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Abstract

The 166.6 MHz superconducting RF cavities have been
proposed for the High Energy Photon Source (HEPS), a
- 6 GeV kilometer-scale light source. The cavity is of quarter-
g wave type made of bulk niobium with 8=1. Each cavity will
—; be operated at 4.2 K providing 1.2 MV accelerating volt-
S age and 145 kW of power to the electron beam. During the
f HEPS-Test Facility (HEPS-TF) phase, a proof-of-principle
= cavity has been designed in IHEP and manufactured in Bei-
'% jing. The subsequent BCP was conducted in Ningxia, while
2 HPR, cleanroom assembly and 120 degree bake was done
«s in IHEP. The cavity was finally vertical tested at both 4.2 K
«; and 2 K in IHEP. The cavity Qy at designed gradient (when
£ V,.=1.5 MV) at 4.2 K was measured to be 2.4x10° with
E Epear of 42 MV/m and Bpeqx of 65 mT. The maximum
é Epear and Bpeqr reached 86 MV/m and 131 mT respec-
=< tively at both 4.2 K and 2 K, and the corresponding Qg was
2 measured to be 5.1x10% (4.2 K) and 3.3x10° (2 K). The
-2 residual surface resistance was measured to be 2.3 nQ.
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INTRODUCTION

High Energy Photon Source (HEPS) is a 6 GeV storage
g ring light source with kilometer-scale circumference and
& ultra-low emittance [1]. It has been proposed by IHEP and
. is planned to be built in Beijing suburb. The electron beam
g is firstly accelerated to 300 MeV by a linac and subsequently
N injected into a ~400 m booster ring to further ramp its en-
5 ergy to 6 GeV prior to its final injection into the ~1300 m
% storage ring. Its main beam parameters are listed in Table 1.
= Prior to its official construction, a test facility namely HEPS-
S TF has been approved in 2016 to R&D and prototype key
E technologies and key components.
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Table 1: Beam Parameters of the HEPS Storage Ring

Parameter Value
Energy 6 GeV
Circumference ~1300 m
Current 200 mA
Energy loss w/IDs 2.5 MeV/turn
Total SR power 500 kW

A double-frequency RF system has been conceived to real-
ize the recently proposed on-axis injection scheme [2]. The
+ fundamental RF frequency has been chosen to be 166.6 MHz
£ while the third harmonic RF is 499.8 MHz [3]. This scheme
-£ will make two stable RF buckets to enable the merging of the
é injected bunch into the circulating beam. The high harmonic

£ RF system needs to be active rather than passive.
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The choice of the fundamental RF frequency is made
by compromising competing demands of the kicker and
the RF system. The state-of-art kicker has a total width of
a few nano-seconds and favors a larger separation of the
RF buckets, in other words, a lower RF frequency. On the
other hand, a higher frequency will make the RF system
more compact. Furthermore, in order to use as much as
possible the mature technology of 500 MHz superconducting
cavities, the main RF frequency has thus been chosen to
be 166.6 MHz, one third of 499.8 MHz. Therefore the
166.6 MHz RF system naturally becomes the focus of the
R&D during HEPS-TF phase.

Given the relatively low RF frequency (166.6 MHz), both
normal conducting (NC) and superconducting (SC) options
have been considered. A detailed comparison of these
two options are given in [3]. This paper will focus on the
166.6 MHz SC cavity, in particular, the newly designed
proof-of-principle cavity.

THE RF DESIGN

The Proof-of-Principle (PoP) cavity has been planned as
the first cavity to be built in order to maximize learning
on cavity manufacturing techniques, surface treatment and
higher order mode (HOM) characterization. The cavity shall
capture as many as possible the features which will be used
in the final cavity design to ensure the experiences obtained
are most relevant.
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Figure 1: The 166.6 MHz PoP cavity.

Due to a low RF frequency and =1, the popular ellipti-
cal shape will make the cavity geometry excessively large
(B - 1/2) thus unpractical for manufacturing. The quarter-
wave cavity has then been chosen. The RF design and opti-
mization were conducted within the following boundaries:
firstly, the outer conductor radius is preferably to be less than
250 mm while keeping the inner conductor as big as possible,
this is to ensure a manageable cavity size, larger beam aper-
ture and larger helium volume inside the inner conductor;
secondly, the peak electric field (Ep,¢qx) and peak magnetic
field (Bpeak) at design gradient (V.=1.5 MV) needs to be
less than ~40 MV/m and ~65 mT respectively, and this re-
serves 20% margin in peak fields when operating at nominal
gradient (V.=1.2 MV); thirdly, the frequency of the first
dipole mode needs to be higher than 400 MHz to ensure
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a larger frequency separation from the fundamental mode
and consequently enables an effective HOM damping. A
preliminary study on HOM damping scheme can be found
in [4].

Table 2: The main RF Parameters of the PoP Cavity

Parameter Value
Operating temperature [K] 4.2

V. IMV] 1.5
Euce [IMV/m] 14.5

Qo at V,=1.5 MV >1x10°
Parameter CST HFSS
R/Q (=V?/P) [Q] 136 136
G (=R; - Qo) [Q] 54 55
Epear at Ve=1.5MV [MV/m] 42 40
Bpeak at Ve=1.5 MV [mT] 64 66
Stored energy [J] 158 15.8

The optimized cavity geometry is shown in Fig. 1 and
its main RF parameters are listed in Table 2. The inner
conductor is tapered in order to improve the liquid helium
flow and lower the risk of gas trapping. The electromagnetic
field distribution of the fundamental mode is shown in Fig. 2
and Fig. 3 is the accelerating field profile on the beam axis.
The results from two simulation codes are consistent. Both
codes are converged to a relative frequency error below 3e-5
corresponding to ~4 kHz.
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Figure 2: The electromagnetic field of the PoP cavity.
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Figure 3: The electric field on beam axis simulated by using
CST MWS [5] and ANSYS Electromagnetic Suite [6].

The cavity has multiple ports opened on its outer conduc-
tor for different purposes as defined in Fig. 1(b). A minimum
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number of 4 HPR (High Pressure Rinsing) ports are required
to ensure a proper coverage of rinsing water on the inner con-
ductor surface as shown in Fig. 4. On the other hand, HPR
ports are located in the high magnetic field region, more
ports will increase the risk of contamination thus lower the
cavity Qp. In addition, cares must be taken to prevent field
enhancement by adding these ports on the cavity end plate.
The dependence of the peak magnetic field on the blending
radius of the HPR ports connecting to the plate is shown
in Fig. 5. Once the blending radius is larger than 10 mm,
Bpeqai fulfills our previously mentioned requirement, and a
blending radius of 11 mm was finally chosen.
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Figure 4: The choice of HPR ports.
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Figure 5: The dependence of Bp.q and port surface loss :

on the blending radius of the HPR port.

During cavity vertical test at 4.2 K, all ports will be closed
with stainless steel blind flanges. In order to ensure a mini-
mum RF heating on these normal conducting flanges, the
length of each port has been optimized. In addition, a short
piece of cut-off tube is added to the coupler port to lower the
RF leakage and consequently reduce the cavity transverse
size. The results of the RF heating at designed field level
adds up to 37 mW additional loss to the cavity corresponding
to a Q value of

wlU 2m - 166.6¢€6 - 15.8

- =4.5x%x 10",
Ploss 0.037

ey

Qflange =

This is negligible comparing to the cavity Qg of ~10°.

THE MECHANICAL DESIGN AND
CAVITY FABRICATION

The meachanical design of the PoP cavity was conducted
in-house. The model of the bare cavity is shown in Fig. 6.
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el
§ The wall thickness varies from 3.5 mm to 5 mm for different
@ ; components. The mechanical properties of the cavity were
4 Z studied by using ANSYS® simulation suite. The results
a of cavity rigidity, frequency sensitivity to helium pressure
~2 variation, Lorentz force detuning and microphonics are pre-
sented in detail in [7].

Figure 6: The PoP cavity components.

The cavity was then contracted to Beijing HE-Racing
Technology Co., Ltd. [8]. Some of the key fabrication pro-
cesses and components are shown in Fig. 7. Deep drawing
and electron-beam welding were used during the production.
The fabrication details are described in [7].
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Figure 7: The fabrication of the PoP cavity.

THE CAVITY TREATMENT AFTER
FABRICATION

After fabrication, the cavity was sent to Ningxia for sur-
face treatment. Every welding was grinded using 40 ym
sandpaper before BCP for initial smoothing. A 75° BCP
was conducted first with the HPR plate facing upwards as
B shown in Fig. 8. It’s then followed by another 75’ BCP by
é’ making the cavity upside down to obtain a uniform etching.
8 Consequently 160 pwm was removed on the two end plates
£ wh11e 110 pum on the outer conductor and beam pipe. The
g etchlng speed and uniformity were controlled by cooling
_§ the cavity from outside using tap water during BCP. The
%’ thickness of the cavity outer wall was measured by ultrasonic
gat selected locations after each etching. The cavity surface
zwas then visually inspected and light polished by 16 uym
E sandpaper to achieve an even smoother surface. The cavity
8 was subsequently annealed at 750°C for 3 hours in a vacuum
= furnace. Finally a 30’ light BCP was conducted to wrap the
= etching campaign.

The cavity was then sent back to IHEP in Beijing for
= HPR, cleanroom assembly and 120°C bake followed by a
% frequency pre-tuning [9]. At this point, the cavity is ready
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Annealing

Clean assembly

Baking

Leak check Frequency pre-tuning

Flgure 8 The treatment of the PoP cav1ty

for vertical test. Table 3 lists all the treatment processes and
more details can be referred to [10].

Table 3: The Cavity Treatment Processes

z
e

Process

75’ BCP (HPR plate facing upwards)

75" BCP (HPR plate facing downwards)
3-hour annealing at 750°C

30’ light BCP (HPR plate facing upwards)
HPR (from 6 ports, 60’ each)

Clean assembly in Class 100 cleanroom
48-hour baking at 120°C

Frequency pre-tuning

0O\ AW

THE VERTICAL TEST

The cavity was installed on a supporting frame where four
titanium rods were used to stiffen the cavity as shown in
Fig. 9. This prevents the cavity from plastic deformation
when pumping to vacuum and cooling down to cryogenic
temperatures. The cryogenic vertical test was conducted in
IHEP at both 4.2 K and at 2 K. A mobile coupler was used to
maintain a critical coupling during the measurements. The
Qo vs. E, .. curves were measured and shown in Fig. 9. The
cavity Qg at designed gradient (when V.=1.5 MV) at4.2 K
was measured to be 2.4x10° with E peak of 42 MV/m and
Bpear of 65 mT. The maximum Ep.qx and Bpeqx reached
86 MV/m and 131 mT respectively at both 4.2 K and 2 K.
The corresponding Q at highest field was measured to be
5.1x108 (4.2 K) and 3.3x10° (2 K). The measured results
largely exceed the design goal. The onset of field emission
starts at E,.-~17 MV/m for 4.2 K and E,..~15 MV/m for
2 K, then steadily went up by five order of magnitude before
quenching at the highest field as shown in Fig. 10.

The dependence of surface resistance on the cavity tem-
perature was measured during pumping from 4.2 K to 2 K
and is shown in Fig. 11(a). The fitted residual resistance was
2.3 nQ, proving a successful cavity treatment.

The temperature of the cavity was monitored by two Cer-
nox sensors mounted on the top and bottom of the cavity
outer wall. Fig. 11(b) shows the temperature readouts of the
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Figure 9: The cavity on the vertical test stand and the mea-
sured Qg vs. E,cc curve.
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Figure 10: The Qg vs. E4c. curve along with radiation level.

cooldown process from room temperature to 4.2 K. The cav-
ity was parked at 15 K for about 2 hours before going down to
4.2 K due to technical reasons of the cryogenics system. This
however gives the cavity sufficient time to thermalize and
consequently results in a rather small temperature gradient
(2.4 K) but slow transition from SC to NC (5 mK/s). The cav-
ity was shielded from the Earth’s magnetic field during the
cold test and the residual ambient field at the cavity position
was measured to be ~1 T at room temperature. This will
amount to 1.2 nQ in the measured residual resistance [11].
Given the rather homogeneous cooldown and low ambient
magnetic field, an optimized residual resistance might have
been achieved in terms of flux trapping [12]. The cooldown
dynamics is summarized in Table 4.

Table 4: The Cooldown Condition

Parameter Value
Cavity top 11.6 K
Cavity bottom 9.2 K
AT through7, 24K
At through 7, 7.6 min
Transition rate 5 mK/s
FINAL REMARKS

A 166.6 MHz superconducting RF system has been pro-
posed for HEPS project. A proof-of-principle 166.6 MHz
SRF cavity has been designed, fabricated, post-processed
and cryogenic tested. The results largely exceed the design
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Figure 11: The surface resistance vs. temperature and the
temperature readout during cooldown.

goal. This serves as a good starting point to proceed with
the final cavity design where higher order mode damping is
a key issue and is currently under intensive study.
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