“uncoupled case” CCL lattice. For the “coupled case”, one
observes an emittance transfer from the longitudinal plane to
the transverse planes due to the space charge coupling resonance.
For the uncoupled case, there is practically no emittance transfer.
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The measurement for σ > 90° is not done due to the
interlock of the quadrupole power supplies, because the
required current surpassed the interlocked values.

III. SPACE CHARGE DRIVEN 2σxðyÞ − 2σz ¼ 0
COUPLING RESONANCE

A. Simulations of space charge driven
2σxðyÞ − 2σz ¼ 0 coupling resonance

Simulation studies suggest the feasibility of measuring
the effects of the space charge 2σxðyÞ − 2σz ¼ 0 coupling
resonance between the transverse and longitudinal planes

for the 38-mA beam in the CCL. Gradients of quadrupoles
are adjusted to make the depressed transverse phase
advances per cell σx and σy overlap with the longitudinal
phase advance per cell σz to maximize the coupling
resonance effect. Figure 10 shows the graphs of σx, σy
and σz for the “coupled case” (the top plot) and those for the
“uncoupled case” (the bottom plot) in the CCL. The
uncoupled case is the design optics of the CCL.
However there is a coupling at the end of the CCL (see
the bottom plot of Fig. 10) and the transverse beam sizes of
the two cases (coupled and uncoupled) are equal at the end
of the CCL due to the same focusing strength.

FIG. 12. Plots of the simulated beam profiles for the “coupled
case” (in red) and the “uncoupled case” (in blue). The top
(bottom) plot shows the simulated X (Y) beam profiles for the
two cases at the location of the wire-scanner “WS310”. One
can notice that the space charge coupling resonance (in red)
broadens beam profiles in both planes as a whole with little beam
profile deformation. These are unique properties of the coupling
resonance.

FIG. 13. Plots of the experimental beam matching into the CCL
for the “coupled case” (the top plot) and for the “uncoupled case”
(the bottom plot). The beam is going from the left to the right.
Blue (red) solid dots represent the measured X (Y) beam sizes
obtained from five wire-scanners (WS104, 106, 108, 110, 204).
Solid lines are the TRACE3D code fit to the measured beam size
data, which determines the incoming beam parameters (ε, β, α).
Plots show that the beam is matched well into the CCL for both
cases. The beam current is 38 mA.
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For multiparticle simulations, the same 50 000
macro-particle Gaussian beam distribution is used with
normalized rms emittance εx ¼ εy ¼ 0.301 mmmrad, εz ¼
0.394 mmmrad.Multiparticle simulationswith the PARMILA

code show that the emittance transfer occurs in theCCL from
the longitudinal plane to the transverse planes for the
“coupled case,” as shown in Fig. 11. On the other hand,
there is no emittance transfer for the “uncoupled case.”
The space charge 2σxðyÞ − 2σz ¼ 0 coupling resonance

transfers the emittance from the longitudinal plane to the
transverse planes and the transverse beam profiles broaden
as a whole including the core. In the CCL this resonance
does not induce a beam halo formation (or shoulders)
unlike the 4σ ¼ 360° resonance or a mismatch. Figure 12
shows the beam profile plots obtained from a multi-particle
simulation with the 38-mA beam at the location of the wire-
scanner “WS310” for the coupled and uncoupled cases.
One can note that the beam profiles broaden as a whole by

10%–20% in both X and Y planes due to the emittance
increase through the space charge coupling resonance.

B. Beam matching and incoming beam quality

In the experiment, the beam matching is very crucial in
order to minimize the possibility of beam mismatch and its
halo formation. The beam is matched carefully into the
CCL using the four wire-scanners in the upstream CCL,
following the same methods in [22]. Figure 13 shows the
results of the experimental beam matching to the CCL for
the “coupled case” (the top plot) and for the “uncoupled
case” (the bottom plot) for the 38-mA beam. The blue (red)
solid dots represent the measured X (Y) beam sizes
obtained from the five upstream wire-scanners (WS104,
106, 108, 110, 204). Solid lines are the TRACE3D code [23]
fit to the measured beam size data, which determines the
incoming beam parameters (ε, β, α). The quality of the

FIG. 14. Plots of the measured beam profiles of the 38-mA beam in log scale for the “coupled case” (in red) and the “uncoupled case”
(in blue). The top left (right) plot shows the X (Y) beam profiles for the two cases obtained from the wire-scanner “WS310”. The bottom
left (right) plot shows the X (Y) beam profiles from the wire-scanner “WS406”. Measured data show that the space charge coupling
resonance broadens the X and Y beam profiles with little beam profile deformation. These results agree well with the simulation shown
in Fig. 12. It should be noted that the measured beam profiles have little beam shoulders, indicating that there is little halo formation.
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beam going into the CCL is the same as shown in Fig. 3,
because the experiment is done during the same beam study
shift. The beam has very small tails and has a pretty
Gaussian-like density profile.

C. Experiment of space charge driven
2σxðyÞ − 2σz ¼ 0 coupling resonance

Once the beam is matched into the CCL in the experi-
ment, beam profiles are measured using the wire-scanners
in the CCL for the comparison of the “coupled case” and
the “uncoupled case”. The two downstream wire-scanners
“WS310” and “WS406” are used for the measurement,
because the transverse emittances increase is maximal there

(see Fig. 11) and because the beam sizes of the two cases
are practically equal for a zero current beam (see Fig. 15).
These two wire-scanners are ideal for detecting the effect of
the space charge coupling resonance in the CCL. For 38-
mA beam, Fig. 14 shows the comparison of measured beam
profiles of the “coupled case” (in red) and the “uncoupled
case” (in blue) at the last two wire-scanners of the CCL.
The top left (right) plot shows the X (Y) beam profiles for
the two cases obtained from the wire-scanner “WS310”.
The bottom left (right) plot shows the X (Y) beam profiles
obtained from the wire-scanner “WS406”. It should be
noted that the measured X and Y beam profiles of the
“coupled case” broaden as a whole with little beam profile
deformation compared with the “uncoupled case.” It should
be noted that the measured beam profiles have little beam
shoulders, indicating that there is little halo formation. This
is in a good agreement with the simulation shown
in Fig. 12.
These unique properties of the coupling resonance are

predicted in the simulation and verified in the experiment.
For the space charge coupling resonance effects in the
CCL, one does not observe the growth of beam shoulders
unlike the 4σ ¼ 360° space charge resonance or the beam
mismatch. The same measurement is repeated with a
reduced beam current of 15-mA to check the dependence
of the resonance on the beam intensity. For a 15-mA beam,
there is practically no difference in the measured beam
profiles between the coupled and uncoupled cases, as
shown in Fig. 15. This confirms that the observed beam
profile broadening for 38-mA beam is due to the space
charge induced coupling resonance.
As listed in Table I, the measured beam size of the

“coupled case” at WS310 (WS406) is ∼20% (∼10%) larger
than that of the “uncoupled case” for the 38-mA beam. This
is consistent with the results of multiparticle simulations
which show that the beam size of the “coupled case” at

FIG. 15. Plots of the measured beam profiles of the “coupled
case” (in red) and those of the “uncoupled case” (in blue)
obtained from the wire-scanner WS406 for the 15-mA beam.
Compared with the 38-mA beam, the coupling resonance effects
diminish and there is practically no difference in the beam
profiles between the “coupled case” and the “uncoupled case”
in both transverse planes. It should be noted that the measured
beam profiles have little beam shoulders, indicating that there is
little halo formation.

TABLE I. Measured beam size for the “coupled case” and the
“uncoupled case” for the 38-mA beam.

Measurement
38-mA

X size
WS310

Y size
WS310

X size
WS406

Y size
WS406

Coupled case 1.98 mm 1.31 mm 2.46 mm 1.70 mm
Uncoupled
case

1.64 mm 1.05 mm 2.28 mm 1.54 mm

TABLE II. Simulated beam size for the “coupled case” and the
“uncoupled case” for the 38-mA beam.

Simulation
38-mA

X size
WS310

Y size
WS310

X size
WS406

Y size
WS406

Coupled case 2.09 mm 1.38 mm 2.13 mm 1.34 mm
Uncoupled
case

1.83 mm 1.13 mm 1.94 mm 1.25 mm

EXPERIMENTAL EVIDENCE OF SPACE CHARGE … Phys. Rev. Accel. Beams 19, 010101 (2016)

010101-11



WS310 (WS406) is ∼20% (∼10%) larger than that of the
“uncoupled case” for the 38-mA beam, as listed in Table II.
On the other hand, for a zero current beam (with the same
beam emittance as the 38-mA beam), the multiparticle
simulations show that the beam sizes of the two cases
become practically equal, as listed in Table III.

IV. SUMMARY

Experimental evidences for the space charge 4σ ¼ 360°
resonance and the space charge 2σxðyÞ − 2σz ¼ 0 coupling
resonance of high intensity linear accelerators are presented
that are obtained from the SNS CCL. The experiment is
conducted with an excellent control of beam quality
minimizing the beam halo and beam mismatch into the
CCL. Beam profile measurements verify that the beam
going into the CCL has indeed very little beam tails and that
the beam is matched well into the CCL, which excludes the
possibility of mismatch of the beam going into the CCL.
The effects of the 4σ ¼ 360° space charge resonance are

measured with multiple wire-scanners. A good agreement
is obtained between the experiment and simulation. The
experiment confirms unique characteristics of the space
charge 4σ ¼ 360° resonance that the simulation shows,
especially as the phase advance σ approaches 90°. These
characteristics are related to the fact that the stable islands
shrink and move toward the origin as the phase advance per
cell σ approaches 90°. The experimental results clearly
show that the resonance effect diminishes as σ gets very
close to 90°.
The 2σxðyÞ − 2σz ¼ 0 space charge coupling resonance

effects are measured using multiple wire-scanners. As the
simulation predicts, the experiment verifies that the space
charge coupling resonance in the CCL induces 10–20%
beam size increase in both X and Y planes at the last two
CCL wire-scanners. It is also verified that the beam profile
broadens as a whole unlike the mismatch or the fourth order
resonance. In case of the mismatch or the fourth order
resonance, beam halo is generated and the beam tail
profiles are altered. Multiparticle simulations with a zero
current beam show that the beam size of the coupled and
uncoupled cases become practically equal. The experiment
with the 15-mA beam shows that the beam size of the two
cases become practically equal, and confirms that the
observed effects are due to the space charge coupling
resonance.
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