
Electron cloud instability in J-PARC 

experimental observations

T. Toyama
J-PARC / KEK

ECLOUD'22, 26 - 28 Oct, 2022, La Biodola (Isola d'Elba) Italy

1



Acknowledgements
• SX study

R. Muto, Y. Arakaki, T. Kimura, S. Murasugi, M. Okada, K. Okamura, T. Shimogawa, 
Y. Shirakabe, M. Tomizawa, E. Yanaoka, A. Matsumura

• Machine tuning
Y. Sato, S, Igarashi, Y. Sugiyama, M. Yoshii, C. Ohmori, F. Tamura, K. Hasegawa, K. Hara 
et al.,

• Coupling impedance studies
A. Kobayashi, T. Nakamura, M. Yoshii, C. Ohmori, K. Hasegawa, Y. Sugiyama, T. Shibata, 
K. Ishii, Y. Shobuda, F. Tamura, K. Hanamura, T. Kawachi

• E-cloud simulation 
K. Ohmi, B. Yee-Rendon, M. Tomizawa

• Test bench of concentric cylinder
M. Okada

and J-PARC staff
2



Japan Proton Accelerator Research Complex

Kamioka

Tokai, Ibaraki

LINAC
50 mA
(50 mA) 3 GeV RCS

740 kW
(1MW)

30 GeV MR
FX mode 510 kW
(750 kW, 1.3 MW)

MLF

Hadron hall
SX mode 64.5kW

(100kW)

n detector
← operation
←(goal)

3



MR Beam Power

RC
S

be
am

 p
ow

er
 (k

W
)

700 kW

FX operation (Mar. and Apr. 2021)
• Beam power (max.) : 510 kW

(2.63E+14 ppp)

As of June 29, 2021

• Run 87 (May 10 − June 29) 
• SX 30 GeV Extraction

• Beam Power： 64.5 kW (6.98E+13 ppp)
• Extraction Efficiency： 99.5 %
• Spill Duty : 50 − 55%

• SX 8 GeV Extraction (May 20 – 25) 
• Beam Power： 1.8 kW (7.30E+12 ppp)
• Extraction Efficiency : 99.1% (It was 97.3 % in 2018)
• Spill Duty : 55% (It was 16% in 2018)

SX
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Current understanding of the phenomenon

Vacuum pressure rise
Instability
Beam loss

During debunching process at 
the beginning of the slow 
extraction, an electron cloud 
grows up Bruce Yee-Rendon et al.,, 

PASJ2017, THOM07, p.197

PASJ17                                B. Yee-Rendon 2203/08/17

Measurements vs simulations II

 

The Electron cloud comparison for at 5 ms after the debunching starts..

Beam profile
(longitudinal)

Electron cloud signal

Longitudinal microwave instability produces 
microstructure of the longitudinal distribution

Foreseen similar phenomena at the FX mode
during RF gymnastics 

Limiting 
the SX beam power

Figure 7: Beam loss distribution in the whole ring of MR 
490 kW user operation with fast extraction. Left figure is 
the contour plot of the beam loss monitor (BLM) signals in 
time variation. Right figure is their accumulated signals in 
time. Both horizontal axes show the index number of the 
BLMs in the MR. The BLMs are set in low gain at the col-
limator section, while they are set in high gain in 8 times at 
the non-collimator section. 

Upgrade Plan
We plan to make faster cycle from 2.48 s to 1.3 s to 

achieve 750 kW, and to 1.16 s to achieve 1.3 MW with 3.3

×1014 ppp [16]. 80% of required number of protons for the 

1.3 MW scenario were accelerated in 2.48 s cycle. Hard-
ware upgrades are under construction [16, 17].  

In the view of beam tunings, we expect linear increment 
of beam losses and residual doses corresponding the cycle 
time. To keep well-controlled residual activation, we are 
discussing new collimator scenario. Collimators having ro-
tational jaw angle are partially adopted and they are effec-
tive to absorb beam halos [18]. Same type collimators will 
be added. Moreover, two stage collimator system is under 
discussion and some beam test was performed [19].  

THE MR WITH SLOW EXTRACTION
The MR with slow extraction has been operated near the 

tune (22.30, 20.80), and use the third resonance line, nx = 
22.33, during the extraction. The high extraction efficiency, 
99.5%, has been achieved by the dynamic bump scheme, 
overlapping the outgoing arms of the separatrices at the 
electrostatic septum from the beginning to the end of slow 
extraction [20]. The spill regulation system, which consists 
of 3 different knobsμ extraction quadrupoles, ripple quad-
rupoles and transverse RF, has enable good spill structure 
and its duty factor in 30 ~ 50% [20, 21]. The beam power 
has been increased steadily with keeping the beam quality. 
To extract more protons per pulse, following tunings has 
been taken, also. RF beam loading compensation is for de-
bunching process [22]. Chromatic tuning before the extrac-
tion is to suppress the transverse instability. Longitudinal 
dipole oscillation was controlled [23] to suppress the elec-
tron cloud and instability [24]. For further power up to 51 
kW (5.5×1013 protons per pulse), cycle time was changed 
from 5.52 s to 5.20 s with keeping spill length 2 s, high 
efficiency 99.5% (see Fig. 8 and 9). Beam loss are well lo-
calized at the septum area during the slow extraction at the 
flat top (see Fig. 10).

Figure 8: DCCT (red line) and kinetic energy pattern (blue 
line) of MR 51 kW with slow extraction in 5.20 s cycle. 

Figure 9: The spill structure of MR 51 kW user operation 
with slow extraction. The spill length was kept 2 s.  

Figure 10: Beam loss distribution in the whole ring of MR 
51 kW user operation with slow extraction. Left figure is 
the contour plot of the beam loss monitor (BLM) signals in 
time variation. Right figure is their accumulated signals in 
time. Both horizontal axes show the index number of the 
BLMs in the MR. The BLMs are set in low gain at the col-
limator section and the slow extraction section, while high 
gain in other section. 

SUMMARY
In the RCS, 1 MW acceleration was successfully tested 

with minimum beam loss. The RCS enables high intensity 
beam operation for both the MLF and the MR with well 
suppressed beam loss, though each operation has different 
requirement. The MR with fast extraction achieved stable 
490 kW user operation. Changing operation point was one 
of big keys to increase beam power. The MR upgrade is 
also planned with preparing faster cycle (from 2.48 s to 
~1.3 s and 1.16 s). The MR with slow extraction achieved 
51 kW user operation with > 99.5% efficiency. Beam 
power was successfully increased with faster cycle from 
5.52 s to 5.20 s.

Higher	Power	SX	Demonstration	(2	shots)�
Beam	power		62.8kW		(rep.	5.2s)	
6.8x10^13	ppp	
Efficiency		�99.47%	
Spill	Duty	56%	
Spill	length		1.82s	
RF	phase	offset			50deg	(45deg)�

Beam 
intensity

Beam spill

Debunching

P3 timing
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Encountered  Beam Instability at debunch timing

Abort destination,  60kW debunch , RF offset 65deg

E-cloud

V-oscillation

H-oscillation

Debunch beam Loss 
Micro-structure

ESS, SMS vacuum rise
ESS OFF

Currently Limiting SX beam intensity  (large beam loss for SX) 

The transverse instability with e-cloud  has been triggered  by a longitudinal micro-structure in debunch

w/Insta. w/o  Insta.
56kW 

53deg 17kV@80ms50deg 0kV @0ms

run86
#67145

run86
#67143

H, V beam size growth

56kW 56kW 

occurs in the whole MR ring
Wall current

seen at debunch end timing (〜60ms from start)

M. Tomizawa, 
ICFA Mini-Workshop 
on Slow Extraction, 2022

Beam power
50 kW @ 2018

⬇
now 64.5 kW

EC is frequently 
accompanied by
transvers instabilities

⬇
Limiting factor of 
power upgrade
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Diode detection signal of a BPM
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1.5 s
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2020. 6. 5  11:05:03   shot#76096Beam monitor signals
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Δy : 190 turn Fourier transform at each slice @ around P3+69ms 
Oscillation occurs very local places, not necessarily at the beam density peak nor EC peak.

2020. 6. 5  11:10:21   shot#76096 
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νy

Δy

Black: 3001th - 4000th turn, #200-#175
Red:   4501th - 5500th turn , #200-#175
Blue:        1th - 8000th turn , #650-#600growth rate ~ 1000 s-1

2020. 6. 5  11:10:21   shot#76096 

Growth of local oscillation
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Countermeasures against electron clouds

ü Suppress the longitudinal microwave instability
• Evaluate and reduce longitudinal impedances

ü Evaluation of longitudinal impedances
ü Reduction of ZL of new septa

Ø inserting SiC-loaded flanges
• Blowup the longitudinal emittance

ü Phase-offset injection to the RF buckets
ü Step reduction of the RF voltage
ü Designing a new VHF cavity
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Longitudinal impedance of the J-PARC MR
A. Kobayashi, T. Toyama, T. Nakamura et al. Nuclear Inst. and Methods in Physics Research, A 1031 (2022) 166515

Fig. 1. Preliminary impedance values of devices in the MR. The measured values are reported [12], and the impedance ZL are divided by n and multiplied by the number of
devices. The measured range of the FX kickers is approximately 100 MHz and the minimum repetitive frequency of the injection and compensation kickers is 1 GHz. The number of
RF cavities is set to nine. The impedance response depends on the cavity setting. Measurements were performed in the configuration of fundamental radio-frequency acceleration,
which uses four out of the five gaps in the cavity [13].

spread. The value of the Keil–Schnell criterion becomes severe when
the beam power reaches 100 kW during SX operation. In this scenario,
f
rev

= 191 kHz, F = 1, ⌘ = *0.001862, the number of protons per
bunch is 1.36 ù 10

13
ppb, the beam energy is 30 GeV, Ip = 54.5 A,

and �p_p = 0.003. The right hand side of Eq. (1) then becomes 0.94 ⌦.
The MR currently aims to reduce the impedance to ZL_n < 0.5 ⌦,
lower than the impedances measured thus far [10]. The measured beam
spectrum is mainly distributed up to several tens of MHz, so 1 GHz can
be treated as the highest estimate. Note that the left hand side of Eq. (1)
is divided by n, meaning that the effect of the impedance diminishes at
high frequencies. Conversely, the transverse impedance is dominated
by a resistive wall effect [11] followed by kickers, and is contributed
by other impedance sources which should also be minimized.

The remainder of this paper is organized as follows. Section 2
introduces the various impedance sources and the impedance value
of the used FX septum magnet. The ordinary coil electromagnet in
the FX septum is currently being replaced with an eddy-current type
electromagnet, which has already been manufactured. To reduce the
impedance of the new septum magnet, we consider the installation
of additional components. Section 3 describes the structure of the
new septum magnet and the simulation conditions for estimating and
reducing its impedance. Section 4 describes the impedance-reduction
method. The FX septum magnet is housed in a tank and produces
a large impedance via the propagating electromagnetic field of the
beam. To reduce this impedance, we must electromagnetically connect
the beam pipe to the inner beam pipe of the FX septum. Within the
FX septum, the beam pipe and the inner beam pipe are not con-
nected smoothly; therefore, the impedance caused by them must be
reduced. Many accelerators are installed with a taper [14] and transi-
tion piece [15] that reduces the impedance caused by aperture changes.
Such a piece cannot be installed in our case due to space limitations. In-
stallation of an impedance-reducing component in our case is restricted
by the ease of installation, space of installation, aperture, and use in a
magnetic field. We therefore prevented the wake from entering the tank
by creating a conductor step and allowing the image current to flow
from the beam pipe to the inner beam pipe. The impedance generated

in this configuration is caused by the electromagnetic field accumulated
in the step area. After installing an absorber, the electromagnetic field
was attenuated and the impedance was reduced. This absorber is space-
economical and is simply and easily installed by attaching it to the
flange. The thermal calculations and installation cautions are described
in Section 5.

2. Individual impedance sources

The major impedance sources in the MR are the RF cavities [16],
the kickers (two injection kickers [17], and five FX kickers [18], and
two compensation kickers [19]), and the FX and SX septa [20]. The
measured impedances of these devices are reported [12]. Fig. 1 plots
the frequency responses of the impedance divided by n and multiplied
by the number of devices in the MR. The impedance of the RF cavity
is currently being investigated to identify the origin of parasitic reso-
nances. The kicker impedance has been measured only up to 100 MHz,
but measurements at higher frequencies are planned. The FX septum
magnet is considered to have a large impedance. Fig. 2 shows a
schematic of the previous septum electromagnet and its impedance
response estimated by the CST studio suite software. The simulation
conditions are described in Section 3. The impedance of the previous
septum magnet is difficult to measure due to the high radiation levels.
This septum magnet contains two sets of magnets in each of two tanks
and is partially covered with a stainless-steel plate [21]. The previous
FX septum magnet is shown in Fig. 3.

High-power operation at a high repetition rate raises several con-
cerns; the possibility of dielectric breakdown of the coil insulator, the
need to increase the aperture’s diameter, and the need to protect against
magnetic-field leakage. Therefore, the previous magnet will be replaced
with a new eddy-current type septum magnet before operations resume
in 2022 [22].

An eddy-current type septum magnet contains one set of magnets
per tank and is covered with a copper plate (Fig. 4). For the inner
beam pipe, pure iron is used because the measurement results showed
that the leakage magnetic field could be minimized [22]. The use
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Spectrogram plot of the wall current monitor

RF OFF
e cloud occurs

Microstructure in the longitudinal distribution may relate with the longitudinal impedance
Under study with simulation → Tomizawa-san's talk
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FX in vacuum septa, replaced in 2021 summer
a SiC-loaded flange partially inserted in 2022 summer and fully inserted in 2023 summer

A. Kobayashi, T. Toyama, T. Nakamura et al. Nuclear Inst. and Methods in Physics Research, A 1031 (2022) 166515

Fig. 2. Schematic of the previous septum magnet and its longitudinal impedance estimated with in the CST studio suite. The tank is rectangular.

Fig. 3. Photographs of (a) the appearance of the tank and (b) the previous septum magnet installed in the tank, provided by K. Ishii.

of copper instead of iron for the inner beam pipe does not make a
significant difference in the coupling impedance discussed in this paper.
As the new septum magnet also has a large impedance (Section 3), we
examined a method that reduces this impedance.

3. Structure of septa and the simulation conditions

The eddy-current type septum magnet is a pulsed magnet composed
of silicon steel plates covered with copper plates. The pulses are one
cycle of a sine wave with a minimum pulse frequency of 1 Hz (sine
wave period = 1 msec). Fig. 4(a) schematizes the schematic view of
the cross-section of the septum magnet and the inner beam pipe in
the y–z plane. The FX eddy-current type septum magnet transports
the beam kicked by the FX kicker to the neutrino (NU) line on the
left or the abort (ABT) line on the right in the orbit. Figs. 5 shows
the photographs of the appearance of the eddy-current type septum
magnet in the laboratory. As the eddy-current type septum magnet
is thoroughly described in [22], then our paper discusses only the
details related to the impedance and simulations. The septum magnet

Table 1
Characteristic values of the materials used in the CST studio suite calculation. The
values of copper and iron are taken from the CST studio suite library.

Copper Iron SUS304

Permeability � 1 1Ì13000 1.004
Electric conductivity (S/m) 5.96 ù 10

7
1.04 ù 10

7
1.39 ù 10

6

is contained in a stainless-steel (SUS304) tank with a diameter and
length of 1200 and 2254 mm, respectively (Fig. 4(b)). The tank is almost
cylindrical with a dented top. Each end of the tank is attached with a
flange and connected with an external 400-mm-diameter beam pipe.
The inner beam pipe (of length 2244 mm) reaches the outer surface
of each flange [23]. Two septa with similar external structures are
installed in sequence (Fig. 4(c)). Table 1 lists the characteristic values
of the materials in the calculation. The permeability of iron is frequency
dependent.

In the CST studio suite simulations [24], we assumed a Gaussian
bunch with a root-mean-square (rms) length of 30 mm (corresponding

3

A. Kobayashi, T. Toyama, T. Nakamura et al. Nuclear Inst. and Methods in Physics Research, A 1031 (2022) 166515

Fig. 2. Schematic of the previous septum magnet and its longitudinal impedance estimated with in the CST studio suite. The tank is rectangular.

Fig. 3. Photographs of (a) the appearance of the tank and (b) the previous septum magnet installed in the tank, provided by K. Ishii.

of copper instead of iron for the inner beam pipe does not make a
significant difference in the coupling impedance discussed in this paper.
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Fig. 4. (a) Cross-sectional schematic of the septum magnet and inner beam pipe; (b) simulation model constructed in the CST studio suite software. The septum magnet is covered
with copper plates. (c) Two tanks (similar in shape to a cylinder) are placed side by side.

Fig. 5. Photographs of (a) the appearance of the tank and (b) the eddy-current type septum magnet inside the tank in the laboratory, provided by T. Shibata.

to a frequency spread of 3.4 GHz at *20 dB). The velocity of the proton
beam was set to that of a 30 GeV beam, and the mesh size was set
to one-tenth of the rms bunch length. The boundary was open in the
z-direction. As the system is symmetric, we set the tangential magnetic
field to zero on the x = 0 and y = 0 planes, and performed the
calculations on 1_4 of the total volume. The background material was
assumed as a perfect electrical conductor in this paper. The difference
from the case of assuming vacuum is negligible. Above approximately
10 kHz, electromagnetic waves do not pass through the 10 mm thick
tank. The controversial resonance in this paper is at frequencies above
several tens ofMHz. To conserve computational time, we calculated the
results of one septum magnet and doubled them to obtain the results of
both magnets. The value of ZL_n diverged as n approached 0 because
the numerical errors were enlarged. Therefore, after confirming that

ZL_n was sufficiently small at 10 kHz or less, it was not plotted in
this study. The impedances were calculated up to 3.4 GHz, but after
confirming that it was sufficiently small values (ZL_n < 0.1 ⌦), the
results were displayed only up to 1 GHz.

4. Examination of impedance-reducing methods

Fig. 6 shows the estimated impedance response of an FX eddy-
current type septum obtained in the CST studio suite. As this septum
magnet has already been manufactured, its impedance must be re-
duced by installing additional parts. The image-current flow follows
the discontinuity between the beam pipe and the inner beam pipe.
Prior to impedance reduction, the image current flowed into the tank,
generating a quasi TEM electromagnetic field that caused resonance
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Fig. 12. Longitudinal impedance of the septa with copper plates and SiC added for
impedance reduction, calculated in the CST studio suite.

Fig. 13. A plane wave entering the absorber in contact with the conducting plate.

where Z
0
is the impedance of free space, c is the speed of light, � = c_f

is the wavelength, and �r = �®

r * i�®®

r and ✏r = ✏®r * i✏®®r are the complex
relative permeability and complex relative permittivity, respectively.
The radio wave absorption is represented by the return loss (R.L.),
obtained as

R.L. = 20 log
ÛÛÛÛ
Zin_Z0

* 1

Zin_Z0
+ 1

ÛÛÛÛ . (3)

As shown in Fig. 14, the R.L. was minimized (approaching non-
reflection conditions) around d = 20 mm. The SiC can be up to
62 mm thick with a 2-mm-thick copper plate attached to the flange.
Fig. 15 shows the simulation result of changing the thickness d. At
0.57 GHz, a 10-mm-thick absorber was insufficient (Fig. 15(a)) but a 20-
mm-thick absorber minimized the impedance and achieved the target
value (Fig. 15(b)). Considering the variation in permittivity at other
frequencies (Fig. 15(d)), the optimum thickness was decided as 62 mm.
Therefore, the calculation result was satisfactory for our setting.

Fig. 14. Calculated return loss (R.L.) in front of SiC when a plane wave is normally
incident on SiC of thickness d at f = 0.57 GHz. The dielectric constant of the finished
SiC can vary by approximately 30%, but if the thickness is 60 mm or more, this variation
negligibly affects the R.L.

5.2. Numerical calculation of impedance

We next checked the validity of the impedance structure. The cut-
off frequencies of a beam pipe with a 200 mm radius are 0.57 GHz and
1.3 GHz in TM01 and TM02 modes, respectively. The TM01 mode of
a tank with a radius of 600 mm is 0.19 GHz. In the CST calculation
of Section 4.1, we found that the peaks below the 0.57-GHz cut-off
frequency were reduced after attaching the copper plate. The same
result was obtained in the numerical code ABCI [29](see Fig. 16), which
assumes a perfect conductor. Therefore, the impedance magnitude was
estimated by CST.

5.3. Examination of calorific value

This subsection calculates the calorific value under the beam con-
ditions that maximize the calorific value in actual operation. The MR
accelerates the 3 GeV beam incident from the RCS to 30 GeV and
supplies it to the experimental facilities. At the planned maximum beam
power of 1.3 MW, the number of bunches is 8, the beam exists for
approximately 0.61 s, and the time required for one shot is 1.16 s [4]. In
the CST studio suite, the loss factor was calculated as 7.19ù 10

*8
V_pC

using an rms bunch length of 12 m at 30 GeV. Assuming that all heat is
generated in the SiC absorber and taking 4.6 ù 10

13 ppb of protons per
bunch, the heat generation in SiC was calculated as 0.48 W multiplied
by the duty 0.4. SiC has a high thermal conductivity (approximately
170 W_(m � K) [30]) and the temperature rise in SiC contacting the
copper plate was almost unnoticeable, even in a vacuum. Thus, the heat
was effectively removed by contacting SiC with the copper plate.

The beam spectrum reaches the high-frequency side during de-
bunching in SX operation. However the beam power is approximately
100 kW and the frequency component near 0.57 GHz is negligible
compared to the fundamental one. Thus, the estimate was enough for
the maximum power of FX operation.

5.4. Manufacture and application

SiC has a density of 3.1 g_cm
3, and can fall onto the beam axis

during the accelerator operation. To eliminate this risk, the SiC must be
firmly fixed. For this purpose, we held the SiC absorber in a copper box.
The copper plate near the beam axis must be as thin as possible to re-
duce the impedance. Considering this requirement and the mechanical
design issues such as mechanical strength and manufacturing easiness,
the appropriate copper-plate thickness was chosen to be approximately
2 mm. Meanwhile, copper material was selected for heat dissipation.
The copper box can be fixed on a stainless-steel frame installed inside
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Fig. 3. Photographs of (a) the appearance of the tank and (b) the previous septum magnet installed in the tank, provided by K. Ishii.
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As the new septum magnet also has a large impedance (Section 3), we
examined a method that reduces this impedance.

3. Structure of septa and the simulation conditions

The eddy-current type septum magnet is a pulsed magnet composed
of silicon steel plates covered with copper plates. The pulses are one
cycle of a sine wave with a minimum pulse frequency of 1 Hz (sine
wave period = 1 msec). Fig. 4(a) schematizes the schematic view of
the cross-section of the septum magnet and the inner beam pipe in
the y–z plane. The FX eddy-current type septum magnet transports
the beam kicked by the FX kicker to the neutrino (NU) line on the
left or the abort (ABT) line on the right in the orbit. Figs. 5 shows
the photographs of the appearance of the eddy-current type septum
magnet in the laboratory. As the eddy-current type septum magnet
is thoroughly described in [22], then our paper discusses only the
details related to the impedance and simulations. The septum magnet

Table 1
Characteristic values of the materials used in the CST studio suite calculation. The
values of copper and iron are taken from the CST studio suite library.

Copper Iron SUS304

Permeability � 1 1Ì13000 1.004
Electric conductivity (S/m) 5.96 ù 10

7
1.04 ù 10

7
1.39 ù 10

6

is contained in a stainless-steel (SUS304) tank with a diameter and
length of 1200 and 2254 mm, respectively (Fig. 4(b)). The tank is almost
cylindrical with a dented top. Each end of the tank is attached with a
flange and connected with an external 400-mm-diameter beam pipe.
The inner beam pipe (of length 2244 mm) reaches the outer surface
of each flange [23]. Two septa with similar external structures are
installed in sequence (Fig. 4(c)). Table 1 lists the characteristic values
of the materials in the calculation. The permeability of iron is frequency
dependent.

In the CST studio suite simulations [24], we assumed a Gaussian
bunch with a root-mean-square (rms) length of 30 mm (corresponding
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Impedance reduction
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Current Mitigations of Beam Instability 

・ 2-step (voltage) debunch in  combination with the phase offset injection 
Newly introduced from Dec., 2020
ramped up the beam power for the user run from 50kW to 64.6 kW.

P3  256kV P3  17kV (non-adiabatically) P3+80ms  17 -> 0 kV

・Beam injected  to MR RF buckets with a phase offset (effective up to 50 kW)
256kV RF turned off at a flat top (P3) non-adiabatically 

After half period rotation 

M. Tomizawa, 
ICFA Mini-Workshop 
on Slow Extraction, 2022 15



VHF RF cavity for emittance blowup

Y. Morita et al., JPS Conf. Proc. 33, 011032 (2021)

Here, ψ(t) is described as
ψ (t) = ∆φm sin 2π fmt, (2)

where V0, f0, Vb, fb, ∆φm, and fm represent the voltage of the fundamental RF, the frequency of
the fundamental RF, the voltage of the VHF, the frequency of the VHF, the amplitude of the phase
modulation, and the frequency of the phase modulation, respectively [4]. The longitudinal emittance

Table I. Parameters of the simulation for the longitudinal
emittance blow-up.

fb [MHz] 117.95
Vb [kV] 100
∆φm [rad] π
fm 16 × fs
Harmonic number of fundamental RF 9
Number of bunches 8
Particles per bunch 2 × 1013

Macroparticles per bunch 1 × 105

Slices per bucket 100
σt for every bunch [ns] 30
VHF operation period from K1 [s] 0 - 0.13
fs: synchrotron frequency
fb/ frev = 635 ( frev: beam revolution frequency)

blow-up in MR was simulated with the
BLonD code [5]. The parameter values
are listed in Table I. The flat-bottom oc-
cupies 0.14 s of the total momentum pat-
tern of duration 5.2 s. The VHF system is
operated during the flat-bottom period. To
clearly observe the effect of the VHF sys-
tem, the space charge effect is excluded.
As described in the next subsection, the
impedance effect of the VHF cavities is
also ignored.

The simulation results are presented in
Fig. 1. Emittance is defined as the area in
the phase space covered with distribution
of the macroparticles. A Gaussian distri-
bution is assumed for each injected bunch.
Every initial emittance is 4.6 eV·s.
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Fig. 1. Simulated longitudinal emittance
blow-up.

The emittance blow-ups of all the bunches are ob-
served when the VHF system is in effect. In the figure, this
period is indicated with the gray shaded area. No blow-up
is observed after the VHF system is turned off. Pairs of
two bunches are injected at four injection timings of 40 ms
intervals, K1 - K4. Therefore, the emittance values of the
four pairs at the end vary depending on the blow-up period
that each pair experiences.

The required emittance to mitigate the instability is
10 eV·s if the initial emittance is 5 eV·s [6]. Hence, the
three pairs of bunches injected at K1 - K3 are given suf-
ficient blow-ups. One scheme to enhance the blow-up of
the pair of bunches injected at K4 up to 10 eV·s is to ex-
tend the VHF operation period and the flat bottom period
by approximately 20 ms, respectively.

2.2 Impedance effect of VHF cavities
The instability induced by the impedances of the VHF cavities is simulated with BLonD. The

specifications of the VHF cavity and the parameters for the simulation are listed in Table II and III,
respectively. The shunt impedance and QL are obtained from the eigen mode calculation of CST
Studio Suite. The model used for the calculation is described in section 3. The electrical conductivity
of this copper cavity is assumed to be 5.96 × 107 S/m. The VHF system is off, namely, only the
fundamental RF is on. Other impedance sources in the MR are excluded to identify the impedance
effect caused by the two VHF cavities. To simplify the simulation, all the eight bunches are assumed
to be simultaneously injected at K1.

Figures 2 and 3 show the distributions of macroparticles in the phase spaces at the injection and
the end of the acceleration, respectively. Figures 4 and 5 represent the wake voltages at the injection
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where V0, f0, Vb, fb, ∆φm, and fm represent the voltage of the fundamental RF, the frequency of
the fundamental RF, the voltage of the VHF, the frequency of the VHF, the amplitude of the phase
modulation, and the frequency of the phase modulation, respectively [4]. The longitudinal emittance

Table I. Parameters of the simulation for the longitudinal
emittance blow-up.

fb [MHz] 117.95
Vb [kV] 100
∆φm [rad] π
fm 16 × fs
Harmonic number of fundamental RF 9
Number of bunches 8
Particles per bunch 2 × 1013

Macroparticles per bunch 1 × 105

Slices per bucket 100
σt for every bunch [ns] 30
VHF operation period from K1 [s] 0 - 0.13
fs: synchrotron frequency
fb/ frev = 635 ( frev: beam revolution frequency)

blow-up in MR was simulated with the
BLonD code [5]. The parameter values
are listed in Table I. The flat-bottom oc-
cupies 0.14 s of the total momentum pat-
tern of duration 5.2 s. The VHF system is
operated during the flat-bottom period. To
clearly observe the effect of the VHF sys-
tem, the space charge effect is excluded.
As described in the next subsection, the
impedance effect of the VHF cavities is
also ignored.

The simulation results are presented in
Fig. 1. Emittance is defined as the area in
the phase space covered with distribution
of the macroparticles. A Gaussian distri-
bution is assumed for each injected bunch.
Every initial emittance is 4.6 eV·s.
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blow-up.

The emittance blow-ups of all the bunches are ob-
served when the VHF system is in effect. In the figure, this
period is indicated with the gray shaded area. No blow-up
is observed after the VHF system is turned off. Pairs of
two bunches are injected at four injection timings of 40 ms
intervals, K1 - K4. Therefore, the emittance values of the
four pairs at the end vary depending on the blow-up period
that each pair experiences.

The required emittance to mitigate the instability is
10 eV·s if the initial emittance is 5 eV·s [6]. Hence, the
three pairs of bunches injected at K1 - K3 are given suf-
ficient blow-ups. One scheme to enhance the blow-up of
the pair of bunches injected at K4 up to 10 eV·s is to ex-
tend the VHF operation period and the flat bottom period
by approximately 20 ms, respectively.

2.2 Impedance effect of VHF cavities
The instability induced by the impedances of the VHF cavities is simulated with BLonD. The

specifications of the VHF cavity and the parameters for the simulation are listed in Table II and III,
respectively. The shunt impedance and QL are obtained from the eigen mode calculation of CST
Studio Suite. The model used for the calculation is described in section 3. The electrical conductivity
of this copper cavity is assumed to be 5.96 × 107 S/m. The VHF system is off, namely, only the
fundamental RF is on. Other impedance sources in the MR are excluded to identify the impedance
effect caused by the two VHF cavities. To simplify the simulation, all the eight bunches are assumed
to be simultaneously injected at K1.

Figures 2 and 3 show the distributions of macroparticles in the phase spaces at the injection and
the end of the acceleration, respectively. Figures 4 and 5 represent the wake voltages at the injection
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3. Cavity
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Fig. 7. Cross-section of the VHF cavity.
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Position (mm)Fig. 8. Distribution of the electric field calculated
with CST Studio Suite.Due to the limited space in the MR tunnel, the compact λ/4-coaxial cavity is adopted. The cross-

section of the cavity is illustrated in Fig. 7. The position of the input coupler is near the end plate

where the magnetic field takes the maximum value. Another coupler that leads to the 50Ω termination

is also connected to the cavity. QL of the cavity is tuned to be less than 2400 by modifying the loop

angle of the coupler for the 50 Ω termination. The required condition of the QL is determined by

Carson ʟs rule. The bandwidth of the cavity with the phase modulation, BW, is described asBW = 2 fm(1 + ∆φm),
(3)

where fm = 16 fs = 5.6 kHz and ∆φ = π are chosen [7]. Thus, BW satisfies more than 50 kHz.

Therefore, QL is required to be less than 2400.Table IV. Specifications of the VHF cavity for
the electric field simulation.
Resonance frequency [MHz] 117.383Peak input power [kW] 16

The electric field along the dashed arrow in Fig.
7 is calculated with CST Studio Suite [8]. The speci-
fications of the VHF cavity for the simulation model
are listed in Table IV. The result of the simulation is
depicted in Fig. 8. The origin of the plot is indicated
in Fig. 7. The integration of the electric field distri-
bution in Fig. 8 is calculated as 50 kVpeak.

The duty of VHF operation is only 2.7 %, since the operation period is at most 0.14 s in the total

momentum pattern of duration 5.2 s. Thus, the heat generated by the input power of 16 kWpeak is only

220 W. Subsequently, the air cooling is sufficient.4. Input coupler
4.1 Design

Table V. Specifications of the RF window.Material
A479B, KYOCERA

Thickness [mm]
15Inner diameter [mm] 50Outer diameter [mm] 200Thickness of TiN coating [nm] ∼ 10 (one side)

The cross-section of the input coupleris illustrated in Fig. 9. As shown in the fig-ure, metal O-rings are used for sealing thevacuum to facilitate the quick replacementof the RF window. The specifications of theRF window are listed in Table V.In the frequency region of less than200 MHz , the requirement for the S 11 isless than -27 dB. The result of simulation
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Goal

Setup

• Understanding multipacting in concentric cylinder
• Evaluation of the electron cloud detector
• Evaluation of surface coatings (amorphous carbon)

Test Bench of multipactors

Stainless steel
Outer conductor ID134 mm
Inner conductor OD58 mm
ZC = 50 Ω 17



Simulation by CST studio

fRF = 50 MHz
VRF = 200 V

Emax = 384 eV, δmax = 1.32 
Vaughan model

Preliminary

Evolution of the Electric field phase =   0 deg

length = 3 m
Concentric cylinder with PEC  18



Simulation by CST studio

fRF = 50 MHz
VRF = 200 V

Emax = 384 eV, δmax = 1.32 
Vaughan model

Preliminary

Evolution of the Electric field phase =  45 deg

length = 3 m
Concentric cylinder with PEC  19



Simulation by CST studio

fRF = 50 MHz
VRF = 200 V

Emax = 384 eV, δmax = 1.32 
Vaughan model

Preliminary

Evolution of the Electric field phase =  90 deg

length = 3 m
Concentric cylinder with PEC  20



Simulation by CST studio

fRF = 50 MHz
VRF = 200 V

Emax = 384 eV, δmax = 1.32 
Vaughan model

Preliminary

Evolution of the Electric field phase = 135 deg

length = 3 m
Concentric cylinder with PEC  21



Simulation by CST studio

fRF = 50 MHz
VRF = 200 V

Emax = 384 eV, δmax = 1.32 
Vaughan model

Preliminary

Evolution of the Electric field phase = 180 deg

length = 3 m
Concentric cylinder with PEC  22



Simulation by CST studio

fRF = 50 MHz
VRF = 200 V

Emax = 384 eV, δmax = 1.32  
Vaughan model

Space Charge ON

Preliminary

Collision electrons

Port signal

23



Measurements

+0 V

+100 V

fRF = 50 MHz
VRF = 200 V
Vacuum pressure ~ 7E-6 Pa

Preliminary

Stainless steel

 

Grid 

Collector  

Vc 

Vg 

Oscilloscope 

Inner diameter = f134 mm 

100 kΩ 1 μF 

24



-15

-10

-5

0

5

10

15

20

25

-600 -400 -200 0 200 400 600

Vc [V]

Vg [V]

positive peak

negative peak

Preliminary

ü Electron is suggested by the signal suppression with a permanent magnet
ü Negative and positive signal peaks are observed depending on the Vg and at different timings 

positive signals are suspected secondary electrons from collector
ü The signal saturates in a few microseconds  

Time scale is consistent with the CST simulation
Additional study is needed on signal magnitude 25

 

Grid 

Collector  

Vc 

Vg 

Oscilloscope 

Inner diameter = f134 mm 

100 kΩ 1 μF 



FX mode

ü After large modification of vacuum components (usually long shutdown)

accompanying vacuum pressure rise, 

scrubbing run of a few days is effective to reduce the pressure rise

ü No issue during routine operations

ü Beam intensity will increase from 2.5x1014 ppp à 3.3x1014 ppp in future

ü The EC possibility during bunch manipulation at the top energy 

is under study

Summary (1)
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SX mode 

ü During the debunching process at the flat-top

EC, vacuum pressure rise, and beam loss occur

connection to transverse instabilities: 

not yet direct correlation between EC and instability

because EC signal is a local measurement at the drift space, 

while instability is caused by global effects  (?)

→ EC may be large at Q, B? 

Summary (2)
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SX mode 

ü EC is now a limiting factor

ü Beam intensity will increase from 7.0x1013 ppp à 1.1x1014 ppp in future

Reducing the longitudinal microstructure with

phase offset injection to the RF bucket

step switching-off of the RF voltage

coupling impedance reduction (ZL) 

Preparing the VHF cavity for emittance blowup

Summary (3)
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Test bench with concentric cylinder

ü Electron is suggested with the signal suppression with a permanent magnet

ü Negative and positive signal peaks are observed depending on the Vg and at 

different timings 

positive signals are suspected secondary electrons from collector

ü The signal saturates in a few microseconds  

Time scale is consistent with the CST simulation

Additional study is needed on signal magnitude
ü Coated cylinder will be tested, with the same material as the sample for in-situ 

measurement @Fermilab (amorphous carbon)

Summary (4)
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Thank you!


