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Abstract 
The transverse beam coupling impedances of induction 

linacs must be minimized to avoid beam breakdown insta-
bility. The vacuum chamber of the Scorpius linac contains 
complicated asymmetric elements. We present calculations 
of the transverse impedances for three asymmetric discon-
tinuities: (1) pumping section between accelerating cells, 
which contains vacuum plenum, pumping grid, and bel-
lows; (2) fast flapper valve; and (3) debris blocker at the 
end of the linac. The dipole transverse impedances are cal-
culated with CST Studio using both wake-field solver and 
eigensolver.  

INTRODUCTION 
Accelerator vacuum chambers contain multiple discon-

tinuities such as insertions, connections between pieces of 
beam pipe, pumping holes, etc. The discontinuities contrib-
ute to the beam coupling impedances. It is important to 
make sure that these impedances are acceptable from the 
viewpoint of beam stability. For small discontinuities, a 
general analytical method for calculating the impedances 
was developed in [1]. The beam coupling impedances due 
to small discontinuities are inductive at low frequencies, 
i.e., well below the beam-pipe cutoff. Small discontinuities 
can create trapped modes near the cutoff; they also produce 
some high-frequency resonances well above the cutoff, at 
frequencies inversely proportional to discontinuity size.  

In more general cases, the beam coupling impedances 
can be calculated numerically. For calculations of the trans-
verse dipole impedance, which is the most important in in-
duction linacs, asymmetric discontinuities present addi-
tional challenges. An approach for impedance calculations 
in asymmetric cases was first suggested in [2].  

The transverse dipole impedance is defined as the ratio 
of the harmonic of synchronous transverse force induced 
in the structure to the harmonic of the beam dipole momen-
tum that caused this force [3]. For calculations it is more 
convenient to use an expression that follows from Panof-
sky-Wenzel theorem: vertical transverse dipole impedance  

 ( )2( ) ( , ) / ,y LZ cZ d dω ω ω=  (1) 

where ω = 2πf, ZL(d) is the longitudinal impedance calcu-
lated along the displaced path (0, d), and d is the vertical 
displacement from the chamber axis. Similarly, for hori-
zontal dipole impedance Zx, the field integration path (d, 0) 
is displaced in x. Equation (1) works for chamber elements 
with symmetry planes x = 0 and/or y = 0. For asymmetric 
elements, the vertical dipole impedance can be found as  

 2 2 1 1 2 1( ) ( ) ( ) / ( ),y y yZ d Z d d Z d d dω = − −    (2) 
which is a weighted difference of two vertical impedances 
Eq. (1) calculated at different displacements d1 and d2 from 
the beam axis (0, 0, z). The expression for Zx is similar.  

In general, finding impedances from computed wake po-
tentials – time-domain approach [3] – works better for non-
resonant or low-Q structures, such as cavities with damp-
ing ferrites [4]. For high-Q structures like resonators, it is 
usually easier to work in frequency domain [3], for exam-
ple, by calculating eigenmodes.  

INTER-CELL PUMPING SECTION 
The inter-cell section of the Scorpius induction linac [5] 

is inserted between two accelerating modules (cells) to pro-
vide a connection for a vacuum pump. There are about one 
hundred such inserts along the linac. The section is a com-
bination of small discontinuities (pumping slots, bellows) 
with a large asymmetric resonator (vacuum plenum) cou-
pled to the beam pipe by slots. A simplified CST model of 
inter-cell section is shown in Fig. 1.  

 

 
Figure 1: CST model of the inter-cell section: beam pipe, 
grid with pumping slots, bellows, and vacuum plenum 
(gray); vacuum volume is shown in transparent blue. 

The beam pipe, grid, bellows, and plenum walls are 
made of stainless steel. The beam pipe and pumping grid 
both have ID 5.834" (inner radius 74.092 mm) and OD 6"; 
the grid thickness is 2.108 mm. The vacuum plenum starts 
as a cylindrical extension that surrounds the pumping grid. 
It is connected to a duct of rectangular cross section with 
dimensions 3" x 8", which transitions into a wide cylindri-
cal pipe. There are other elements located nearby, but we 
will consider the inter-cell section as a single combined 
discontinuity on a uniform beam pipe.  

We use CST wake-field solver to calculate wake poten-
tials due to a Gaussian linear charge distribution with σz = 
25 mm passing through the inter-cell section up to the dis-
tance of s = 25 m behind the bunch. The bunch path is taken 
on the beam axis (x = y = 0) for the longitudinal wake and 
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offset transversely from the axis by distance d, either ver-
tically (y = d) or horizontally (x = d), for the transverse 
wake, with proper boundary conditions. The impedances 
are found as Fourier transforms of the wake potentials nor-
malized by the bunch spectrum [3]. The vertical transverse 
impedance calculated using Eq. (2) is plotted in Fig. 2.  

 
Figure 2: Vertical dipole impedance of the inter-cell sec-
tion, calculated from wake potentials, versus frequency. 

One can see that this impedance is inductive and rather 
small, which means that the grid screens resonances in the 
vacuum plenum cavity quite well. There are small peaks 
corresponding to resonances, mostly near and above the 
pipe H-mode cutoff, 1186 MHz. If Q-factors of resonances 
are high, their resonance peaks may not be resolved with 
wakes calculated to only 25 m. When the length of calcu-
lated wake potentials increases, such resonance peaks be-
come higher, while the smooth parts of curves in Fig. 2 re-
main the same. The best way to evaluate such resonances 
is with an eigensolver. A few lowest vertical eigenmodes 
were calculated [6]. The lowest resonance at 892 MHz has 
Q = 3300 and the resonance impedance Ry = 144 Ω/m, 
much higher than a tiny peak in Fig. 2. The next two reso-
nances are at 1050 and 1150 MHz; they have Q-values 
4700 and 950 with Ry of 130 and 140 Ω/m, respectively. 
The first two resonances are due to vacuum-plenum modes, 
the third one is produced by a trapped mode slightly below 
the pipe cutoff frequency; see in [3]. 

The behavior of the horizontal dipole impedance is sim-
ilar, though the resonance impedances are lower, with the 
largest value of 17 Ω/m. More details and pictures of reso-
nance fields can be found in report [6].  

TRANSPORT LINE ELEMENTS 
The following two elements are installed after the Scor-

pius linac, in the beam transport line. Unlike inter-cell sec-
tions, which are inserted between all linac cells, both are 
single elements. Still their impedances should be evaluated 
to ensure beam stability.   

Fast Flapper Valve 
The fast flapper valve serves to prevent target debris 

from penetrating into the linac. A CAD model of fast valve 
was imported into CST and simplified as shown in Fig. 3. 
The valve is asymmetric in the horizontal direction.  

 
Figure 3: CST model of fast valve for wake calculations, 
cut horizontally. Inset shows an eigensolver model. Stain-
less steel is in gray, vacuum volume in transparent blue. 

The valve impedances were first calculated from wake 
potentials up to s = 25 m, see Fig. 4, which indicated fre-
quencies of high-Q resonances. For horizontal dipole im-
pedance, two wake potentials with different displacements 
were computed and Eq. (2) was applied.  

 

 
Figure 4: Transverse dipole impedances of the fast valve 
from wake potentials with s = 25 m, versus frequency. 

Further computations with longer wakes, up to the dis-
tance of s = 500 m, showed that the resonance peak heights 
increase for longer wakes. More accurate evaluation of res-
onances was performed with eigensolver. The lowest ver-
tical transverse modes are at 873 and 1005 MHz, with Q-
values 700 and 2160 and shunt impedances Rv of 17.7 and 
69.2 kΩ/m, respectively. Two lowest horizontal modes are 
at 645 and 938 MHz. They have even higher impedances, 
Rh = 295 kΩ/m and 834 kΩ/m, with Q = 330 and 3960. 
The strange negative peak near 1021 MHz was identified 
as a mixed, mostly longitudinal, mode, see in Fig. 5.  

 

  
Figure 5: Electric field of the mixed mode at 1021 MHz. 
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Debris Blocker 
The debris blocker consists of two rotating metal disks 

with cuts, which provide an opening for a beam pulse when 
the cuts overlap. It protects the linac from target debris. A 
CAD model was imported into CST and simplified as 
shown in Fig. 6. The valve is asymmetric in the horizontal 
direction (w.r.t. the vertical plane x = 0) since the two disks 
are separated by a short distance along the beam path.  

Figure 6: CST model of debris blocker for wake calcula-
tions, cut horizontally. Inset shows metal disks with cuts. 

We used a modified method to calculate the dipole trans-
verse impedance in the asymmetric direction [7]. We run 
two parallel Gaussian beams with the same charge distri-
bution but opposite charges (q and -q) at transverse dis-
placements x = d and x = -d from the axis. Transverse wake 
potentials produced by both beams along a given path (e.g., 
following one beam, x = d) were calculated. Combining 
their impedance contributions gives the transverse dipole 
impedance, like Eq. (2). This method gives the same results 
as Eq. (2); it was checked for the debris blocker, as well as 
for the inter-cell section described above.  

The real part of the transverse dipole beam coupling im-
pedances of the debris blocker calculated from wake po-
tentials is plotted in Fig. 7. Both impedances exhibit nar-
row resonance peaks above 400 MHz, which correspond to 
resonances in two shallow cavities surrounding disks.  

Figure 7: Transverse dipole impedances of debris blocker. 

At frequencies below the resonances, the imaginary part 
of transverse impedance is inductive and nearly constant: 
|Im Zx| = 160 Ω/m, |Im Zy| = 180 Ω/m. The CST eigensolver 
was used to identify the modes in Fig. 7. Using one-half 
geometry with the electric boundary in the horizontal 

plane, we found 30 vertical modes below 1 GHz. For the 
full geometry, there are 60 modes below 1 GHz, which in-
clude both transverse and vertical ones, as well as other 
modes that may or may not contribute to the transverse im-
pedance. All eigenmodes come in pairs – two modes hav-
ing very close frequencies – because we have two practi-
cally identical short cavities housing the disks that are 
weakly coupled through the beam pipe. The Q values 
slowly increase with the mode number, but all Qs are rather 
small – from about 60 for the lowest modes to below 200 
for the highest modes calculated. This is because of large 
surface losses in the short flat disk cavities with steel walls: 
the ratio of cavity volume to its surface area is proportional 
to the cavity length and quite small. As a result, some peaks 
in Fig. 7 are formed by two overlapping modes. More de-
tails and mode fields can be found in Tech Note [7].  

CONCLUSION 
The transverse beam coupling impedances of asymmet-

ric discontinuities in the Scorpius linac are calculated. The 
impedances of inter-cell pumping inserts are small. For the 
fast valve and debris blocker the maximal impedances ex-
ceed those of the Scorpius accelerator cells, which are be-
low 700 Ω/m [4]. However, there will be 102 accelerator 
cells along the linac, compared to such single elements at 
its end. Therefore, we can conclude that the impedances of 
these elements are not dangerous from the viewpoint of 
linac beam stability.  
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