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Abstract

All holes on the chamber walls of synchrotrons should be
filled with the radiofrequency (RF)-shields to suppress cou-
pling impedances that excite beam instabilities. In a syn-
chrotron, titanium nitride (TiN)-coated RF-shields are in-
stalled with collimators. If the holes, through which the col-
limator jaw enters and exits the chamber, are filled with such
RF-shields, the shields may break down as the dynamic co-
efficient of TiN increases in vacuum. At the Rapid Cycling
Synchrotron (RCS), the RF-shields are eliminated from the
collimator after demonstrating that the effect due to the RF-
shields is negligible on the impedance at low frequencies.

INTRODUCTION

At the RCS in J-PARC [1], the aim is to realize a
megawatt-class beam. A 1-MW beam can be realized at the
RCS by accelerating two bunched beams, each containing
4.15x 10'3 particles per bunch, from 400-MeV to 3-GeV at
a repetition rate of 25 Hz.

To suppress the radioactive residual dose level along the
ring, six collimators are installed in the RCS, and they con-
fine the beam loss area into a specified region. The collima-
tor jaws (blocks) should be adjustable to optimize the beam
loss. Hence, the holes through which the jaws intrude into
the chamber are unavoidable in the collimator. Meanwhile,
suppressing coupling impedances [2] along the ring is cru-
cial to realize the high-intensity beams [3,4]. Therefore, all
holes are plugged in by the RF-shields at the RCS.

The surfaces of collimator blocks and RF-shields are typi-
cally coated with TiN to suppress the electron clouds (which
are generated by the collision of beam halo with the blocks)
that cause electron cloud instabilities [5, 6].

Recently, we fabricated a new collimator to replace the
old one that had malfunctioned. Before installation, the per-
formance of the new collimator was thoroughly tested in
vacuum; during the test, the blocks were intruded into and
taken out of the chamber. Finally, the RF-shields filling the
holes broke down.

We discovered that this problem is caused by the enhance-
ment of the dynamic friction coefficient of TiN “in vac-
uum” [7]. This finding implies that the breakdown of TiN-
coated RF-shields used to fill holes could affect all collima-
tors. The simplest solution to eliminate this problem is to
install collimators without RF-shields.

In this paper, we discuss whether this scheme is accept-
able for a low-energy machine such as the RCS. First, we
studied the beam impedances of the collimator with RF-
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shields, and then examined the increase in impedances after
removing the RF-shields.

ESTIMATION OF IMPEDANCE BY
SIMPLE MODELS
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Figure 1: Schematics of the collimators at the RCS.

Figure 1 shows the schematics of the collimator at the
RCS [7]. It consists of a collimation square sandwiched by
taper-1 and taper-2. Here the radii of taper-1 and taper-2
change from end-to-end. The collimation square has a uni-
form cylindrical chamber with two horizontal and vertical
holes in the beam direction at the different longitudinal loca-
tions. Four cylindrical collimator blocks with radii 100 mm
are intruded into the collimation square through the holes.
Each collimator block is connected to the bellows surround-
ing the upper half of the block. The collimator blocks can be
put in and taken out of the collimation square by compress-
ing or stretching the bellows. Thus, the collimator block
and the bellows form a large coaxial structure in the colli-
mator. In order to prevent the electromagnetic (EM) fields
from being stored in the structure, the holes are typically
plugged in by TiN-coated RF-shields.

The analytical formula for the longitudinal impedance Zj,
is known for a cylindrical chamber with radius a instantly
changing to a — h at a location and returning to a after lon-

gitudinal length g [8] :
2
(2log$+1), )

a)Z()]’l2

2n%ca
where j is the imaginary unit; Zy = 1207 [Q]; w = 21 f
is the angular frequency; f [Hz] is the frequency; and ¢
[m/s] is velocity of light. We use this formula to estimate
the impedance of the collimator with RF-shields. Now, the
transverse impedance Zr is approximated as [9]

2ra

2
2eZ1w) _ Zoh (2logT + 1), )

Z ~ =
T(w) (1)612 J 712(13

referring to the Panofsky-Wenzel theorem [10].
For h = 55 mm and ¢ = 95 mm,

Z1(w) = j0.0734768 f[MHz], QL ©®
Zr(w) = j0.777454, kQ/m], (@)

which do not excite instabilities in the RCS under 1-MW
operation.

Zi(w) =]
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At the RCS, the 515 mm-long cylindrical chamber em-
; bedded in the collimation square is sandwiched by taper-
2 1 whose radius changes from 95 mm to 189.5 mm over

a length of 526.5 mm, and taper-2 whose radius changes
o from 95 mm to 148.5 mm over a length of 291.5 mm. In
= order to consider the effect of the tapers, a more precise es-
£ timation was performed numerically with two-dimensional
5 simulation (2D) code ABCI [11] by assuming an axisym-
,%: metric structure, where all the materials are assumed to be
,;i perfectly conductive.
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Figure 2: Simulations of Z;, (left) and Zr (right) by ABCI.
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The simulation results are shown in Figure 2. The figures
= on the left and right show Z; and Zr, respectively. The
§ purple-O- and brown-A- lines show the real and imaginary
Z parts of the impedances, respectively, with 2 = 0. The re-
« sult represents the real collimator with RF-shields, where
g the edges of four collimator blocks are set on the inner sur-
E face of the cylindrical chamber in the collimation square;
";.j hereafter, this chamber will be referred to as “a reference
& chamber (condition)”. The black-&- and green-X- lines
2 show the real and imaginary parts of the impedances, re-
_. spectively, with # = 55 mm and g = 200 mm, including
% the taper effects. The red-o- and blue-®- lines show the
N real and imaginary parts of the impedance, respectively, ex-
5 cluding the taper effects. A comparison of the red-o- and
% blue-©- lines with the results obtained using Eqgs.(3) and (4)
= showed us that Z; is well estimated by the original analyti-
(?5 cal formula (1), while Z7 is in agreement with the formula
>* (2) within a factor of two. The negligence of the real parts
U of the impedances in the analytical formulae are validated
by the simulation results below 100 MHz.

ESTIMATION OF IMPEDANCE BY 3D
SIMULATIONS AND MEASUREMENTS

In areal collimator, wherein the collimator blocks intrude
—g into the chamber by an amount (h > 0), the axisymmetry is
= broken. Hence, three-dimensional (3D) simulation is nec-
2 essary to identify the effect of asymmetry and absence of
2 RF-shields on beam impedance.

2 The 3D simulation code CST [12] can deal with the wake
E fields of collimators made of stainless steel (with conduc-
o tivity o = 1.35 x 10° S/m). Figure 3 shows Z; (left)
»and Zr (rlght) with h = 55 mm. The black-e-/brown-
= A- and red-o-/blue-©- lines represent the impedances with-
S out and with the RF-shields, respectively, after subtracting
g the impedance of the reference chamber (h = 0, with RF-
‘q"é shields). The red-o-/black-e- and blue-®-/brown-A- lines
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show the real and imaginary parts of the impedances, re-
spectively.

We find that the 2D simulation tool, as well as analyti-
cal formulas (1) and (2), can still be used to estimate the
impedances because the realistic 3D simulation results with
RF-shields (red-o-/blue-©- in Fig.3) and the 2D simulation
results (red-o-/blue-0- in Fig.2) based on the simple model
are in good agreement both for Z; and Zr. The resonance
structure is identified at high frequencies in the results with-
out RF-shields, indicating that the wake fields penetrate into
the space created between the collimator blocks and the
bellows. Hence, we have re-concluded that the RF-shields
are beneficial especially for accelerating high-energy, high-
intensity short bunched beams.
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Figure 3: Simulations of Zj, (left) and Zr (right) by CST.

On the other hand, for a low-energy proton machine
such as the RCS, owing to the longer bunched beam, the
impedance is more important at frequencies below 10 MHz.
Figure 3 demonstrates that the resonance structure does not
contribute to the enhancement of impedance below 30 MHz
both for Z; and Zy. This is because the fields with wave-
lengths larger than the hole size cannot recognize the struc-
ture inside the space created between the collimator blocks
and the bellows. Consequently, we expect that the differ-
ence between the impedances without and with the RF-
shields should be negligible in the case of the RCS.

Now, let us measure Zy and Z7 by stretching thin (160
um diameter) single- and twin-wires inside the collimator
and the reference chamber and observing the respective
scattering matrices with a Network Analyzer (NA) [13]. In
the measurement, both the ends of the tapers are terminated
through the resistors by 50  N-type connectors for the NA.
For the single-wire measurement, the resistors are chosen

to match the characteristic impedances Z..; and Z..; at the °

very ends of the taper-1 and taper-2, respectively. For the
twin-wire measurement, the impedance-bridge must match
the characteristic impedances not only for the differential
modes (Z441 and Z447) but also for the common ones of the
taper-1 and taper-2. All scattering matrices were measured
and averaged 3000 times within the temperature fluctuation
AT < 1 K of the environment to suppress systematic errors.
All the single- and twin-wire measurements under different
conditions for blocks and RF-shields were performed after
fixing the corresponding terminal conditions for the wires,
to minimize other systematic errors as small as possible.

The measured scattering matrices are converted to Zj,
and Z7 by modifying the standard-log formulas [14] as fol-
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lows:
(col)
Zi(w) = —(Zeet + Zeeo) log l%l s 5)
cc2l
(col)
_ (Zaar + Zaan) Saani
Zi(w) =~ oA log Sren |° (6)
dd21
where S((;'(’Q 41 2nd Sér:({l)dm are the transmission coeffi-

cients for the collimator and the reference chamber, respec-
tively; the subscripts cc and dd denote the common and the
differential modes, respectively; and A is the separation be-

tween the twin-wires [15].
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Figure 4: Measurements of Zy (w) (left) and Zy(w) (right).
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Figure 4 shows the measured Z; (left) and Zr (right),
where the black-e-/brown-A- and red-o-/blue-©- lines rep-
resent the impedances without and with the RF-shields, re-
spectively. We see a slight impedance enhancement at low
frequencies because of the detachment of RF-shields from
the collimator. As expected, we can identify the tendency
that the impedance-suppressing effect of the RF-shields be-
comes more significant toward high frequencies, though
the resonance structure cannot be clearly seen in these Zr
measurements. This may attribute to an incompleteness of
matching conditions at both ends of tapers for twin-wires.
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Figure 5: Wall current on the bellows (left) and voltage be-
tween the bellows and collimator block (right).

Finally, let us closely investigate the phenomenon inside
the bellows to address another concern about removing the
RF-shields that the EM fields excited by the high-intensity
beam may adversely affect collimator functions by causing
heating of the bellows or creating a discharge inside the bel-
lows [16].

Here, let us look into the beam-induced (wall) current on
the bellows and the beam-induced voltage between the bel-
lows and the collimator block. The Fourier components for
the current and the voltage were simulated with CST [12]
by passing a beam with a much smaller longitudinal rms
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size oy = 40 mm through the collimator, and setting the
parameter WAKELENGTH=100 m so that the EM fields
are sufficiently damped. The current and the voltage for the
Gaussian beam with a total charge g = 6.64 uC and a longi-
tudinal rms size oy = 9 m, simulating the beam at the RCS,
were calculated.

The results are shown in Fig.5. The left and the right fig-
ures show the current and the voltage, respectively. Current
and voltage excitation occur only for about 0.3 pys and decay
rapidly. Since the revolution frequency of the RCS (with
two bunches) is 0.86 MHz even at 3-GeV beam energy, the
successive beam passage does not cause a buildup of the
current and voltage during the acceleration period.

The power consumption on the bellows was explicitly cal-
culated as follows. First, the resistance of the stainless steel
bellows with conductivity o and length L(= 183.5 mm)
was estimated by splitting the bellows into halves along the
plane perpendicular to the beam direction to obtain two
semi-cylindrical bellows. We assumed the total resistance
can be calculated by combining the resistance of two semi-
cylindrical bellows in series. Since the inner radius of the
bellows with thickness Aj(= 0.3 mm) is approximated by
(@out—A1+ain)—(dou—A1—ain) COS [ (ZHIX)]
flo= 5 )
at the RCS, where aou(=112.5 mm) and aj,(=102.5 mm)
are the maximum and minimum radii of the bellows, respec-
tively; and L/per(= 14 mm) is the period of undulation of
the radius, the resistance of the bellows R(w) for the wall-
current is calculated as

Noa L dxql1 + (LX)
O'C/O 27 f)8(@) ©

where 6(w) is skin depth; No1(= 4) is the number of bellows
per a collimator. The numerator and denominator in the in-

R(w) =

tegrand in Eq.(8) denote the effective path-length and cross -

section of the wall-current, respectively. Finally, the power
consumption at the bellows per a collimator is estimated as
14 uW with a repetition rate of 25 Hz by evaluating 6(w)
at f=10 MHz. The power consumption is negligible under
routine beam operation conditions at the RCS.

SUMMARY

No significant obstacles were observed at the RCS in
the 1-MW-equivalent operation [17], after detaching the
RF-shields from the collimator both from the viewpoint of
impedance exciting beam-instabilities and from the mechan-
ical viewpoint regarding the collimator functions.

Through simulation and measurement, we demonstrated
that the effect of the RF-shields on collimator impedance is
negligible at low frequencies. To overcome the problem that
the TiN-coated RF-shields may break down in vacuum, the
RF-shields may be removed from the collimator. Instead,
the inner surface of the bellows must be perfectly coated
with TiN to suppress electron cloud instabilities.
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