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Influence of the coating resistivity on beam dynamics
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Metallic coatings on the inner surfaces of the vacuum chambers are widely used in accelerators but the
impact of the coating resistivity on the beam coupling impedance and beam dynamics is often not
sufficiently evaluated. In this paper, it is shown that, for the usual coating thickness, the electrical resistivity
of the coating can have a strong impact on the impedance and on the microwave instability threshold.
In particular, using different nonevaporable getters coating as examples, the regime in which a coating with
a lower resistivity produces a larger impedance than that with a higher resistivity is investigated.
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I. INTRODUCTION

Present and future accelerators often need to rely on
metallic coating vast portions of their beam pipes to
improve their performance or to reach their design goals.
Nonevaporable getters (NEG) coatings are widely used to
reach ultrahigh vacuum thanks to its distributed pumping
properties [1-3]. Titanium nitride and amorphous carbon
coating can be used in linear or circular colliders because
of their low secondary electron yield to mitigate the
electron cloud effect [4]. This article aims to shed some
light on the impact of such coatings on the beam dynamics,
more precisely, it underlines the importance of the electrical
resistivity of the coating materials, often a parameter
of underestimated importance because of its relatively
unknown value.

The resistive-wall impedance, which is produced by
the beam chamber finite conductivity, and the subsequent
collective effects are highly impacted by coatings. This
impact is especially important for very large machines [5]
or for machines with very small beam pipe dimensions
such as some of the fourth generation light sources [6].
It has been demonstrated that there is a regime where the
resistive-wall impedance of the coated beam pipe depends
mostly on the coating thickness and not on the coating
resistivity [7]. Unfortunately, it is often difficult to get
reliable data on the physical properties of the coating layer,
both thickness and resistivity, to estimate if this approxi-
mation holds. What is often done at this stage is to take a
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conservatively large value for the coating resistivity, as
intuitively, a larger resistivity is expected to overestimate
the impedance. But this intuitive consideration has been
shown to be wrong [8] leading to false conclusions about
the coating resistive-wall impedance and the real impact of
the coating resistivity.

This paper starts by presenting different models for the
two-layer circular beam pipe resistive-wall impedance
in Sec. II to explain the effect of the coating resistivity
on the impedance. Then, the example of SOLEIL II, a
fourth generation light source in design [6,9], is used to
show the impact of the coating resistivity on the microwave
instability threshold in Sec. III. Finally, the findings are
discussed in Sec. IV and conclusions are drawn in Sec. V.

II. ANALYTICAL ESTIMATION

Several models for the multilayer beam pipe have been
developed over the years with different sets of approx-
imations [10-12], but most of them end up in a complex
formula from which it can be difficult to draw conclusions.

Among them, a simple enough formula for the two-layer
circular beam pipe resistive-wall impedance has been
expressed in practical form in [5]. The model used to
derive the formula assumes a coating of thickness A and
resistivity p; while the pipe is supposed infinitely thick
with a resistivity p,. For both materials, it is also assumed
that pwe < 1, with e the material permittivity, meaning the
materials should be good enough conductors which is true
for most of the materials used in accelerator beam pipes.
The space charge effects are neglected, effectively express-
ing that it is the resistive-wall impedance and not the full
“wall impedance”:
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where Z| and Z | express, respectively, the longitudinal and
transverse impedance at a given angular frequency w, C is
the machine circumference, Z; is the vacuum impedance, ¢
is the speed of light in vacuum, b is the circular beam pipe
radius, a ~ 6,/68,, §; and 6, are, respectively, the skin depth
of the coating and of the beam pipe material.

When there is no coating, i.e., A = 0, these expressions
are reduced to the usual thick resistive-wall formulas [13]:

S b =g @
ZLéw) = 227(;1(? [1—isgn(w)]= b5, [1—isgn(w)].  (4)

These expressions for the two-layer circular beam pipe
resistive-wall impedance can be further simplified, as done
in [5] if the assumption that the skin depth of the coating &,
is much larger than the coating thickness A is made:
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In that case, it is clearly seen that the two-layer circular
beam pipe resistive-wall impedance is composed of the
usual thick wall impedance plus an inductive perturbation
driven by the coating thickness A. In addition, if the coating
resistivity p; is much larger than beam pipe resistivity p,,

then the inductive perturbation is reduced to — 2222 for the

2rch
o iAsgn(w)Z
longitudinal impedance and to — % for the transverse

one. In both cases, the inductive perturbation is then
independent of the coating resistivity p; and depends only
on the coating thickness A.

The inductive behavior of the NEG coating has been
observed experimentally [14,15] and the low sensitivity on
the NEG resistivity under some conditions is well docu-
mented [5,7]. What might be less clear is the precise
conditions under which it is possible to neglect the effect of
the coating resistivity. From Egs. (5) and (6), the condition
is simply that p; > p, and is usually verified as beam pipe
materials are chosen to be good conductors. But in order for
Egs. (5) and (6) to be valid, the condition §; > A is needed.
The skin depth of the coating 9, is expressed as

2p,
Oy = {|—, 7
=\ ™

where u is the coating magnetic permeability, for most
coatings u = u,py = po. This condition can then be rewrit-
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2
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"’ZZ"L_A. Thus, the impedance of the two-layer circular

beam pipe is independent of the coating resistivity p; at
a given frequency w only if

(8)
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Figure 1 shows the validity domain of this approxima-
tion, using the arbitrary criteria that the coating resistivity

. 0 2 .
should be 10 times greater than ”ZZOCA, as a function of

the coating thickness A at different frequencies as solid
lines. Measured resistivity values for different types of
NEG are superimposed on the graph as dashed lines.
The intersection between solid and dashed lines provides
the approximate frequency and thickness after which the
approximation breaks down and the NEG-coated beam
pipe impedance will deviate from Egs. (5) and (6).

In the study by Malyshev et al., two NEG films
composed of Ti-Zr-Hf-V are studied [8]. A resistivity of
Peol = 7.1 x 107 Q2 m is measured for the columnar NEG
at 7.8 GHz while the dense NEG film is measured at
Paense = 1.25 x 107 Om [8]. The columnar NEG is pro-
duced using a dc deposition and is reported to have better
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FIG. 1. [Tllustration of the validity domain of Eq. (8), corre-

sponding to the region on the left side of each intersection
between a solid and a dashed line.
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pumping properties while the dense NEG is produced using
high power impulse magnetron sputtering and is supposed
to have lower photon and electron stimulated desorption.
These two resistivity values will be used as examples in
this article as the two corresponding NEG films are well
characterized with different physical properties and resis-
tivity. The study of Koukovini-Platia er al. reports a
resistivity of 1 x 107® Qm at 10 GHz for a Ti-Zr-V NEG
film produced by magnetron sputtering [16]. Finally, the
study of Wang et al. reports a resistivity of 1.07 x 107 Q'm
for Ti-Zr-V and of 3.09 x 107 Qm for Ti-Zr-V-Cu NEG
films deposited via magnetron sputtering [17].

The spread of the measured values in the literature is not
unexpected as the NEG film properties can change in an
important way depending on the recipe used [8,17]. As
shown in Fig. 1, the independence of the impedance on the
NEG resistivity in the medium to high frequency region is
only valid for very thin coatings or for the highest measured
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resistivities. For a standard A = 1 pm coating with pgepee =
1.25 x 107® Qm, using the same criteria, the approxima-
tion is only valid up to 32 GHz.

Figure 2 shows the longitudinal and transverse resistive-
wall impedance of a copper beam pipe coated with 1 pm of
dense NEG on the left plot and of columnar NEG on the
right plot. The expressions for the two-layer resistive-wall
impedance are compared to the thick wall formula and to
the exact solution computed using the ImpedanceWake2D
(tw2p) code [18]. For the columnar NEG, the impedance is
well described by Egs. (5) and (6), and thus also by Egs. (1)
and (2) which are more general, and corresponds to the
thick wall impedance plus an inductive perturbation. For
the dense NEG, there are both inductive and resistive
perturbations due to the coating compared to the thick wall
impedance. The increase of the real part of the dense NEG-
coated copper beam pipe amounts to a factor of 1.5 at
30 GHz and to more than a factor of 3 at 100 GHz.
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FIG. 2. Longitudinal (top) and transverse (bottom) resistive-wall impedance of a circular beam pipe coated with 1 pm of dense NEG
(left) and columnar NEG (right). A beam pipe radius of 6 mm is used.
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It means that a coating with a lower resistivity material
can produce a higher (real part) impedance compared to a
coating with higher resistivity material, this surprising
result was pointed out in [8]. The physical explanation
is that when the coating resistivity is high, the coating skin
depth is large and thus the beam field can pass through the
coating layer and enter the beam pipe layer which has a
lower resistivity. On the contrary, when the coating resis-
tivity is lower, the coating skin depth is also lower and the
beam field is restricted to the coating layer which has still a
lower conductivity than the beam pipe material.

Thus, during machine design, the idea of using a
conservatively large value for the NEG resistivity with
the aim of overestimating the impedance is incorrect and
actually underestimates the impedance, potentially leading
to misleading results [19,20]. In the same way, the approach
taken in [17] to add copper to NEG film composition in
order to reduce the wakefield strength is likely to produce
results opposed to the initial goal.

The ratio of the loss factor with and without coating is
shown in Fig. 3 for a ¢ = 10 ps Gaussian bunch versus the
coating resistivity for different coating thickness A. It
shows that the energy loss increase due to the coating is
negligible for very thin coating or high resistivity coating
but can be significant if the coating resistivity is low and the
coating thickness is large. Of course, this effect highly
depends on the beam frequency range and thus on the
bunch length. For longer bunches, this effect is smaller: for
a 0 = 30 ps Gaussian bunch, the ratio of the loss factor is

only %z 1.05 for A=1pm and p; =1 x107° Qm
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FIG. 3. Ratio of the NEG-coated copper beam pipe loss factor

kioss NG Over the copper beam pipe loss factor kjrw for a
o = 10 ps Gaussian bunch versus the NEG coating resistivity p;
for different coating thickness A.

The resistivity of the beam pipe material p, is also an
important parameter as the energy loss increase depends on
the resistivity difference between the coating and the bulk
material. For very good conductors like the copper beam
pipe used in this study, the effect is the strongest, but for
higher resistivity beam pipe materials, it is weaker as the
coating and the bulk material are closer in value. For an
aluminum beam pipe with A = 1 pm, p; =1 x 107 Om
and 6 = 10 ps, then lz::;—iif' = 1.17 while for a stainless steel
beam pipe, it would be %‘"“‘NEG ~ 1.02.

loss RW

Regarding the transverse plane, the kick factor computed
from the two-layer beam pipe impedance is increased
compared to a single-layer beam pipe but it is mostly
independent of the coating resistivity as it depends only on
the imaginary part of the impedance. As the kick factor is
directly linked to the tune shift with current, one could
expect the transverse mode-coupling instability (or head-
tail instability) threshold to decrease for the two-layer beam
pipe impedance. In fact, as shown in the next section, it is
more of a competition between the increase of the kick
factor and the increased bunch length, both effects being
controlled by the coating thickness. For usual coating
thickness, the real part of the impedance at very low
frequencies is not affected by coatings so, at first order
(neglecting the bunch length change which can affect the
head-tail damping), the multibunch resistive-wall instabil-
ity should not be impacted by coatings.

As the increase of the real part of the two-layer circular
beam pipe resistive-wall impedance is important at high
frequencies, this effect is important for storage rings or
linacs aiming for short bunches. Most fourth-generation
light sources built or in design are aiming for rather long
bunches using harmonic cavities, so one could think that
the impact of this effect is limited. But, as it will be shown
in the next section, this effect can still impact the threshold
of the microwave instability (MWI) even when the bunch
length is quite large.

III. TRACKING

In this section, the consequences of the high frequency
increase of the real part of the NEG coated beam pipe
resistive-wall impedance are investigated by tracking sim-
ulations in the framework of the SOLEIL II project.

The SOLEIL II project aims to upgrade the SOLEIL
storage ring, the French third-generation light source [21],
to a fourth-generation light source [6,9,22]. The storage
ring lattice parameters used for this study are reported in
Table I.

The tracking study is done using MBTRACK2, an open-
source collective effect library written in python3 [23,24].
The tracking part of MBTRACK? is designed to be able to
integrate both single and multi-bunch collective effects.
Here the single bunch effects of the NEG-coated beam pipe
are introduced by using the WakePotential class. This class
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TABLE I. Parameters used for tracking for SOLEIL II storage
ring.

Parameter Value
Electron beam energy 2.75 GeV
Natural emittance 80 pm
Circumference 354.7 m
Harmonic number 416
Momentum compaction factor 9.12 x 1073
Energy loss per turn 515 keV
Longitudinal damping time 11.7 ms
Relative energy spread 9x 1074
Main rf voltage 1.7 MV
Natural bunch length 8.2 ps

can compute a wake potential from any uniformly sampled
wake function. First, the bunch macroparticles are sorted
longitudinally into bins using a variable grid to compute the
bunch charge density profile and its dipole moment. Then
the bunch profile is interpolated on the wake function time
base which is used to perform the convolution to get the
wake potential.

To make sure that the observed effect comes only from
the coated beam pipe, the impedance model considered
is kept very simple on purpose: a uniform copper beam
pipe of 6 mm radius for the full ring circumference. Three
scenarios are studied: the beam pipe is coated with
columnar NEG (p., =7.1x 107> Qm), the beam pipe is
coated with dense NEG (pgense = 1.25 x 1076 Q2m), the
beam pipe is not coated (corresponding to pure copper
resistive-wall impedance). The coating thickness A is
varied from 0.5 pm to 1.5 pm in order to understand its
impact.

The wake functions W used for tracking are computed
using 2D [18] and are shown in Fig. 4 for a coating

1x10%
1.00 4 —— Columnar NEG
—— Dense NEG
0.75 —— Copper only

—==- Copperonly, y=w

0.50 4
0.25 4
0.00

—0.25 1

—0.50 1

Longitudinal wake function W [V/C]

—0.75 1

0.0 0.5 1.0 1.5 2.0 2.5 3.0
Time t [ps]

FIG. 4. Longitudinal wake functions W for the columnar
NEG, dense NEG, and copper (with finite y and y ~ o0). The
coating thickness used is A = 1 pm.

thickness of A =1 pm and a length of 1 m. Those wake
functions are computed for SOLEIL II energy so they do
not respect the “causality principle” which states that
W (t <0)=0 as it is only strictly valid for v =c. A
wake function computed for y & oo is shown to highlight
the (small) difference around ¢ ~ 0.

One can see that the columnar NEG wake function
shows a strong ringing compared to the dense NEG and
the copper-only wake functions. It can be explained by its
much more peaked impedance at very high frequency as
shown in Fig. 5. The coating resistivity impacts not only the
broadband part of the resistive-wall impedance but also its
peak frequency and quality factor. If the coating resistivity
p1 1s close to one of its substrate p,, then the peak frequency
and quality factor are close to the substrate-only imped-
ance. When the coating resistivity p; is larger, the peak
frequency is shifted downward and the quality factor
increases.

The wake potentials from MBTRACK? and from analytical
computations are shown in Fig. 6 for a Gaussian bunch of
o = 8.2 ps. The main difference between the two methods
is that the analytic method assumes a perfect Gaussian
bunch distribution while the MBTRACK2 uses the tracking
algorithm. Here the tracked bunch is composed of N,,, =

4 x 10° macroparticles, initialized to have a Gaussian
distribution, and sorted in Ny;, = 100 bins. It can be seen
that there is good agreement between both methods in all
cases but that NEG wake potentials are a bit noisier than the
pure copper wake. The reason is the very inductive nature
of the NEG impedance compared to the standard resistive-
wall impedance, it makes the wake potential sensible to the
derivative of the bunch profile and thus more sensitive to
numerical noise. Another way to check the numerically
computed wake potentials is to compare the time domain
(TD) loss factor ks, computed using this wake potential

104

—_ —— Columnar NEG
g —— Dense NEG
I —— Copper only
N 1034
>4
5
o
© 1024
o
0
o
c
S 1
T 10% 5
o
E
©
£
E 10° 5
©
c
=}
)
107! T T T
10° 10 101t 10%2 10%

Frequency [Hz]

FIG. 5. Real part of the longitudinal impedance Re[Z] for
the columnar NEG, dense NEG, and copper computed using
w2D [18]. The coating thickness used is A = 1 pm.
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FIG. 6. Longitudinal wake potential W, for the columnar NEG,

dense NEG, and copper from analytical computation and from
MBTRACK?2. The coating thickness used is A = 1 pm.

against the loss factor computed in the frequency domain
(FD) using the impedance with a perfect Gaussian distri-
bution as done in Table II.

The tracking results are shown in Fig. 7 for a coating
thickness A varying from 0.5 to 1.5 pm. The bunch length
o, versus the single bunch current / is shown on the left
plots while the relative energy spread 6;/05 increase is
shown on the right plots. The single bunch current / is
varied from 0 to 20 mA and each current point corresponds
to different tracking simulations for 60 x 10° turns (to be
compared with a longitudinal damping time close to
10 x 10° turns). Then the mean value of the bunch length
o, and relative energy spread o5/05 are computed on the
last 10 x 10® turns and their standard deviation are used as
error bars.

As expected, the main effect of both types of NEG is to
increase the bunch lengthening with current. With copper
chamber without NEG, the bunch length increases from the
zero current value of 8.2 to 19 ps at 20 mA. Whereas with a
0.5 pm thick NEG coating it is 23 ps at 20 mA, this value
increases close to 30 ps for a pm thick coating.

What is more surprising is the increase of the relative
energy spread /05 observed, characteristic of the micro-
wave instability (MWI). No energy spread increase is
observed when only the copper chamber without coating

TABLE II. Loss factor ki computed in time domain (TD)
from tracking and in frequency domain (FD) assuming a perfect
Gaussian distribution.

Relative

TD (V pC!)  FD (V pC~!)  error (%)

Columnar NEG 0.0228 0.0229 -0.536
Dense NEG 0.0273 0.0274 -0.532
Copper 0.0227 0.0229 —0.548

is taken into account, suggesting that the MWI threshold is
higher than the maximum single bunch current of 20 mA
used for this study. A MWI threshold, corresponding to the
first increase of energy spread from its nominal value o5,
is observed for both columnar and dense NEG cases. For
the dense NEG, the MWI threshold decreases when the
coating thickness A increases but the behavior is quite
different for the columnar NEG. The reason is that the main
effect of coating thickness increase is to lengthen more the
bunches, which in turn changes the overlap between the
bunch frequency spectrum and the longitudinal impedance.
The columnar NEG impedance is sharply peaked at high
frequency while the dense NEG is more broadband (see
Fig. 5), so the MWI threshold for the columnar NEG will be
triggered when the bunch length o, is shorter correspond-
ing to a higher overlap with the high frequency region while
the dense NEG MWI threshold is triggered by the increas-
ing magnitude of the longitudinal impedance when the
coating thickness A is increased (see Fig. 3).

This effect is clearly visible for A = 0.5 pm, the bunch
lengthening due to NEG is small so the columnar MWI
threshold is around 10 mA while the dense one is around
18 mA. For the simulation from A = 0.75-1.25 pm, the
bunch lengthening due to NEG increases, and the columnar
MWI threshold and dense MWI threshold go in opposite
directions. For A = 1.5 pm, the columnar MWTI threshold
rises from a very low current (when the bunch length is
short), but the energy spread decreases at higher currents
because the bunch length increases. The slightly different
behavior observed for A = 1.5 um (and also a bit for
A = 1.25 pm) is linked to the downward frequency shift of
the columnar resonance when A increases. The resonance
of the columnar NEG shown in Fig. 5 is around 855 GHz
for A = 1.0 pm but is shifted to 700 GHz for A = 1.5 pum,
and to 1.2 THz for A = 0.5 pm.

As this kind of macroparticle tracking simulation is
very sensitive to numerical noise, a convergence study has
been conducted to check these results which details are
presented in Appendix A. Further checks are presented in
Appendix B where the same simulations are ran using a
totally different method consisting of solving numerically
the Vlasov-Fokker-Plank equation using the INOVESA
code [25].

Apart from the longitudinal beam dynamics, the effect of
NEG coating on the transverse one was also investigated by
tracking. The study focused on the head-tail instability
at the nominal chromaticity of 1.6 and a NEG coating
thickness of A = 1.0 pm. The results showed that the head-
tail instability was actually efficiently suppressed with
NEG coating (both types) within a range from 0 to
20 mA, compared to an uncoated copper pipe for which
the current threshold was found around 13 mA. This is in
contradiction with the expectation that the head-tail insta-
bility growth rate should increase in the NEG-coated case
because of the added inductive perturbation seen in Fig. 2.

054401-6



INFLUENCE OF THE COATING RESISTIVITY ...

PHYS. REV. ACCEL. BEAMS 26, 054401 (2023)

—}— Columnar NEG  —}— Dense NEG —}— Copper only

301 (a=05pum|
@
£
S
30 71A=0.75um
i
&
S
307 {a=10pm|
i
&
S
30 -
25
=
R o F T AN S
S
15 -
10 -
30
25
i
2 20 -
S
15 -
10 -

0 5 10 15 20
Single bunch current / [mA]

2.0
18] [8=05pm]
1.6 1+

T ——

05/05,0

1.2 4

1.0 4

2.0
1.84- A=0.75 pm‘ |

1.6 A

1 e ————————-_AH i

05/05,0

1.2 4

1.0 4

2.0

1.8

1.6 A

05/05,0

T ..

1.0 4

2.0

1.8

1.6 4

05/05,0

1.4 T-beememmemeneeet

1.2 B I R S

1.0 4

2.0

1.8

1.6 4

05/05,0

B

1.0

0 5 10 15 20
Single bunch current / [mA]

FIG. 7. Bunch length o, (on the left) and relative energy spread o5/05, (on the right) versus single bunch current / from tracking for

different NEG coating thickness A.

This result can be explained by the strong bunch length-
ening induced by the NEG coating. To confirm this
hypothesis, the tracking was also done without taking into
account the longitudinal impedance, in that case, the

threshold for both columnar and dense NEG is found near
4 mA. The conclusion on the increased head-tail threshold
may differ for a different coating thickness but it shows that
both NEG types behave similarly.
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IV. DISCUSSION

The significance of these results largely depends on
the application case. As it has been explained in Sec. II,
the influence of the NEG resistivity is stronger at high
frequencies so a more important effect is expected for
shorter bunches. But even when the bunch length gets
longer because of the NEG inductive behavior or due to
harmonic cavities, the NEG resistivity can strongly impact
the MWI threshold as shown in Sec. III. For a commonly
used NEG thickness like 1 pm, there is a factor of 3 on the
MWI threshold variation between different NEG resistiv-
ities in the SOLEIL II case. Of course, this is to be
compared with the MWI threshold from other impedance
sources like the broadband impedance and the coherent
synchrotron radiation impedance. But this effect could
potentially explain part of the discrepancy observed
between measurements and prediction based on impedance
models [26]. Especially, when a conservatively large value
is taken for the NEG resistivity leading to possibly
artificially higher thresholds.

As stated before, this effect also depends on the beam
pipe resistivity and is expected to be at its strongest for
copper. It should be checked for aluminum chambers but is
probably negligible for stainless steel chambers.

Regarding the NEG resistivity, as already discussed in
Sec. II, its value is likely strongly linked to the recipe
used and the deposition method. Different measurements
made on CERN-made samples give a value in the order of
1 x 107° Q2m [16,27,28], which seems to indicate that this
value is consistent for this particular recipe. NEG made
with other recipes or deposition methods, from private
companies or other labs, may give different resistivity
when it is measured [8,17] but in most cases, it iS an
unknown quantity.

If the beam pipe dimensions are much larger in one
direction compared to the other, the NEG coating thickness
can be reduced where the surface is close to the beam path
while leaving a larger thickness elsewhere where the image
current is not flowing as it has been done in SOLEIL. If it is
not possible, most probably, the best solution is to reduce
the NEG layer thickness as much as possible in order not to
be sensitive to the NEG resistivity which might not be a
fully known parameter. This approach is the one followed
in the FCC-ee studies where the coating proposed is in the
50 to 100 nm range [5,29]. But realizing such thin NEG
coating in small chambers while ensuring that the vital
pumping properties of the NEG are preserved is difficult
and is probably out of reach for most accelerator labs. Also,
the reduction of the NEG film thickness has been shown to
impact the NEG pumping properties [30].

In addition, past measurements of the NEG thickness
deposited in small aperture vacuum chamber (from 6 to
10 mm diameter) have shown a longitudinal variation of
40% of the NEG thickness compared to the mean thickness
value measured [31]. This kind of thickness spread can lead

to a different impedance compared to the impedance of a
pipe coated with the mean thickness value. It could also
have the effect of spreading out in frequency domain a
columnar NEG-like resonance which depends on the
thickness A. The contribution of the surface roughness
impedance due to the longitudinal variation of the NEG
coating is also to consider [32].

For SOLEIL II project, this study has led to reduce the
NEG coating thickness target from 1 pm down to 0.5 pm in
order to reduce the NEG impedance and the uncertainty due
to the mostly unknown coating resistivity. The value of the
MWI threshold simulated with dense NEG for A = 1 pmis
about 4 mA, which is close to the MWI threshold obtained
with the full impedance model of the conceptual design
report, Iy, ~#2.5+ 1 mA [6,19]. With a coating around
0.5 pm, more margin is expected with respect to the MWI
threshold driven by other impedance types.

V. CONCLUSIONS

The influence of the coating resistivity on the two-layer
beam pipe resistive-wall impedance and on beam dynamics
has been thoroughly investigated. In order to make the
conclusions more general, the effect of most of the other
relevant parameters such as the coating thickness, bunch
length, etc. was also explored. However, it should be
emphasized that the conclusions presented in this section
are based solely on the example of SOLEIL II and may vary
for other machines depending on their specific parameters.
It is found that (i) a coating with a lower resistivity material
can produce an impedance with a higher real part compared
to a coating with higher resistivity material, as pointed out
in [8]; (ii) the resistivity value of a coating can strongly
impact the microwave instability threshold and the con-
sequent energy spread increase; (iii) the overestimation of
the coating resistivity can lead to an overestimation of
the real microwave instability threshold; (iv) reducing the
coating thickness helps to be less sensitive to the coating
resistivity.
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APPENDIX A: CONVERGENCE STUDY

As MWI simulations are quite sensitive to numerical
noise, different tracking parameters have been varied to
make sure that the tracking results are accurate. A con-
vergence study has been done by varying the macroparticle
number N, from 1 x 10° to at least 4 x 10° for all the
simulated cases presented in this article. The case
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Bunch length o, is shown on the left plot and relative energy

spread o5/05, on the right plot versus single bunch current /. Case corresponding to columnar NEG with A =1 pm.

corresponding to columnar NEG with a thickness A =
1 pm is shown in Fig. 8 for N,,,, up to 5 x 10°. There is no
significant variation of the bunch length ¢, and small
variation of the relative energy spread o;/05, between
N,, =1x10° and N,,, =2 x 10°. It indicates that the
tracking results are fully converged from N,,, =2 x 109,
this is also the case for all simulated cases. The sampling of
the input wake functions and the bin number N;, were also
varied on some specific cases to make sure that they had no
influence on the tracking results.

APPENDIX B: BENCHMARK WITH
VLASOV-FOKKER-PLANCK SOLVER INOVESA

INOVESA is a code that solves the Vlasov-Fokker-Plank
equation on a grid [25,33]. It has mainly been used to study
the MWI induced by coherent synchrotron radiation and
has been successfully benchmarked against theory and

experiment [25,34,35]. Here, this code is used to provide a
totally different way of exploring this problem, as not only
the method is different but also the input since INOVESA
computes the wake force in the frequency space so using
the impedance and not the wake function. The impedances
used as input for the code were computed using Tw2D and
are the ones shown in Fig. 5.

Figure 9 shows the simulation results obtained with
MBTRACK2 and INOVESA for the copper resistive-wall
impedance and for the impedance of the copper chamber
coated with a 1-pm dense NEG film. INOVESA simulations
were straightforward enough for the copper resistive-wall
impedance as a good result was obtained using numerical
parameters close to the default ones. It was not the case
when the NEG impedance was used as input, probably
because of the much more inductive nature of its impedance
compared to the copper resistive impedance. After tweak-
ing the numerical parameters of the code, i.e., increasing

30
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FIG.9. Simulations results with MBTRACK2 and INOVESA. Bunch length o is shown on the left plot and relative energy spread o;/05
on the right plot versus single bunch current /. Case corresponding to dense NEG is with A = 1 pm.
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the phase space size, grid size, and number of steps per
synchrotron period, it was possible to get a convergence for
the dense NEG impedance. Unfortunately, we did not
succeed in finding the same convergence for the columnar
NEG impedance case because of a numerical instability
leading to a triangular bunch shape. A possible reason for
this numerical instability would be the strong oscillatory
nature of the columnar NEG at high frequencies.
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