PHYSICAL REVIEW ACCELERATORS AND BEAMS 27, 034401 (2024)

®

Terahertz scale microbunching instability driven by high resistivity
nonevaporable getter coating resistive-wall impedance

Weiwei Li, Tianlong He,* and Zhenghe Bai

National Synchrotron Radiation Laboratory, University of Science and Technology of China,
Hefei, Anhui 230029, China

(Received 11 August 2023; revised 4 December 2023; accepted 20 February 2024; published 6 March 2024)

Nonevaporable getter (NEG) coating is widely required in the new generation of light sources and
circular e™ e~ colliders for small vacuum pipes to improve the vacuum level, which, however, also enhances
the high-frequency resistive-wall impedance and often generates a resonator-like peak in the terahertz
frequency region. In this paper, we will use the parameters of the planned Hefei Advanced Light Facility
storage ring to study the impact of NEG-coating resistive-wall impedance on the longitudinal microwave
instability via particle tracking simulation. Using different NEG-coating parameters (resistivity and
thickness) as examples, we find that the impedance with a narrow and strong peak in the terahertz
frequency region can cause terahertz scale microbunching instability, which has a low instability threshold
current and contributes to a large energy spread widening above the threshold. In order to obtain a
convergent simulation of the beam dynamics, one must properly resolve such a peak. The coating with a
lower resistivity has a less sharp peak in its impedance spectrum, and there is a regime that it is helpful to
suppress the terahertz scale microbunching instability and in return contributes to a higher instability

threshold current.
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I. INTRODUCTION

The nonevaporable getter (NEG) coating [1] has been
successfully applied to inner surfaces of many vacuum
chambers of particle accelerators. It can provide distributed
pumping along the vacuum chambers, and thus the speci-
fied ultrahigh vacuum pressure level could be met with a
reduced number and a size of external pumps.

The resistivity wall (RW) impedance, produced by the
finite conductivity of the beam vacuum chamber, plays an
important, often dominant, role in modern accelerators,
especially in those with a small transverse size of the
vacuum chamber [2,3]. The presence of the NEG-coating
films makes the surface resistance of the beam pipe higher
than the one without coating, and the resistive wall effect is
more pronounced. This impact is especially important for
large machines with small beam pipe dimensions such as
circular et e colliders [4,5] and diffraction-limited storage
rings (DLSRs) [6-8]. In addition, there could be also an
uncertainty on the coating conductivity measurements in
the high frequency region, which may give inaccurate
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predictions about the instability threshold. In order to
reduce the RW impedance contribution and the uncertainty
due to the mostly unknown coating resistivity, one of the
best ways is to reduce the NEG-coating thickness. Several
DLSR projects [6-8] have set the NEG-coating thickness
targets equal to or less than 1 pm. A recent study [8] also
shows that there is a regime, in which a coating with a lower
resistivity produces even a larger loss factor than that with a
higher resistivity.

The RW has a strong longitudinal impedance in the high-
frequency region, contributing to a sharp variation of the
point-charge longitudinal wakefield in very short distances.
The presence of the NEG coating will further enhance the
high-frequency impedance and often generate a resonator-
like peak in the terahertz region [8—10].

The multiparticle tracking simulations [l11-14] are
widely used to study the beam dynamics but may
have computational issues in studying the longitudinal
microwave instability (MWI), where a large number of
simulation particles is needed to study the response of
small-scale bunch structures to high-frequency wakefield
components. If not equipped with suitable algorithms (i.e.,
smoothing/filtering techniques, fine grids, etc.), the simu-
lation can fail to produce reliable results [15]. Since the
collective behavior usually does not depend on the behavior
of the wakefield/impedance at very small length scales/very
high frequencies, one popular solution is to use the wake
potential of a very short Gaussian bunch of rms length &,
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TABLE I. Main parameters of the vacuum chambers.

Type Material + film (thickness: pm) Shape Aperture/radii (mm) Length (m)
Main chamber CuCrZr + NEG (d) Round 13 344.2
Fast corrector Inconel + NEG (d) Round 13 7.2
Beam pipes with antechamber Stainless steel + Cu (20) Round 13 48.2
Out vacuum insertion devices Al Elliptical 26(H) x 8(V) 43
In-vacuum undulators NdFeB + Ni (75) + Cu (75) Rectangular 65(H) x 6(V) 5.4
Others (i.e., bellows and flanges) Stainless steel Round 13 32

(sometimes called pseudo-Green function) in place of the
point-charge wakefield [3]. Then the impedance used in
tracking simulation becomes that of the point-charge
multiplied by a Gaussian filter. The remaining item is to
determine the required length &, which effectively means
that finding the frequency range over which the impedance
affects the dynamics. Usually, the guideline 6, = 1—10620 or

%Gzo gives a reasonable estimate [3], where o,y is the
equilibrium rms beam length at zero current limit. This
guideline or even longer &, is also widely used nowadays
when dealing with the NEG-coating RW [4,16,17]. In
general, the MWI simulations are quite sensitive to
numerical noise, so it is necessary to vary different tracking
parameters to make sure that the tracking results are
convergent.

In the Hefei Advanced Light Facility (HALF) project
[18], a fourth generation light source in design, studying the
impact of the NEG-coating parameters on the beam
dynamics is also necessary. At first, we also adopted the
guideline that 6, = % 0, in the tracking simulations, where
0,0 = 2.1 mm for HALF. However, in doing so, the wake
forces corresponding to the high-frequency impedance
components in the terahertz region would also be filtered
out (as will be seen in Fig. 3) and we were in doubt as to
whether it is reasonable to ignore the impact of such strong
impedance components on the beam dynamics even if their
frequencies are very high. So we try to vary &, as well in
order to obtain a quasiconvergent tracking simulation and
find the required length &, should typically be even smaller
than 0.02 mm, meanwhile very tiny grid/bin size and a large
number of macroparticles are necessary. Under convergent
simulations, we discover that the coating with a high
resistivity (in the order of 107> Qm), whose impedance
has a sharp peak in the terahertz region, can cause an
undesirable terahertz scale microbunching instability
(MBI), with a low threshold current and a large energy
spread widening.

This paper is organized as follows: In Sec. II, the RW
impedance with different NEG-coating parameters of
HALF will be presented. In Sec. III, the particle tracking
method will be introduced. Section IV shows the simu-
lation results with only RW impedance using different
tracking and coating parameters. The conclusions and
discussions are presented in Sec. V. As an extension, the

Appendix shows the simulation results with CSR imped-
ance taken into consideration as well.

II. RESISTIVE WALL IMPEDANCE IN HALF

We consider a simplified model of the ring consisting of
six parts and the main parameters of the vacuum chambers
are listed in Table I, where symbols H and V are short for
horizontal and vertical sizes, respectively. The direct
current (dc) resistivities of the materials are listed in
Table II.

The NEG-resistivity value depends on the compound
composition and coating method [19]. The resistivity
measurement results also have very large discrepancy using
different methods [20]. Thus three different resistivity pngg
values will be taken into account: 1 x 107, 5 x 107, and
1 x 107 Qm. The target of NEG-coating thickness is
d =1 pm for the HALF project, but two different film
thicknesses will be studied for comparison: 0.5 and 1 pm.

The resistive wall impedance is computed using the
IMPEDANCEWAKE2D (IW2D) code [21], which solves for a
circular geometry and then applies a Yokoya factor for
elliptical or rectangular cases [22,23]. The frequency
dependent resistivities are obtained by the Drude model
in IW2D. The total longitudinal impedance as a function of
frequency is shown in Fig. 1. At low frequency, all the
impedance is similar since the thickness of the coating is
much smaller than its skin depth. At high frequency, the
impedance is greatly enhanced with NEG coatings and
generates a resonator-like peak in the terahertz region. If the
coating resistivity or thickness is smaller, the impedance
will be more close to that of no coating. A smaller coating
resistivity will reduce the quality factor and the peak

TABLE II. dc resistivities of the materials.
Material Resistivity (Qm)
Cu 1.68 x 1078
CuCrZr 23x 1078
Al6063 3.16 x 1078
Ni 6.93 x 1077
SS316L 7.41 x 1077
Inconel 625 1.29 x 107
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FIG. 1. Real (top) and the absolute value of the imagine

(bottom) parts of the longitudinal impedance for different coating
parameters.

impedance. A thinner coating thickness will make the peak
frequency shift downward.
It is useful to define the effective impedance as [24-26]

(Z_> - 1% Z) (@) 2 h(w)dw (1)

n 2 h(w)do

where n = w/w, is the revolution harmonic number, w, is
the revolution angular frequency, h(w) = A(@)A* (w) is the
bunch power spectrum, A(e) is the Fourier transform of the
longitudinal charge density A(7). Assuming a Gaussian
bunch, h(w) = =", where o, is the rms bunch length in
time. The effective impedance with natural bunch length

TABLE III. Effective impedance (mQ) with natural bunch
length for different NEG-coating parameters.

PeG(2m)
d (um) 1 x 1075 5x107° 1 x10°
1 71.7 77.5 76.5
0.5 67.2 67.1 66.6

(7 ps) for different NEG-coating parameters are listed in
Table III.

III. MULTIPARTICLE TRACKING SIMULATION

Most of the macroparticle tracking codes compute the
wake potential as the convolution between the longitudinal
wake function wy(7), i.e., the Green function of a point
charge and the bunch distribution A(7): [12]

W) (1) = /_ ; wy (1 — )A(¢)dr. 2)

The longitudinal wake function can be expressed in terms
of the longitudinal impedance by an inverse Fourier
transform:

wy(f) = A / " Z)(w)e'do. (3)

2T )

For the convenience of numerical calculation, the time
coordinate in Eq. (2) should be equispaced and discrete
Fourier transforms can be used. The bin size is A, = %5,
where F,, is the maximum frequency of the impedance in
Eq. (3). A(7) is obtained by counting the particle number in
each bin and > ~1000 particles per bin is typically
required. However, the input RW wake function can cause
some problems to simulations based on this approach, since
it covers a very high-frequency range and a very large
number of slices would be necessary, thus increasing the
computational load. As discussed in Sec. I, the pseudo-
Green function from a very short Gaussian pulse will be
used. The pulse length 5, will determine the frequency
reach of the impedance calculation and needs to be much
smaller than the real bunch length used in tracking
simulations to cover the spectrum of interest. However,
in order to resolve the impedance peak, the computational
load is still very heavy.

The sTABLE code [27] will be dedicated to conduct
multiparticle tracking simulations for longitudinal beam
dynamics studies. It is implemented in a MATLAB environ-
ment with the usage of the state-of-the-art of graphics-
processing-unit acceleration technique so that the tracking
efficiency is significantly improved. The original version of
STABLE is written for multibunch and multiparticle simu-
lation, and a 2D matrix is used to store the macroparticle’s
coordinates, with each column corresponding to one bunch.
In order to accurately simulate the single bunch dynamics,
which usually requires millions or even tens of millions of
macroparticles, we need only modify the STABLE code by
dividing the macroparticles of a single bunch into multiple
parts and storing them in each column of the 2D matrix. We
can separately count the bin distribution of each column
and then summarize them to obtain the total bunch
distribution. In addition, a fixed bin width instead of the
number of bins is set in default. Therefore, the bin number
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will increase as the bunch lengthening. The remaining
operations, such as convolution of the bunch distribution
and the short-range wake (or short-bunch wakepotential),
and interpolation to obtain the short-range wake kick of
each macroparticle, can be the same as those in the original
version of STABLE.

IV. NUMERICAL RESULTS FOR THE
PARAMETERS OF HALF

In this section, the impact of NEG-coated resistive-wall
impedance on the longitudinal beam dynamics is inves-
tigated by tracking simulations in the framework of the
HALF project. The main parameters of the HALF storage
ring with insertion devices are summarized in Table IV. We
expect about 10% empty buckets are necessary to suppress
the ion effects [28], and then the single bunch current is
about 0.49 mA.

A. Convergence study

We first carry out the convergence study with two typical
examples, the coatings with pypg =1 x 107 Qm, d =
1 pm and pypg = 1 X 107% Qm, d = 1 pm, respectively.

1. Pseudo-Green function

The wake potentials for the short Gaussian bunch of
6, =0.1 and 0.01 mm are shown in Fig. 2, where the
positive (negative) value means energy loss (gain), and they
will be used instead of the wake function generated from a
point charge. To calculate the effective impedance or loss
factors for a perfect Gaussian bunch distribution with
nominal bunch length o, from the pseudo-Green function,
using the wake potentials of 6, = 0.1 mm can usually
obtain sufficiently accurate results. Note that 5, = 0.1 mm
is more than 20 times shorter than the natural bunch
length o,.

The longitudinal impedance multiplied by the Fourier
spectrum A(w) of the Gaussian bunches with different &, is
plotted in Fig. 3. In order to resolve the impedance peak
clearly, 6, should be smaller than 0.02 mm.

TABLE IV. Main parameters of HALF.

Parameter Symbol Value
Ring circumference C 480 m
Beam energy E, 2.2 GeV
Nominal beam current Iy 350 mA
Longitudinal damping time T, 14 ms
Momentum compaction a, 9.4 x 1073
Natural energy spread Cs 7.3 x 1074
Harmonic number h 800
Energy loss per turn Uy 400 keV
Voltage of MC Vi 1.2 MV
Natural rms bunch length 010 7 ps
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FIG. 2. Longitudinal wake potentials for different pygg and ;.
The coating thickness is d = 1 pm.

2. The case for pygg=1x107° Qm and d=1 ym

Figure 4 shows the predicted energy spread and bunch
lengthening from the tracking simulations as a function of

"~0.58 THz |—— 0,=0 mm
80 —
— 0,=0.02 mm
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FIG. 3. Real (solid) and imagined (dashed) parts of the

longitudinal impedance multiplied by different Gaussian filters
for pyeg =1 x 107> Qm (top) and pngg = 1 X 107 Qm (bottom).
The coating thickness is d = 1 pm.
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FIG. 4. The rms energy spread (top) and bunch length (bottom)
versus single bunch current for pypg = 1 x 107> Qm and d =
1 pm with different &,. The solid lines are the mean values and
the dashed lines including their fill areas represent the standard
deviation obtained by STABLE with current the step of 0.05 mA.
The discrete error bars are obtained by PELEGANT with the current
step of 0.5 mA.

the single bunch current for pygg = 1 x 107 Qm and d =
1 pm with various values of 6, where the particle number
N, is 5 million (M), 40000 turns are tracked for each
current, and the bin size A, is set to be 0.02 ps. The
corresponding F',, is 25 THz, which should be high enough
to cover the frequency region of interest. Another guideline
is that A, should be small enough to resolve the wake
potential generated from the short Gaussian bunch with .
The mean value and standard deviation of bunch length and
relative energy spread are computed on the last 10000
turns. To benchmark the simulation results from the STABLE
code, the PELEGANT code [29] is also used with the same
parameters except for fewer current and &, values, and the
results are also marked in Fig. 4. In order to obtain one data
point in Fig. 4, it takes about 200 min for PELEGANT using

2.0« 10_3
1.61
5

1.2 ——N,=2M A=0.02 ps
------ N,=5M A=0.01ps
===N,=5M A=0.02 ps

0.8 —-=N,=10M A=0.02ps

0.0 0.5 1.0 15 2.0
I, [mA]
FIG. 5. Energy spread versus single bunch current for pygg =

1x 107 Qm and d =1 pm &, = 0.01 mm with different N,
and A,. The lines represent the mean values and the error bars
represent the standard deviation.

80 CPU cores, while less than 10 min for STABLE using
3584 CUDA cores. Good agreements are achieved since
their underlying physical models are the same. Thus we
will only use the STABLE code for the other simulations.

To validate the choice of the bin size A, and the particle
number N ,, convergence studies are performed for the case
of 6, = 0.01 mm, since a shorter 5, requires more severe
convergence conditions. The corresponding energy spreads
are shown in Fig. 5. There is no significant variation when
A, decreases from 0.02 to 0.01 ps or N, varies from 2
to 10 M.

As seen in Fig. 4, at the low current below the MWI
threshold, the simulations using a relatively long &, =
0.1 mm have already given enough convergent results.
However, in order to accurately evaluate the MWI, one
must properly resolve the resonator-like peak impedance.
To obtain a full convergent simulation for the coating with
pneg = 1 x 107 Qm and d = 1 pm, the required &, is
0.02 mm. The MWI behavior can be significantly under-
estimated if the wakefield resolution &, is not sufficient.

3. The case for pxpg=1x%10"% Qm and d=1 pm

Figure 6 shows the predicted energy spread from the
tracking simulations as a function of the single bunch
current for pypg = 1x 107 Qm and d =1 pum with
various values of 6, and N,, where A, =0.02 ps and
the current step is 0.25 mA. For6, = 0.1 mm,if N, =2 M
is adopted, it shows obvious energy spread widening, but as
with the increment of N,, the energy spread widening
becomes smaller and when N, increases to 50 M, there is
nearly no MWI within 2 mA. However, the peak impedance
is still not resolved, thus we further study the case of 6, =
0.01 and 0.005 mm. With the same N o their results are
close, so 6, = 0.01 mm should be enough to cover the
frequency region of interest. Within 1.5 mA, the energy

034401-5



WEIWEI LI, TTANLONG HE, and ZHENGHE BAI

PHYS. REV. ACCEL. BEAMS 27, 034401 (2024)

-3
0.801x10
--=-=N,=2M 5,=0.1 mm <F,t)
0.78 | [~ Ne=10M 0:=0.1 mm
......... N,=50M 7,=0.1 mm I-.f!}
-=-N,=10M 5,=0.01 mm q
6° 0.76 - _'_"Np=10M Es=0'005 mm #f
......... N,=50M 5,=0.01 mm ,-'l.;-"
......... N,=50M ,.=0.005 mm| =
| ' -
0.74 _ ___'—i_ RS I
;&-:.v.u.ﬁ.‘l-%;.?' T TR TS DTS
0.72 T T ' ‘
0.0 0.5 1.0 1.5 2.0
I, [mA]

FIG. 6. rms energy spread versus single bunch current for
pneg = 1 x 107 Qm and d = 1 pm with different N, and &,.
The lines represent the mean values and the error bars represent
the standard deviation.

spread widening becomes smaller as with the increment of
N, but the full convergence is still not achieved even when
N, =50 M. Anyway, the energy spread widening remains
relative small. Therefore, we can conclude that there is no
or very weak MWI within 1.5 mA, and it is reasonable to
use a long &, such as 0.1 mm to filter out the high-
frequency wakefield components. For &, =0.01 or
0.005 mm at a high current of 2 mA, there is no significant
variation when N, varies from 10 to 50 M, and the obvious
energy spread widening can be seen, so in this situation,
one should also use a small &, to resolve the resonator-like
peak impedance in order to accurately predict the MWI
behavior.

B. Microbunching instability phenomena

In the previous section, it was shown that the coating
with pypg = 1 x 107 Qm and d = 1 pm causes a much
more serious MWI than that with pypg = 1 x 107® Qm
and d = 1 pm although they are close in effective imped-
ance with natural bunch length, so there is a practical
interest in exploring the underlying mechanism.

The energy spread evolution over the pass turn for
pneg = 1 x 107 Qm and d = 1 pm with 5, = 0.01 mm
and N, =20 M at a current of 0.5 mA together with the
longitudinal phase space distributions at three different
turns are shown in Fig. 7, where the bunch head is on the
left, and the color bar represents the charge density with the
arbitrary unit. More simulated particles are used just to
make the plots of the phase spaces more smooth and clear.
There appear strong sawtooth-shaped fluctuations of
energy spread over the pass turn. The error bars in
Figs. 4 and 5 also characterize the amplitudes of the
fluctuations. The MBI in the phase space is visible, and
the bunching frequency happens to be around that of the

1.2 X10_3

1.14

& 1.0/

0.91

0.8
40.0k

FIG. 7. rms energy spread evolution over the pass turn for
pneg = 1 x 107 Qm and d = 1 pm at 0.5 mA together with the
longitudinal phase space plots (¢ — §) at three marked points.

peaked impedance (0.58 THz, as marked in Fig. 3). It
implies that the sharp peak in the impedance spectrum
plays an important role in the MBI. A possible reason is
that when the peak is narrowband (or has a high-quality
factor), the corresponding wakefield lasts for several
oscillation cycles (as shown in Fig. 2), which allows the
wakefield from the microbunches far apart to be coherently
enhanced. While for pypg = 1 x 107 Qm and d = 1 pm,
the peak is more broadband, the wakefield attenuates
quickly with the increasing distance, which prevents the
cooperation between the microbunching fluctuations far
apart.

In order to resolve such tiny microstructures in the phase
space, it also requires very small A, and great N ,. As for a
rough estimate, the bunching frequency is about 0.5 THz
and the bin size should typically be at most 1/10 of the
bunching interval, and then A, should be smaller than
0.2 ps. The total bunch length should typically be at least 6
times of o,y (7 ps for HALF), so it needs at least 200 bins to
cover the beam region and millions of particles to ensure
> ~1000 particles per bin. From this point of view, our
choice of A, = 0.02 ps is also sufficient.

C. Impact of coating parameters

We have shown the coating with pypg = 1 x 107 Qm
and d = 1 pm can cause the MBI effect with a low current
threshold for the HALF ring. To avoid its occurrence, there
is a practical interest in exploring the dependence on the
coating parameters.

We consider the coating parameters given in Sec. I, in
which their impedances are given. Figure 8 shows the
predicted energy spread and bunch lengthening from the
tracking simulations as a function of the single bunch
current for different coating parameters, where the current
step is 0.25 mA, A, = 0.02 ps, and 6, = 0.01 mm, which
is small enough to resolve the resonator-like peak imped-
ance, and the particle number is 10 M except for the case of
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FIG. 8. rms energy spread (top) and bunch length (bottom)
versus single bunch current for different coatings. The solid lines
are the mean values and the dashed lines including their fill areas
represent the standard deviation. The discrete error bars are
obtained using N, =20 M to validate the convergences.

pneg = 1 x 107 Qmand d = 1 pm, where 50 M particles
are used. The convergence studies for the cases
PnEG=1x107Qm, d=1pm and pypg = 1 x 107° Qm,
d =1 pm have been done in Sec. IVA. To validate the
choice of N, for the other cases, we also carry out the
simulations using N, =20 M and the results are also
plotted in Fig. 8 as error bars, and there is no significant
variation for each case. With the same coating thickness
d = 10r0.5 pm, the MWI for pypg = 5 x 107 Qmiis less
serious and has a higher threshold current than that for
preg = 1 x 107 Qm, but there still exits terahertz scale
MBI when the current exceeds the threshold. For the coating
with resistivity pygg = 1 X 107 Qm or 5 x 107° Qm,
reducing the thickness from 1 down to 0.5 pm is helpful
to weaken the MBI since the peak frequency in the
impedance spectrum for d = 0.5 pm is higher than that
ford = 1 pm as seen in Fig. 1. For the coating with pygg =
1 x107° Qm and d =1 pm, it does not contribute to
terahertz scale MBI, so it has a much higher instability
threshold and smaller energy spread widening. For the
coating with pypg = 1 x 107® Qm, reducing the coating

thickness from 1 down to 0.5 pm will make a lower
instability threshold, this is because the impedance peak
of the latter is much sharper as shown in Fig. 1, which can
also lead to terahertz scale MBI.

D. Impact of bunch lengthening with HHC

Bunch lengthening with higher harmonic cavities
(HHCs) is also a very helpful means to fight against most
collective effects, including the MWI. A passive super-
conducting third harmonic cavity will be installed in the
HALF storage ring [30,31]. Instead of multibunch simu-
lations, we just carry out single bunch simulations by
introducing an ideal HHC voltage potential because of the
heavy computational loads and making the bunch length
increase to a factor of 2 or 3 at zero current. Figure 9 shows

2.0 1 ><1()'3
— LF=1
164 =2
—— LF=3

o [ps]

0 . .
0.0 0.5 1.0 1.5 2.0

I, [mA]

FIG. 9. rms energy spread (top) and bunch length (bottom)
versus single bunch current for pypg = 1 x 107 Qm and d =
1 pm with different bunch lengthening factors (LFs). The solid
lines are the mean values and the dashed lines including their fill
areas represent the standard deviation.
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the predicted energy spread and bunch lengthening from
the tracking simulations as a function of the single bunch
current for the case of pygg = 1 x 107 Qmandd = 1 pm
with different bunch lengthening factors. In order to obtain
a convergent simulation, &, should still be as small as that
without HHC to resolve the resonator-like peak impedance.
The bunch lengthening with HHC can raise the MBI/MWI
threshold since it lowers the charge density. In this coating
case for HALF, the threshold current with the bunch
lengthening to a factor of 3 happens to be around the
single bunch target of 0.49 mA.

V. CONCLUSION AND DISCUSSION

In this paper, we have studied the impact of NEG-coating
resistive-wall (RW) impedance on the longitudinal micro-
wave instability (MWI) for the HALF storage ring via
particle tracking simulation, where the wake potential of a
very short Gaussian bunch with rms length of &, serves as
pseudo-Green function. In order to obtain a quasiconver-
gent simulation of the beam dynamics, &, should be small
sufficiently to resolve the peak impedance in the terahertz
region. For the cases presented in this paper, &, should be at
most 0.02 mm, which is more than 100 times shorter than
that of the equilibrium beam at zero limit. Otherwise, one is
likely to underestimate the MWI behavior.

Our MWTI studies for HALF show that the characteristics
of the peak in the terahertz region are very critical to beam
dynamics. A strong and narrowband peak can cause an
undesirable terahertz scale microbunching instability
(MBI), which has a low threshold current and makes the
dynamics of MWI more complex. For the cases of a high
coating resistivity of 107> Qm, reducing the thickness from
1 to 0.5 pm is helpful to weaken the MBI by shifting the
peak impedance to higher frequency, but the MBI is still
dangerous. For the cases of coating thickness of 1 or
0.5 pm, reducing the coating resistivity from 1 x 107 to
1 x 107% Qm is an effective way to suppress the MBI since
the impedance peak becomes broader. We also notice that
the MWIs with columnar NEG coating (which has a high
resistivity of 7.1 x 107 Qm) were much less serious in
Ref. [8], and we infer the reason is that there were only 100
bins in their tracking simulations except for the Appendix,
which is not enough to resolve the tiny structures of the
terahertz scale MBI (as analyzed in the last paragraph of
Sec. IV B).

The bunch lengthening with HHC can raise the MWI/
MBI threshold. A storage ring with NEG coating of high
resistivity applied to inner surfaces of many vacuum
chambers, and a low-frequency main cavity [32,33] can
still suffer from the MBI since it has high single bunch
charges.

In this paper, the coating parameters are assumed to be
constant along the ring; however, there is always spread in
the coating parameters in the real machine. The spread will
broaden the impedance peak and weaken the terahertz scale

MBI. The NEG-coating RW impedance in the terahertz
frequency region can play an important role in the MBI, so
accurate measurements of the coating parameters, includ-
ing the resistivity in the terahertz frequency region, thick-
ness, and their spreads, are very important in order to model
the total RW impedance and perform accurate simulations
on their impact on the beam dynamics. We would like to
measure the coating parameters by ourselves or cooperate
with other laboratories in the future. Our vacuum technol-
ogy group has also developed an approach to reduce the
coating resistivity by adding copper to NEG-film compo-
sition [34] and is now also making an effort to reduce the
part of the HALF main vacuum chamber with NEG coating
as much as possible, say 1/3, in order to reduce the RW
impedance and the uncertainty due to the mostly unknown
coating resistivity.

The MBI will degrade the beam quality but also has the
potential to tailor the emitted CSR radiation and its
fluctuations for possible applications of the terahertz
radiation. However, it should be based on accurate mea-
surements of the NEG-coating parameters so that one can
predict the beam dynamics accurately during the machine
design. Under normal operations of the storage ring, one
should avoid MBI. While for terahertz users, one can make
the MBI occur by less bunch lengthening with harmonic
cavity or increasing single bunch charges with less filled
buckets.
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APPENDIX: NUMERICAL RESULTS
WITH CSR AS WELL

For HALF, CSR is also a possible MBI driven source, so
we will consider it here together with the NEG-coating RW.
The impedance and wakefield of CSR using the parallel
plates model [35] with full gap of 24 =26 mm and the
results are shown in Figs. 10 and 11, where those of RW
with pypg = 1 X 1073 Qm, 1 x 107 Qm, and d = 1 pm
are also plotted as comparison. The CSR impedance is
broadband and strong in the high-frequency region, and its
wakefield is very short. The RW with a high (low)
resistivity coating has a narrow (wide) band impedance
and long (short) wakefield.

The MBI driven by CSR has been extensively studied
elsewhere such as in [36-39], while the terahertz scale MBI
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——RW pree=1x10"° Qm d=1pm
80 - ——RW pree=1x10° Qm d=1pm
——CSR

0 1 2 3 4
Frequency [THZ]

FIG. 10. Real (solid) and imagine (dashed) parts of the
longitudinal impedance of NEG-coating RW and CSR.

driven by NEG-coating RW was studied in the text of this
paper, so we make a brief comparison between them here.
The MBIs induced by them have some common character-
istics, such as noise sensibility and the relaxing effect of
harmonic cavities, but they also have some differences, for
example, the microstructures driven by the NEG-coating
RW are bunched around the peak frequency of the
impedance and the MBI becomes weaker when its imped-
ance peak becomes broader, while the CSR impedance with
parallel plates model is very broadband and the micro-
structures driven by it do not have a fixed bunching
frequency. Anyway, the CSR and NEG-coating RW are
the two completely different MBI driven sources.

Figure 12 shows the energy spread and bunch length-
ening as a function of a single bunch with different
impedance sources, where 6, = 0.02 mm, N p= 20 M,
and A, = 0.02 ps, and we have also validated the con-
vergence by varying them. The MBI driven by CSR and
RW with pygg = 1 x 107% Qm is slightly less serious than
that driven by only CSR because of the bunch lengthening

x1016

204
g —— RW pyee=1%10"° Qm d=1 um
> 159 ——RW pyee=1%10"8 Qm d=1 pm
= ——CSR
2 10
c
Q2
o 51
o
V]
S 0 ]\ AN

v N

=

_5 7 T T T T 1

-2 0 2 4 6 8
Time [ps]
FIG. 11. Longitudinal wake potentials with 5, = 0.02 mm for

NEG-coating RW and CSR.

_3F—RW pyee=1x10" Qm d=1 um

X10 | CSR+RW pee=1x10 Qm d=1 ym
F——RW pyec=1x10° Qm d=1 um
f=—=CSR+RW p\c=1x10"° Qm d=1pum

1.6 —csr
o
L 1.2
0.8
T T
0.0 0.5 1.0
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16 —csr

0.0 05 1.0
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FIG. 12. rms energy spread (top) and bunch length (bottom)
versus single bunch current for different coatings. The solid lines
are the mean values and the dashed lines including their fill areas
represent the standard deviation. The discrete error bars are
obtained using N, =20 M to validate the convergences.

caused by RW. The cooperation of CSR and RW with

pneg = 1 x 107 Qm can cause more serious MBI than
either of them.
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