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Abstract

High current and stringent restrictions on beam losses
in the designed linac and storage ring for the Spallation
Neutron Source (SNS) require clean and fast – with the
rise time from 2% to 98% less than 2.5 ns – beam chop-
ping in the linac front end, at the beam energy 2.5 MeV.
The development of new traveling-wave deflecting cur-
rent structures, based on meander lines, for the SNS fast
chopper is discussed. Three-dimensional time-domain
computer simulations with MAFIA are used to study
transient effects in the chopper and to optimize current
structure design.

1  SNS CHOPPER SYSTEM

The SNS is a next-generation pulsed spallation neutron
source designed to deliver 1 MW of beam power on the
target at 60 Hz in its initial stage [1,2]. It will consist of a
1-GeV linear H– accelerator and an accumulator ring. The
SNS storage ring accumulates the linac beam during a
few hundred turns (a macropulse, about 1 ms) using H–-
injection through a carbon foil. The beam injected into the
ring is stacked into a single long bunch, and the linac
macropulse must be chopped at near the ring revolution
frequency 1.188 MHz to provide a gap required for the
kicker rise time during a single-turn ring extraction. The
final clean beam chopping in the linac is to be done in the
Medium Energy Beam Transport (MEBT) line.

The MEBT transports 28 mA of peak beam current
from a 2.5-MeV 402.5-MHz RFQ to a drift-tube linac. A
0.5-m space is allocated for the chopper that deflects the
beam into a beam stop during the 35% beam-off time.
The chopper parameters are summarized in Table 1.

Table 1: MEBT Chopper Specifications
Parameter Value Comment

Beam energy 2.5 MeV β=0.073
Length ≤0.5 m shorter is better
Gap ≥1 cm adjustable
Pulser voltage ±900 V currently achievable

with FETs
Deflection angle 18 mrad
Chopping period 841 ns
Duty factor 35 % 65 % beam on
Rise / fall time < 2.5 ns 2–98 % (final goal)

To mitigate the effects of a partial chopping or small
errors in the timing system, an identical “anti-chopper”
will be placed in the MEBT line at an optically symmetric
point from the chopper to return uncollimated beam to the
axis. The preliminary chopping stage in the Low Energy
Beam Transport (LEBT) line, at 100 keV, see [2], is in-
troduced to reduce the beam power deposited at the
MEBT beam stop. While the LEBT electrostatic chopper
system has much slower rise and fall times (tens of ns)
than the MEBT one, it is easier to absorb the bulk of the
chopped beam at the low LEBT energy.

At any given moment as the beam passes through the
MEBT chopper, there are about ten bunches along the
chopper length. Even with an “ideal” pulse generator, the
only way to avoid partially chopped bunches is to apply a
traveling-wave current structure. The deflecting electric-
field pulse fills the chopper with the phase velocity along
the beam path matching the beam velocity and propagates
together with the beam. The bunches following the pulse
front are fully deflected while those ahead of the front are
not disturbed. Providing the field-pulse front (and its end)
shorter than the bunch-to-bunch spacing (2.5 ns, or about
5 cm) is the most challenging requirement to the chopper
system. As an initial goal, the rise/fall time below 5 ns is
acceptable; it will lead to one partially chopped bunch at
the front and the end of each chopper pulse.

2  CHOPPER CURRENT STRUCTURE

2.1  Coax-to-plate LANSCE chopper

A traveling-wave chopper for H± beams at 750 keV [3]
has been working successfully for many years at LAMPF
(now LANSCE) in Los Alamos. It provides the rise time
of about 7 ns, mostly due to the pulse modulator. The
coax-plate current structure itself is capable of providing
a pulse front about 2-3 ns with an overshoot on the 10%
level ringing for a few ns. The 1-m long structure consists
of two parallel plates, each interfaced with many small
strip segments connected with coaxial cables on the re-
verse side of each plate to form a continuous circuit along
the structure, see Fig.1.

The voltages on the upper and lower plates are syn-
chronized and have opposite signs so that the resulting
vertical electric field deflects the beam that travels be-
tween the plates. The structure rise and fall time limita-



tions are caused by stray capacitance between the seg-
ments and by multiple coax-to-segment transitions.

Figure 1: Photograph of traveling-wave current structure
used in the LANSCE beam chopper.

2.2  Meander-line current structure

A new current structure based on a meander line with
separators (Fig.2) has been proposed [4]. A strip trans-
mission line forms the meander, which works as a slow-
wave structure. The strip itself can be either straight or
notched, as the one shown in Fig.2.

Figure 2: 1/4-length MAFIA model of meander current
structure: notched meander strip line (blue) above the
ground plate (green) with separators (red), cf. Fig.3. Only
the lower plate is shown. The arrow indicates the beam
path in the upper plane of the box drawn.

The line parameters are adjusted to provide the line
characteristic impedance 50 Ω. The meander bends are
chamfered to avoid pulse reflections. The separators (or
guard barriers) rising from and electrically connected to
the ground plane are used to reduce the coupling between
the adjacent sections of the meander line, see in Fig.3.
The new design has no multiple coax-to-plate transitions
and is easier for manufacturing.

A proper ratio of the meander period to its width pro-
vides the required phase velocity of the voltage pulse, v =
βc, along the beam direction. For a straight strip, the me-
ander width transverse to the beam is simply b =
(w+g)(1/β-1), where w is the strip width and g is the gap
width between the adjacent strips.
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Figure 3: A partial vertical cut in the beam path plane of
the meander current structure: the separator is inserted
between two adjacent pieces of the transmission line.

3-D time-domain modeling with the electromagnetic
simulator MAFIA [5] has been used to study transient
effects in the current structure. The simulations [4] used
MAFIA version 3.20 package. Essentially, it was done
similar to S-parameter calculations: the strip TEM wave
was loaded into the structure, and the voltages and the
electric fields on the beam path were recorded as it
propagated along the chopper. This approach required
additional calculations of the 2-D eigenmodes at the en-
trance and exit ports. And these ports themselves had to
be artificially introduced to simulate waveguides con-
nected to the structure. The time dependence of the TEM-
wave amplitude can be chosen as required. We used ei-
ther harmonic signals at a fixed frequency to analyze fre-
quency response, or step-function pulses to study the rise
and fall times. In the last case the step was smoothed by
sin2 for about 0.1 ns to filter out very high frequencies.
The same smoothing was applied to finite-length pulses.

It was shown [4] that even without separators, the me-
ander structure has a rise time 2–2.5 ns; with separators it
can be reduced down to 1–1.25 ns, depending on the
separator height, see Fig.4. The structure fall time was
found to be about the same as the rise time. High separa-
tors, however, reduce the effective field on the beam path
by 10–20% depending on their height hs, cf. Fig.4.
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Figure 4: Vertical electric field, in arbitrary units, at a
fixed point on the beam path versus time in the half-
length meander structure with separators hs = 2h (solid),
hs = h (dash-dotted), and without them (dotted). The volt-
age amplitude is the same for all cases.



2.3 Simple prototype test

To check our simulation results, a very simple model
structure with a straight-strip meander line on a printed-
circuit board (PCB) has been manufactured at LANL. The
PCB with the meander on its bottom surface was placed
on 1.25-mm barriers-separators sticking out of the alumi-
num ground plane, see Fig.5. The prototype length is 12.5
cm. Obviously, the presence of the dielectric introduces
some additional dispersion, and it will stretch the voltage
pulse front and end. Nevertheless, this prototype was cho-
sen because of manufacturing simplicity.

Figure 5: Photograph of the prototype structure: straight-
strip meander line on PCB (left) and ground plate with
separators (right).

Corresponding MAFIA time-domain simulations have
been performed for the prototype structure taking into
account the dielectric properties of the PCB material. The
transient effects in the prototype have been measured with
a TDR and were found to agree well with the MAFIA
calculations, with all transitions within a 2-ns range, see
Fig.6. Some small differences in the pulse shape in two
pictures are due to stronger high-frequency components
(tens of GHz) in calculation results. Clearly, these very
high frequencies have been filtered out in the experimen-
tal setup by wires and connections.

Figure 6: The voltage pulse front in the prototype struc-
ture: TDR measurements (top) and MAFIA simulations
(bottom).

2.4  Notched-strip meander line

 Our early work [4] dealt mostly with straight-strip me-
ander structures. Using a notched strip line in the meander
instead of a straight one has some advantages. First, the
notches provide an additional inductive load that slows
down the wave along the strip. A notch of depth d and
width a≤h adds the inductance L1=(π/2)µ0hd2/w2 [6]. In a
first approximation, the capacitance per unit length C’
remains the same as for the straight strip, i.e. C’ ≈
C’0=ε0w/h, while the inductance increases from
L’0=µ0h/w to L’=µ0h/w +2L1/p, where p is the notch
spacing period. Then we estimate the phase velocity vph=
1/(L’C’)1/2 and adjust the impedance Z=(L’/C’)1/2 to be
50Ω. The ratio vph/c ≈ (L’0/L’)1/2 depends on the notch
depth and the number of notches per unit length. For ex-
ample, the TEM wave propagates along the notched strip
shown in Fig.2 and Fig.7 with the phase velocity about
0.75c.

Figure 7: One quarter of the full-length MAFIA model
for the notched-strip meander current structure with sepa-
rators (red lines): 2-D cross section in the strip plane, cf.
Fig.2. All dimensions are in meters.

Figure 8: Details of Fig.7 (upper left corner) with mesh
lines shown.



As a result, we need a smaller number of bends in the
notched-strip meander and can use wider strips for a fixed
meander width. The larger ratio of the strip width w to the
strip-to-strip gap width g increases the structure field effi-
ciency. For the meander in Fig.7, the notched-strip width
w is 8 mm compared to 5 mm for a straight line. The me-
ander width transverse to the beam is about 11 cm, h=1
mm and g=2 mm in both cases. In addition, the notches
also reduce the magnetic coupling between adjacent strips
since the wave magnetic field is concentrated closer to the
strip center. Our recent efforts [7,8] have been directed
toward optimizing the notched-strip design.

In modeling the full-length structure, the detailed mesh
– like the one in Fig.8 – included up to 3 millions mesh
points. Most of our MAFIA computations have been per-
formed on SUN workstations Ultra-1 and Ultra-2. In ear-
lier simulations [4] with MAFIA 3.20 we needed to load a
pre-calculated TEM-mode into the structure. The MAFIA
version 4 [5] allows simply to feed the strip with a volt-
age from a filament with some RLC-parameters, which
connects the strip to the ground plate. The voltage can be
an arbitrary function of time. We have used voltages pro-
filed as either step-functions (smoothed by sin2 to filter
out very high frequencies) or as finite-length pulses. As
the voltage pulse propagates along the structure, the elec-
tric field on the beam path is recorded. As an example,
Fig.9 shows the deflecting field created by a voltage pulse
with 1-ns sin2 front, flat top at 1 kV for 3 ns, and 1-ns sin2

end, in the full-length 50-cm model of the type shown in
Figs. 2, 7 and 8. Such a pulse would kick out exactly two
linac bunches.

Figure 9: Deflecting field on the beam path versus time
and position in the notched-strip meander structure for a
1-3-1-ns 1-kV driving pulse.

As the pulse propagates, its shape is slightly distorted
by developing an overshoot. However, the pulse front and
end both remain well within 2-ns range, see also Fig.10.

Cross-sections of the surface plot in Fig.9 for a given
position x along the structure show the time dependence
of the field at this location, see Fig.10, left. The develop-
ment of the overshoot is clearly visible for the pulse in the
middle and near the structure end. Straight-strip meanders
produce slightly larger pulse distortions [7], as one can
see in Fig.10, right. The same driving voltage pulse was
used for simulations in both cases. Comparison of the
pulse amplitudes in Figs.10 (also Figs. 11) confirms that
the notched-strip meander provides slightly higher field
efficiency than the straight-strip one.
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Figure 10: Deflecting field versus time in 3 different points on the beam path in the notched-strip (left) and straight-strip
right) meander structures.

Cross-sections of Fig.9 taken at given time t produce
snapshots of the deflecting field as shown in Fig.11, left.
Small wiggles on the pulse tops are due to differences of
the field in points above the middle of the strip and above
the separators. In fact, these field variations will even

help to spread the deflected beam slightly on the beam
stop. A similar picture for the straight-strip meander is
plotted in Fig.11, on the right side. The number of wig-
gles in this case is larger because the structure has a



shorter period along the beam axis, w+g=7mm, compared
to 10 mm for the notched-strip meander.
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Figure 11: Snapshots of the deflecting field on the beam path in the notched-strip meander structure (left), cf. Fig.9, and
in the straight-strip meander structure (right).

While Fig.11 presents only three “snapshots” of the
field pulse shape, it is relatively easy to produce a movie
showing how the pulse propagates along the structure. It
can be done by recording a large number (a few hundred)
of frames – similar to those in Fig.11 – separated by short
time intervals. The MAFIA postprocessor provides such
an option for video recording; however, the correspond-
ing movie file is extremely large. We found a more con-
venient way to keep this information: recording the
MAFIA movie from the screen (we use an X-windows
emulator on PC) with a simple PC utility Hypercam pro-
duces a very compact avi-file, which can be played later
with any media player.

Our design optimization [7,8] leads to the notched-
meander structure shown in Figs.2, 7 and 8. Starting from
initial analytical estimates for the geometrical parameters,
we used MAFIA simulations to adjust the line character-
istic impedance and the pulse phase velocity along the
beam. The notches are 3-mm deep, 1-mm wide, and
spaced by 4 mm. Additional 2-mm deep notches on the
bends have been introduced to eliminate pulse reflections.
To increase the effective field on the beam path without
increasing the rise time, the profiled separators have been
introduced: they are low (i.e., flush with the strip line) in
the middle, near the beam axis, and higher near the sides,
see Figs.2-3.

3  CONCLUSIONS

A new current structure based on a meander line has
been developed. The 3-D time-domain modeling shows
that the structure is capable to provide the rise and fall
times on the order of 1 ns. Further simulations will in-
clude more engineering details like mechanical supports,
as well as beam dynamics and PIC-simulations. Manu-
facturing of the full-length prototypes and their measure-
ments are also planned.

The voltage generator development for this fast chop-
per remains an important and challenging issue. We will
proceed with the proof-of-principle pulser design using
currently available technology, while continuing to work
with manufacturers on development of faster powerful
FETs.
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