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Project one

The project Involves a high-current electron linear accelerator with a maximum energy of 40 MeV. For
the high-power long-pulse mode, the normal operating condition Is single-pulse mode, with a beam current
of 100 mA, a pulse duration of 0.1 s, and a bunch repetition frequency of 100 Hz, with a maximum average
repetition rate of 10 Hz. The total length of the linear accelerator Is approximately 6.3 meters, and the
vacuum system iIs divided into four sections. Specific vacuum requirements are listed in Table 1.

Table 1: Parameters of the vacuum(unit:Pa)
Name Static pressure!  Dynamic pressure?
Electron gun section <1x107 <2x10-8 A :
Focusing Segment <5x10° <1x107° : -
DUMP Section <5x10° <1x107 E
Quick-adjust tube <5x10- <1x10° 2
Explanation:
1. Represents the pressure value when there Is no microwave power or :
high voltage; "

Fig. 2. In 4us mode, particle density
distribution (43.5 MeV, 111 mA)

2. 2. Represents the pressure value under normal operating conditions.
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Fig. 5: Change In the central temperature of titanium windows

Fig. 3: Vacuum Distribution Calculation Diagram  Fig. 4: Titanium window

Project three
The project, based on the actual design layout

of HEPS's high-energy transport line, has built an
offline vacuum system test bench to simulate the
actual vacuum distribution.

Project two
The project Involves setting up a linear high-

power test bench for accelerating tubes, spherical
energy storage cavity energy multipliers, and the
like. It requires a vacuum level better than 1.0e-5 Pa
when Increasing power.
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Fig. 10: Pressure distribution map
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Table 2: Comparison between

Fig. 7: Pressure curve simulated and measured values

Calculated Measurement
Name
o value/Pa value/Pa
) CCGO0O 1.02-7 2.8e-7
O 1.E-06
o CCGO1 9.7e-6 8.5e-7
£ reo CCGO2  6.16e-7 5.3¢-7
o CCGO03 4.29e-8 7.4e-8
_ Distance / mm CCGO04 3.41e-8 6.8e-8
Fig. 11: Calculation curve of CCOE 2 3008 .
. ; - . DLE- .-
Fig. 8: Actual product image vacuum state at the middle section
CCGO06 3.46e-7 2.2e-6
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Abstract

The High Energy Photon Source (HEPS), China's first fourth-generation synchrotron light source, requires a pre-alignment precision of 0.03 mm between unit magnets
in the storage ring pre-alignment units. This poster presents the 3-magnet and 5S-magnet unit structures of the HEPS storage ring, where the vibrating wire technique 1s
employed for magnetic center measurement. A laser displacement system has been developed to enhance sag correction accuracy. Experimental results demonstrate
that the fitting deviations of both standard unit types are better than 0.015 mm, meeting the pre-alignment precision requirements.

Introduction Principle

The storage ring of HEPS has a circumference of approximately 1.3 km and
consists of 288 pre-alignment standard units, including 96 three-magnet units, 96
five-magnet units and 96 eight-magnet units. the alignment accuracy between
magnets in the pre-alignment units 1s a critical technical indicator for ensuring
long-term stable and efficient operation of the storage ring. Currently, multi-laser
systems are used for magnetic center pre-alignment in the HEPS storage ring
pre-alignment units. To ensure the reliability and accuracy of this high-precision B, = G(x — x;)
measurement system, it 1s essential to introduce vibration wire technology as an B, =Gy —y,) = i L0
independent high-precision measurement system for verifying the alignment - | B2
accuracy of the pre-alignment units. '
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Vibration wire magnetic center measurement technology involves scanning
vibration wire 1n both horizontal and vertical directions near the approximate
magnetic center of a magnet to detect the magnetic field distribution and
determine the magnetic center position. The relationship between the
magnetic field components of a quadrupole magnet and their deviation from
the magnetic center 1s given by: By

N

FODO section Straight L-Bend

Straight multiplet

multiplet

Schematic of horizontal magnetic center

Diagram of vertical quadrupole magnetic field measurement method for quadrupole
magnets

Layout of a standard unit equipment

Five-magnet unit

Three-magnet unit

The selected pre-alignment three-magnet unit R29DQ1 consists of 2 quadrupole
magnets and 1 corrector magnet. The corrector magnet 1s used to correct beam
deviations from the orbit. Mechanical center calibration can meet alignment

The selected pre-alignment five-magnet unit R29FD1 consists of 4 quadrupole
magnets and 1 corrector magnet.

Fixed end External referenge R29QF3 R29BD1
measurement device

R20ABF2 R29QD4 Free end

accuracy requirements, so it is not included 1n the scope of this vibration wire

. Vibration wire
magnetic center verification measurement. i / ' f \m/ 4
Fixed end ; - " d of ,
¢ External reference dl?]fla:;nent - - - - “.— 5 2 dﬁpleazlelm:nt I
Fixed end R29QD1 R29QF1 Free end hamcor S
megsurement device for ' 5
displacement sensor \ Vibration wire

Z

Fixed end of
displacement
sensor

Free end of
displacement
sensor

for displacement

The pre-alignment five-magnet unit vibrating-wire scanning schematic diagram

Magnet Measuremen Fixed end Free end
types t times/times xmm vmm xmm vmm
The pre-alignment three-magnet unit vibrating-wire scanning schematic diagram 1 0005 -0.01%0.006  -0.022
R20QF3 2 0.003  -0.017 0004 -D.017
N Measarement Ficed end Free end Deviation'mm  0.000  -0.002  0.002 -0.005
gnet typ times/times I /mm v/mm x/mm v/imm 1 0.003 0.125 0.006 0.126
1 -0.031 -0.326 0038 -0.320 R20BD1 2 0.003 0128 0004 0127
F200QF1 2 -0.038 -0.340 -0.038 -0.335 Deviation'mm  0.000  -0.003  0.002 -0.001
R290DI ; E-Egg ‘E-gig E—gig ‘E-giﬁ R20ABF? 2 0.005 0090 0006 0099

- - - - - - - . I|I

Deviation/mm 0.006 0 001 0.004 0002 Deviation'mm  0.000 0000  0.000  0.000
— . . . . . 1 0004  -0.040 0002 -D.047
Repeatability result of vibrating-wire magnetic center scanning R20QDA4 3 0001  -0051 0001 -0.051
in pre-alignment three-magnet unit Devision'mm  0.003 0002 0001  G.004

Vibration wire Magnet Horizontal  Vertical Longitudin Repeatability result of Vlbratmgilwu'e magnetic center scanning in pre-alignment
fixation method Enﬁﬂg x/mm v/mm al z'mm three-magnet unit
4 "
Fixed end R20QF1EN 0000 0.000 0.0 Vibration wire Magnet entrance Horizontal Vertical Longitudinal
Free end R20QF1EX 0.000 0.000 1460 ﬁxal:ym method and exit /mm y/mm Z/mm
Fixed end RIOODIEN 0.005 0004 4450 Fixed end E200QF3iEN 0.004 -0.002 0,000
ee s < ' b | Free end R20QF3EX 0.003 -0.002 375.000
Free end R2OQUIEX 0,008 -0.006 6390 Fixed end R29BD1EN -0.007 -0.001 633.920
Vibrating-wire scanning results of the pre-alignment three-magnet unit Free end R2OBDIEX -0.003 -0.002 1674920
in the HEPS storage ring Fixed end R20ABF2EN 0.000 0.011 1 869720
Free end F2OABFXEX 0.002 0.009 2460720
Fixed end E200D4EN 0.002 -0.007 2674120
Laser displacement system-Repeatability Freeend  RI9QDAEX 0000 0007 2935.20

The working principle of a laser displacement sensor involves emitting a laser
beam onto the surface of the measured object and receiving the reflected light
signal to calculate the distance.
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Repeatability test results of external reference for laser displacement sensor

Vibrating-wire scanning results of the pre-alignment five-magnet unit in the
HEPS storage ring

Laser displacement system-Compare

Sag of conductor obtained by two
methods/mm

E:Iiltli-:!m L-nnﬁ:luntimal Fundamental Displacement Deviati
P frequency sensor fitting eviation

/mm

method method

Longitudinal Fixed end 0.0 0.000 0.000
vpes E:nm Sag/mm Mid of
2290 -0.010 -0.017

R29QF3 206.83 -0.055 R29QF1

EZ2O0BD1 1138 4890 0196 Mid of unit 423.0 -0.012 -0.021
R20ABF2 2 208 03 0.157 R];g?q%f:l 648 0 _0.008 0.014
R20QD4 2 020.68 -0.025

Free end §28.0 0.000 0.000 0.000
Wire sag of three-magnet and

flve-macnet units Comparison of Sag obtained by two methods
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Abstract

This study employs the SAD program to perform particle tracking simulations of the multi-turn injection process in the SuperKEKB Low-Energy Ring
(LER). By tracking large numbers of particles, we quantitatively analyze the beam loss distribution and identify the primary sources of particle loss during
injection. The results provide a detailed understanding of the factors limiting the 1njection efficiency and offer insights for optimizing the injection
rarameters to mitigate beam loss.

Introduction Injection simulation of LER
Particle colliders, such as SuperKEKB, push the frontiers of high-energy Track 5000 particles 1000 turns
physics by pursuing unprecedented luminosities. This endeavor critically The comparative analysis reveals that collimators significantly accelerate
depends on the efficient and continuous injection of particle beams to initial particle loss by defining strict machine acceptance, while the
replenish those lost due to collisions and other effects. In this study, we inclusion of beam-beam interactions further exacerbates particle loss,
employ the SAD (Strategic Accelerator Design) program to perform high- particularly for beams with larger horizontal emittance.
fidelity, multi-turn particle tracking simulations of the injection process
into the SuperKEKB LER. The primary objectives are to quantitatively &
analyze the beam loss distribution around the ring and pinpoint the key -

factors limiting the ijection efficiency.
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Simulation Setup

* To accurately sitmulate beam loss and particle tracking in the SuperKEKB
LER, a detailed aperture model 1s implemented in SAD, defining
collimator aperture.

AFPERT AQCILC =(AX .01 AY =.0135 DY =.00135 ) /

—— w collimator & w/o beambeam

—— w collimator & w beambeam

06+

04+

AQCILO = (AX ;.513 AY =.0135 DY =.0015 ) 5 2 K 4 2 o o0t 0010 0005 0005 o010 o
AQC2LC  =(AX =.035  AY =.035 DY =.0015 ) Integrated with Collimator & Beam-Beam Comparison
AQUCZL0O =(AX =.035 AY =_035 DY =.0015 )
FMDOgeH]1 =(AX =1 AY =1 )
FEFMDOGoHZ=(AX =1 AY =1 )
PMDOEH3 =(DX1 =.00992 DX2 =-.01015 DYl =.05 DY2 =—.05 AX =1 AY =1 ) . . .
FEFMDOeHA=(DX1 =.00%%¢ DXZ =—.00%9%94 DYl =_.05 DYZ2 =—_.05 A¥ =1 AY =1 ) Beam LOSS DlStrlbUtlon
PMDO6V1 =(DX1 =.05 DX2 =-.05 DYl =.00246 DY2 =-.00222 AX =1 AY =1 ) : : : —
PMDO6V2 =(DX1 =.05  DX2 =-.05 DYl =.00209 DY2 =-.00328 AX =1 AY =1 ) With collimators 1n place, the majority of beam loss occurs at the
PMDO3H]1 =(DX1 =.00987 DX2 =—_01003 DYl =_05 DYZ2 =—_05 A¥ =1 AY =1 ) . . . .
FEMDO3H2= (A% =1 AY =1 ) PMDO02V1 and PMDO02H4; without collimators, the majority of beam
FMDO3V]1 =(AX =1 AY =1 ) .
eMDOSUA (A% —1 Ay —1 ) loss occurs at the AQCIRO and AQCILC. We can see the collimators
PMDO2ZH]1 =(DX1 =.00788 DXZ2 =—_007%90 DYl =.05 DY2Z =—.05 A¥Y =] AY =1 ) are effective in protecting the IR region
PMDOZHZ =(DX1 =.01037 DXZ =-.01081 DYl =.05 DYZ =-.03 AX =1 AY =1 ) A — ) N —
FMDOZ2ZV]1 =(DX1 =.05 D¥2 =—_05 DY1 =.00063 DYZ2 =—_00147 A¥ =1 AY =1 )
PMDO2H3 =(DX1 =.01481 DX2 =-.01474 DYl =.05  DY2 =-.05  AX =1 AY =1) Ty [ et
PMDOZH4 =(DX1 =.00745 D¥XZ2 =—_00742 DYl =_.05 DYZ2 =—_.05 A¥X =1 AY =1 ) — w collmator & w beam-beam I — w collimator & w beam-beam
AQUCZR0O =(AX =.035 AY =_035 DY =.001 )
AQCZRC =(AX =_.035 AY =_035 DY =.001 )
AQCIRO =(AX =.013 AY =.0135 DY =.001 )
AQCIRC =(AX =.01 AY =.0135 DY =.001 )
Collimator Aperture
* The number of 1nitial particles 1s 5,000, and the particle distribution

adopts Gaussian distribution (with a value of three times o).

Lost Distribution and Number Lost Distribution and Number

—— w/o collimator & w/o beam-beam —— w/o collimator & w/o beam-beam

—— w collimator & w/o beam-beam 2000 ~—— w collimator & w/o beam-beam

— W collimator & w beam-beam r — w collimator & w beam-beam

Initial Particle Distribution Beam L oss Distribution & Number
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As a major national science and technology infrastructure, the High Energy Photon Source (HEPS) imposes extremely high requirements on the vacuum level and ¢
leanliness of its beam vacuum system. Such strict vacuum environment presents unprecedented challenges to the manufacturing, installation, connection and leak detect

ion processes of all system components. Any tiny leak or material outgassing may deteriorate the vacuum level, thereby affecting the beam lifetime and the performanc
¢ of the light source.

i

The vacuum leak detection strategies and practices adopted in the HEPS storage ring vacuum system during installation, commissioning and operation phases provi

de a solid guarantee for the system to meet standards and operate stably.

HEPS is composed of 48 standard cells: straight sections and bending sections.
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Fig. 1 Distribution of Vacuum Equipment in
Standard Arc Cells(a) Magnet Layout;
(b) Vacuum Equipment Layout

——1IP (16 Ton Pumps)

——NEGP (3 Non-Evaporable Getter Pumps)
——REF Bellows (14 Sets of Shielded Bellows)
——CCG (4 Cold Cathode Gauges)

——Gate Valve/Angle Valve (4 + 2 Valves)
——Photon Absorber (4 Photon Absorbers)

Calcula of S

rage Ring Pressure Distributio

1.Stainless steel vacuum chambers VC02, VC04, VC14 and VC17: Gas is mainly pumped by ion pumps and getter
pumps.

2.Chromium-zirconium-copper vacuum chambers: The inner surface is coated with a getter film (accounting for
approximately 70% of the total length).

3.Through calculation, it is found that the positions coated with the getter film provide a lower pressure.

4.Causes of pressure increase in the vacuum system:

(1) Thermal outgassing of vacuum materials;

(2) Photon desorption mainly caused by synchrotron radiation light striking the inner surface of the vacuum chamber.
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Fig. 2. Static/Dynamic Pressure Distribution Diagram of the Storage Ring Standard Arc Cell
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Fig. 3 Curve of the Relationship Between Beamline Vacuum Level and Beam Current

1. Leak Detection During Installation

2. Leak Detection After Baking of the Vacuum System
The system is in a high-vacuum state during

The system is in a high-vacuum state. A quadrupole mass
this phase. A helium mass spectrometer leak spectrometer installed on the system is used for leak
detector is mainly used for leak detection. The leak detection.

detector is connected via a metal bellows to the -
installed and to-be-tested section of the vacuum T S0 Tl G2 606 P’
system. Helium gas is sprayed on suspected leak
locations; if a leak exists, the helium gas will enter
the leak detector and be detected. This method
features high sensitivity and can accurately locate
the position of leaks. The leak detection process is
shown in the figure.

%r\‘»,l N

Fig. 5 Main interface of the leak detector

Meanwhile, by monitoring the full spectrum or the partial
pressure of specific mass numbers, the quadrupole mass
spectrometer can accurately identify key gases such as H,
He, H20, N2, O, and CO:, which is used for residual gas
analysis.

Fig. 6 Gas composition measurement by
quadrupole mass spectrometer

Fig. 4 Process flow chart of helium mass
spectrometer leak detection

During the installation and commissioning of the HEPS storage ring, various types of leak points were
encountered. Below, combined with typical cases, the characteristics and solutions of various leaks are analyzed.
1.Seal Gasket Installation Issues

Improper installation of seal gaskets at flange joints is the most common cause of leaks in vacuum systems. In
the early stage of HEPS vacuum system installation, flange joints often exhibited leaks of varying degrees. Most of
these leaks could be resolved by further tightening the flange bolts, while a small number of joints required seal
gasket replacement.
2.0utgassing from Material Surfaces

Outgassing through micro-pores on material surfaces is a relatively concealed type of leak in vacuum systems.
During the HEPS project, surface outgassing was detected at one stainless steel adapter. The leak detector showed
that the leak rate increased slowly over time, typically reaching the maximum leak rate within 2—5 minutes.

Treating outgassing:

For minor outgassing that does not affect the ultra-high vacuum, the temporary method of brushing vacuum
sealant is adopted.

For areas with significant outgassing, the vacuum components need to be replaced during system maintenance.

Tab.1 Leak Types and Treatment Solutions for the HEPS Vacuum System

Retighten bolts; if leak rate meets
standards, pass; if ineffective, replace
the scal gasket.

Improper Seal Gasket
Installation

Rapid response after helium spraying, slow
leak rate decrease.

Spray helium on flange connections,
with obvious response.

Use the alcohol coating method for
auxiliary judgment.

Temporarily seal with vacuum glue

Material Surface Outgassing and replace later.

Slow increase in the leak detector” s
background leak rate.

Slow leak rate increase; rapid leak detector
response when helium is sprayed on the
high-voltage head.

Ton Pump High-Voltage Head Power off the ion pump, remove the

high-voltage head, and spray helium. Replace the ion pump.

Leak

Obvious leak rate increase when helium is
sprayed near the ion pump.

Remove the ion pump shell and
accurately locate the leak point.

Replace the jon pump if it does not
affect system operation.

lon Pump Shell Leak
‘Weld Defect

Slow leak rate increase about 3-5 minutes
after helium spraying.

Perform hood leak detection on the

e Repair the weld by welding

Through the practice of leak detection and gas analysis throughout the entire process of the HEPS storage ring vacuum system, from installation to

operation, the following conclusions can be drawn:

1.Effectiveness of Leak Detection Strategy: The phased leak detection strategy, which combines a helium mass spectrometer leak detector and a

quadrupole mass spectrometer (QMS), has proven to be efficient and reliable. The characteristics and disposal plans summarized for six types of typical leak

points hold significant reference value for leak detection work in similar large-scale vacuum engineering projects.

2.System Performance Meets Standards: The adopted leak detection and quality control methods have successfully ensured that the HEPS storage ring

vacuum system achieves and maintains the extremely high vacuum level and cleanliness required by the design, laying a solid foundation for the successful

commissioning and operation of HEPS.

In the future, we will continue to use the Quadrupole Mass Spectrometer (QMS) for long-term monitoring of gas composition changes in the vacuum

system, conduct in-depth research on gas load patterns under different operating modes, and provide continuous data support for the performance

optimization and reliable operation of HEPS.

Storage Ring
€=1360.4 m

48 hybrid 7BAs
w/ ABs, and AB/BLG cell
£™~34pm @ 6 GeV

Booster

C=454 m 0.5-6 GeV

FODO lattice

) €5~ 36 nm @ 6 GeV
On-axis swap-out injection +
high energy accumulation

ua/

S Gump

Fig. 7 Schematic Diagram of HEPS Project Layout
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Abstract: The primary goal of JUNO is to determine the mass hierarchy of neutrinos. Accurate measurement of the distance from JUNO detector to nuclear power
reactors 1s essential for providing relevant parameters necessary for the physical analysis of the neutrino experiment. This paper provides a detailed introduction to the
3D measurement plan from the JUNO detector to the Yangjiang and Taishan nuclear power reactors. It describes the main components of the measurement process,
including GNSS measurements, total station measurements, and laser tracker measurements. Additionally, the data processing methods and results are analyzed to
accurately determine the three-dimensional spatial distance from the detector to the nuclear power reactors.

Key words: JUNO Detector, Nuclear Power Reactor, Distance Measurement, Data Processing

: ' . P00 P04
Introduction Total Statlon Mfeasurement. - ( .
. . . . The TM501 total station was used 2 A

JUNO 1s the world's first next-generation large-scale neutrino experimental to conduct joint measurements N
facility. Its primary goal is to determine the mass hierarchy of neutrinos. The | it the neutrino site control ILING Site +—
execution of the experiment requires determining the three-dimensional distances network and the control points set
from JUNO detector to nuclear power reactors. at the bottom of the inclined shaft

As shown 1n Fig.1, the positional relationships between the control network of  The measurement network is
Yangjiang and Taishan nuclear power plants and the nuclear reactors, as well as jjjystrated in Fig.4, featuring a o
between the control network of experimental hall and the central detector, are  tightly arranged double wire P10C2
known. First, GNSS measurements are conducted on the control network points of  petwork to improve measurement PIobZ

. . . . . Fig.4 Total Station Measurement Point %, zp12

JUNO, Yangjiang and Taishan Nuclear Power Plants to determine their positional accuracy. Layout and Network Configuration L

relationships. Subsequently, using measurement technologies such as total station

and laser tracker, joint measurements are taken through inclined shaft and tunnel to . . .
, o , _ was used to conduct adjustment calculations on the planar and elevation data measured
link the control network of JUNO site with the experimental hall. Through a series of by the total station. The adjustment coordinate error components are shown in Fig.5.

data processing steps, the positional relationship between the nuclear reactors and the The maximum point accuracy is 3.8 mm.
central detector 1s ultimately determined, and their distances are calculated. - - - - | . | | | | | | . | |

Total Station Measurement Data Processing: The COSA adjustment software

30 H-m- x-@- -
oV [TE-X @V A 7 ‘_././0—0\. _
Positional § 25 | _
relationships S i N — g -
Control NetworkTotal Station, Laser Tracker Control Network are knowg Central = 70 F — - — = _
» 0f Experimental e > R 2.
of JUNO Site Inclined shaft, Tunnel Detector = -
Hall S 15l ]
g
& o T _ -
5 b i A A A A A A
505 - Y -
Positional Positional 0.0 _‘ -/‘—‘% ‘E'—'/* * | | | | | L
relationships 461 Network Control Network relationships .
Nuclear are known GNSS are known . Nuclear P04 P00 P03 P02 POl P05 P06 PO7 POS P09 P10 P10C2 ZP12 ZP11 P10D2
= » of Yanjlang <«—> of Taishan —= = . : : :
Reactors Nuclear Power Plant  Nuclear Power Plant Reactors Fig.5 Adjustment residual of total station network
Fig.1 Positional relationship between the central detector and the nuclear reactors Laser Tracker Measurement: The Leica AT403 laser tracker was used to
conduct joint measurement of the control network 1n the tunnel and experimental hall.
Measurement and Data Processing The measurement network is shown in Fig.6.

GNSS Measurement: A total of 12 Leica GNSS receivers were used to Laser Tracker Measurement Data Processing: The Unified Spatial Metrology
simultaneously observe 13 points across the three locations, with observations Network (USMN) function ot the SpatialAnalyzer software was used for adjustment.
conducted over three time periods, each lasting more than 8 hours. The GNSS The adjustment results are shown 1n Fig.7, with a maximum point deviation of 1.46
measurement network configuration is shown in Fig.2. mm and a standard point deviation ot 0.15 mm.

GNSS Data Processing: The observation data from the three locations and three - = Bottom of the inclined shaft Erl EL —

1.000 1: SA C:0 - Leica emScon AT403 1.000 P18B4 1.264 193%
1.000 2:SAD:0- Leica emScon AT403 1.000 P18D4 1.047 194%
1.000 3: SAE:0-Leica emScon AT403 1.000 2PN 1.022 125% ___34567891
1.000 4: SAF:0-Leica emScon & 1.000 P16C3 0.997 158% 01234
1.000 5: SA G:0- Leica emScon AT403 1.000 P10 0.957 107%
1.000 6:SAH:0-Leica emScon AT403 1.000 P164A3 0.826 10 01234
SR aone 2osto s o Amenn @ 1.000 w02 0.798 170%
Instrument Solution Reference Frame 1.000 P1243 0.771 111% 1234567891(
° nnnnnnnnnnnnnnn O Working Frame 1.000 P10D 0.750 W -
Auto Solve, Trim Outliers, and Re-Solve 1.000) W03 0897 L S
. . 1.000 P12D2 0.670 73% _12 91(
() Do this automaticall 1.000 P14D2 0655  85% 012345678910
1.000 PO9 ¥

time periods were processed using Leica Geo Office software for combined
adjustment calculations, utilizing broadcast ephemeris for unconstrained adjustment.
The adjustment coordinate error components are shown in Fig.3, with an overall
point accuracy of +3.3mm.

w
=
£
o
w

0.642 ez L _____
1.000 ZP10 0.636 93%
Best-Fit then Solve Trim Outliers 1.000 P16B3 0.600 94% 0123456____
1.000 2P19 0.584 141% 01
1.000 ZP18 0.578 0% 01234______
Uncertainty Field Analysis 1.000 P12D3 0572 1% 01234567891(
Begin Samples: 300 1.000 P18C1 0540  144% 012

eeeeeeeeeeeeeeeeeeeeee

) 1.000 P14D3 0.508 &% 01234567891
min 1.000 P14B2 0.493 86% 01234567891(
Reporting 1.000 P10B1 0.495 116%
B & o O Erar ' 1.000 VT04 0.465 84%
1% O Uncertainty 1.000 P18D1 0.442 % 012________

Instrument Uncertainty &nalysis CoVar 1.000 P12D1 0.436 62% ___345867831(

Create composite group: ~ USMN Composite No scale bars defined. Scale Bars

. L Summary
Create point uncertainty fields Point Error: Overall RMS = 0.150, Average = 0.078, Max = 1.464 P18C4'
p
Ol e bt e GES System Solution Time: 1.3 sec, Robustness Factor = 0.000057, Unknowns 186, Equations 2409

R \ e | T
Fi1g.6 Laser tracker F1g 7 Adjustment results
measurement network of USMN function
Results
Taishan nuclear” Due to the imnconsistency in coordinate Tab.1 Distance between JUNO detector
power plants systems among the adjustment results from and nuclear power reactors
ika L GNSS, total station, and tracker Reactor Name Distance/m
measurements, the BestFit software was YJ1# 52737.411
used to perform a fitting transformation Y24 52823.926
using common points among them, YI3# 52407.402
Yangjiang nuclear power plants  *#5=ean unifying all coordinate results into a single pEe JAG2508 ¢
LB =Y : YI5# 52106.712
coordinate system.
. | Based h dinat Its th YI6# 52193.170
Fig.2 GNSS measurement network configuration - based on the coordinate resuits, the —— 766,123
distance between JUNO detector and T 52636 353
| | I I | | I I | I I I ] )
<30 F A -H-X-@-V A 7 nuclear. power reactors was calculated, as —— 5375 069
= A A A shown in Tab.1. TS4# 52202.361
5,5 | A A A A ] :
5 A A Conclusion
< i -
S20LA A A - This paper provides a detailed introduction to the 3D measurement plan from
St /'\.\./._./' 0 : : the JUNO detector to the Yangjiang and Taishan nuclear power reactors. It
EL5r / 7 \ o— 0 e describes the main components of the measurement process, including GNSS
= :—: | f—?\o/? | B measurements, total station measurements, and laser tracker measurements.
i —— ZP02 ZPO3 ZPO4 YJOl Y111 YI4G Y134 TS0A T8 TSl Ti02 Additionally, the data processing methods and results are analyzed to accurately

determine the three-dimensional spatial distance from the detector to the nuclear

Fig.3 Adjustment residual of GNSS network
power reactors.
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Abstract: The design emittance of the High Energy Photon Source (HEPS) is < 60 pm-rad, and its brightness reaches

1x1022 phss I-mm~2-mrad—2-(0.1%bw)~1. This places higher demands on the absolute position accuracy of the storage ring equipment. To achieve the

technical indicators of the HEPS and ensure smooth light emission, the accelerator alignment team precisely aligned the equipment of the 1360.4m

circumference storage ring to its theoretical design position. The precise alignment of the storage ring ensures the position accuracy of the synchrotron

radiation light emission equipment and provides a relatively smooth track under absolute position accuracy control for the efficient operation of the

electron beam. In view of the narrow and long space inside the tunnel and the inability to have a wide field of view, to improve the absolute position

measurement accuracy, a control network layout scheme based on precise measurement with a laser tracker and a dual-instrument synchronous

measurement method were adopted. To reduce the systematic error of the instrument, the laser tracker used the double-sided measurement method for

observation. Through displacement adjustment, the final alignment accuracy achieved a maximum deviation of 0.305Smm and a standard deviation of

0.136mm for the absolute position of the storage ring unit magnets, both of which are better than the design indicators.

Key words: High Energy Photon Source; control network; laser tracker; alignment; precision analysis
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Figurel HEPS layout and device coordinate system definition

The entire HEPS device consists of a linear accelerator,a booster, a storage ring,
and beamline stations.

The storage ring has a circumference of 1,360.4 meters and 1s divided into 288
sections at intervals of approximately 6 to 8 meters. A total of 1,440 control
points form the tunnel network.

For the control network coordinate system of the entire High Energy Photon
Source (HEPS) facility, 1ts origin 1s set at the center of the storage ring. The due
north direction 1s defined as the Y - axis, the X - axis 1s perpendicular to the Y -
ax1s, and the Z - axis indicates the elevation direction. The definition of the
coordinate system for the entire facility 1s presented 1n Figure 1.
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Figure 2 Laser tracker measurement diagram

The comprehensive measurement of the storage ring adopts a dual-instrument
parallel comprehensive measurement scheme.

The double-sided measurement method with a laser tracker was adopted for
observation, and the observation quantity at each point was doubled.

The observation conditions of the same station, time, weather and measurement
points for two rounds of tunnel network measurements have been achieved,
minimizing random errors to the greatest extent and significantly improving the

repeatability of the two rounds of measurements.

The planar relative point position accuracy has reached 0.02mm, and the
elevation 1s 0.084mm. The absolute accuracy of the plane has reached
0.2mm, with an elevation of 0.059mm, which 1s significantly improved
compared to the point position accuracy of the third-generation light source
and 1s on par with the point position accuracy of international tunnels.

RESULT

Table 1 Comprehensive measurement error after precise alignment

Comprehensive measurement error after precise alignment
error statistics MR/mm MT/mm MH/mm
two times
measurement 0.230 0.190 0.085
coordinates deviation
single-pass 0.163 0.134 0.060
measurement error =0.230//2 =0.190//2 =0.085 /\/2

Table 2 Absolute deviation of storage ring devices from theoretical positions

The deviation between the actual position and the theoretical position of the
storage ring magnet (only unit points)
deviation statistics MR/mm MT/mm MH/mm
maximum deviation 0.197 0.300 0.178
Minimum deviation -0.305 -0.163 -0.129
RMS 0.136 0.056 0.061
mean deviation -0.058 -0.001 -0.004
The displacement method was adopted to precisely and directly adjust the

theoretical position of the storage ring.

After the absolute position alignment, a comprehensive measurement was
conducted again using two instruments 1n parallel. The coordinate
deviations 1n the radial, tangential, and vertical directions and the standard
deviation of the single measurement are shown 1n Table 1.

The comprehensive measurement results after the absolute position
alignment show that the maximum deviation of the absolute position of the

magnet 1s 0.305 mm and the standard deviation of the absolute position is
0.136 mm, from table 2.

The subsequent test indicators of the high energy photon source all meet or
exceed the approved acceptance indicators, and the precise and direct
adjustment of the theoretical position of the storage ring meets the accuracy
requirements.

(a) Radial absolute position deviation
Figure 3 Absolute position deviation of unit magnets after absolute position alignment of the
storage ring

(b) Vertical absolute position deviation
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Development of a hybrid superconducting dipole an ‘Ao
magnet with the magnetic field beyond 14 T T

tMﬁ% @{%ﬁ@%”ﬁ%ﬁ( Chengtao Wang*, Junqging Wang, Ze Feng, Wel LI, Huang Yang, Yingzhe Wang, Rul Ma, Hang Xu, Qingyuan L1, |
e o o e Fan Ren, Qi Zhang, Menglin Wang, Chunyan Li, Juan Wang, Rui Kang, Jin Zhou, Xin Chen and Qingjin Xu* ¥ # t & & #7 4 & sk 40

Superconducting Magnet Group, IHEP

IHEP, CAS (Institute of High Energy Physics, Chinese Academy of Sciences)

: O High field dipole magnets R&D steps Specification: |
I o o The fabrication of high field dipole magnets l
s - acmy R&D Magnet | Aperture . i
I It 1 ops | name | diametsr | MANTRIS | Savs |
I = l L (‘ LPF1 10 mm 10.23 T Completed I
i - l . Mypa l Stepl | LPF1-S | 12mm 10.71T | Completed |g
: i \ ' kl' ‘ ¥ LPF1-U | 14 mm 1247 T Completed |
2.758 e -
tos0 —_ LPF3-U | ~20 mm 145T Completed
a00e Step 2
I ROXIE P LPF3-Ul | ~30 mm Tobel6 T On going :
NbTi+Nb;Sn; 2*¢(p10 AP Nb;Sn+HTS; 2*¢$30 AP NDb;Sn+HTS/HIS; 2*p45S AP
Step3 | LPF4... ~50 mm | Beyond 16 T Next
: 10T@42K 15-16 T@ 4.2 K 20T @ 42K P 4 "
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I - d piston :
r 4.000
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0.881 e
i The cross-section of LPF3-U HTS insert coil design Field distribution In the LPF3-U Schematic diagram of LPF3-U I
h---------------------------------------------l

[ Fabrication and performance tests of LPF3-U dipole magnet
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" A series of subscale dipole magnets featuring hybrid NbTi, NbsSn, and REBCO superconducting coils have been developed at IHEP, with I

" progressively enhanced design complexity and electromagnetic performance. The most recent prototype, LPF3-U, achieved a peak field of i
] 14.5 T within a 24 °X16 mm aperture. Currently, an upgraded magnet, LPF3-U1, Is under assembly, with performance testing scheduled for |

J December 2025. This enhanced prototype Is anticipated to demonstrate further improvement in the central magnetic field strength. "
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In this work, a 2D axisymmetric model was established based on Numerical model: Experiment:
the H-formulation.By coupling electromagnetic and thermal modules, | e only consider the superconducting layer ® Thermal method
the variation In dynamic losses of the NI closed-loop HTS coil was 00025 1) Sl L\
analyzed when an induced current was generated under a parallel R ' i‘\ »( Bt
time-varying external magnetic field. The accuracy of the simulation - ¥ 4k
calculations was verified by measuring the coil’s temperature rise. %Oomo_

Furthermore, the research was extended to the combined structure of
insulated (INS) and non-insulated (NI) HTS coils: for this combined o

structure, the current density distribution and dynamic loss variation 20000, i _rm_

of the coll were analyzed, and the dynamic loss characteristics of the Instantaneous power under simplified and full models

coll under complex electromagnetic fields were discussed In detail. O o — R — ], e Dynamic loss experiment of rotating coil excitation
This study provides a theoretical basis and technical reference for 25— curren(a DR i B
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'_ =, 1% simplified model is less than 5%
 losses. - 15 1 1us _ L .
N I, |~ » Rotating colls will generate dynamic
/ \ | Iy losses under changing external fields
- St . _ - -
Modelling method e, |0 » Dynamic loss causes the coil
ts) temperature to rise
I\/Iodeling Of non-insulated CO”S . \Temperature and shielding magnetic field changes /
Dynamic loss of 1m colls
Excitation rate:
. - 5000
» The greater the excitation rate, the | [ 200as [ 20avs I 10A/s [ 5Avs
COS o —Sina | | greater the instantaneous power oo .
— ( ] (anticlockwise) | %00 ——200A/s  ——20A/s 3000 |
sina@  cosa (n) (r) 5001 1495 0g - _
p— g . [ > |
CcOS Sino ) L 2 400¢ 1000l 2000 |
= ( . (clockwise) R — onoas| |
Sina — oS a;_:300- L bank %3000_ 1000 - |_m m ﬂ_‘ ﬂ
j=—2e Ee = pl = ( aEﬁ”) 0 . s | o ° [ e
— r — Prtr + Pr U | — 100 —— HAls o 0 0% &0‘36 e° i K
' az (a]@ at 62: 49.68 25.26 12.87 o o in o
0H, O0H, 0E. OEF, 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200 Dynamic losses of different Jt/Jc at
Jp = e > > Ey, = Pordr + Pyt > ,u, 6t ( 5, P ) =0 nter-tur nt(s)res_st_ , t(s) different excitation rates
- u I I V I y : =600 CEEMC1) =600 S5t (1)
O0H 10(rE . . om B
_10(Hy) E = =h B _ 0 » The smaller the inter-turn resistivity, . B T = o
_}E r ar Z pZaIE .ILL a t a ar ] 0.01 by 0.01 o
the greater the dynamic loss ,j";jé{ : _j‘jjgg 3
E J (n=1) 120 1630 m? . 1650 m? 00 1690 mzé ) mzé as
- = = — —_— e ‘m — 10 ‘m 0,025/ :‘1"8 0,025 :‘1"8
reSIStIVIty: psc ] 100 -_ - . 2 — -1 . 2 " 0.48 0.5 0.52 0.54 mv-1.22 * 0.48 0.5 0.52 0.54 mv-1.23
JF C (_B JT) j C (.B JT) 1e"Q'm 15000 1e7Q'm 2600 ¢ —— Bi3=600 5 e (1)
_ 80 '_ 1e-9ﬂ'm2 A I 1e-99.m2 n;:% | ' A11.3 ";:(%EE | ' A11.38
dynamic loss: @ = Un + Q¢ S O 16’ 51000 —— 1610w’ e o z
40 F 0 8-2 o g.z
> 2 EE - B e z§;z
coupling loss: @n = ||| PnJndv hysteresis loss: @t = ||| pdidv == L= i woe ke
\ / 0 100 200 300 400 500 600 0 100 200 300 400 500 600 PR e o0 o o m

The drstnbutron of Jt/Jc under drfferent Rc0

t(s) t(s) i #i9=305 CEECQ) | #i9=305 EmMe) )
T , ! 2" |Number of turns of the end coil: i = oz =
Parameters of HTS colls | SR = |
> The number of turns in the end coil has_m [
the greatest impact on dynamic loss = feo o =
Parameters Value(100mm) Value(1m) g P v y = s00 I E 250 |
HTS tape’S Wldth(II]IIl) 4 5 800 300turns 7000 i 8=30s ¥ J)c (1) 51i3=30'5 ) |
. | —— 250turns 6000-' "0.03 = Al - |ar
HTS tape’s thickness(mm) 0.1 0.1 600 F —— 200turns s000 | o 1 — |
HTS coil’s radius(mm) 50 500 5/400'__ 150turns = 4000} o e o
| 3000 o [2¢ oo e
Lo@77TK(A) 200 200 200} 2000 4l = 20,., = E 150 |
i 1000 F 048 05 052 054 056 m 0.4 :
n 20 20 Olme®™ oL ___ The distribution of Jt/Jc under drfferent turns
F'vo(H /m) 47t*107 47t*10-7 0 5 10 t1(5) 20 25 30 0 5 10 t(lt; 20 25 30 m E o300 " !
S S of’a?i | SEPYSH =]
Ol 1.5181 1.5181 Coil configuration. = o
B 2.3251 2.3251 > Series connection of coils can reduce °°°°° B E L R ek
Inter-turn resistivity(€2-m?) 10-11 - dynamic losses e e : e
\_ / _ _ 25000 = ™ —
. N 120 = 1eQ-m*-series connection — o

QW)

= =1¢'Q-m’single

10000 . 169 msingle

000000

000000

% s0L= -1e70-misingle

| | — =160 m’single
rotating coil:

* Non-insulation

+ Simplified modeling ||||||||||||||||||||||||

Background coill: 0
- /

5000 |

000000

000000
0000000

----------
ssssssssssssssss

A
QOZ
- v .
#7/8]=600 s
m0.03 mo_o3 {A 137
PN . o2 . oo L
| — 1e°Q-m™series connection | eos : | ST
. . . . : | flo.a 0.005 0.4
. ol 1e”'Q-m®-series connectio 20000 L—— 1e'Q-m*series connection 4 *% o2 ; g~2
- -0.005 - i -0.005
Model of HTS colls | —— 1¢°°Q-m’-series connectigh § | 169 -m%series connection/ | » ez Coa o
-0. . 1 foe -0.02 -0.6
80r— -1e%Q-m?single f| o150001— -1e°Q-m’single o023 , Serles (00 ows ‘;-8
-0.03 connection - -, -0.0 * V -1.51
0 0.56 m 0.5 0.52 0.54
Aia)= FE: Jt)c (1)
m0.03 A13 A 145
o T :
0.015 o8 08
0.6 0.6
4 104
0.2
0
v

H
B o
w0
"
=

s g

l:m

=

-

=

‘cz_ | 4

coo
N

[y

¢’}

=

gQ

p—

Insulation ,
0 100 200 300 400 500 600 0 100 200 300 400 500 600 -

Independent modeling “lea

t t 1. - S1 05§m 1.32
) . o The dlstrrbutron of Jt/Jc under
Instantaneous power and dynamic losses
different connection methods

---------




Development of a CLIQ-Varistor Quench Protection Scheme
for the LPF3-U Superconducting Dipole Magnet

Junging Wang'2? , Ze Feng!?, Rui Kang?, Jin Zhou? , Xin Chen?, Chengtao Wang!>", Qingjin Xu!~*
(1. University of Chinese Academy of Sciences; 2. Institute of High Energy Physics, CAS)
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INTRODUCTION ;jj;o .k
For the pre-study of the Super Proton-Proton Collider (SPPC) project, oa i

the Institute of High Energy Physics (IHEP) has developed the LPF3-U, sl © © ] Hase

designed to achieve a 16 T dipole field within a 16*24 mm? aperture. or] -
The LPF3-U magnet integrates six Nb;Sn coils in a Common-Coil o o

configuration, accompanied by an HTS insert that utilizes seven YBCO coe] i )

tapes wound 1n parallel with a stainless-steel tape 1n a racetrack coil o] -

structure. OO OITR”
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Fig.4. Temperature Distribution of Quenched Coils in LTS at 7580 A
Quench Damage Analys1s and Self-Protectmn Scheme of HTS

HTS load line ratio: 72 2

Fig.1. Electromagnetic Design and Physical Diagram of LPF3-U

LTS magnet stores 2.1 MJ at 7580 A, HTS 1nsert magnet 0.166 MJ at
2180 A, and mutual inductance energy between them 1s 0.04 MJ.

CLIQ Quench Protection Scheme For the LPF3-U

Through calculations, the segmenting scheme that minimizes the
equivalent inductance of the circuit1s 1, 3, 2, 5-4, 6.

* Circuit Model and the Optimal CLIQ Scheme
nd2 D

Fig.5. Typical damage Types of NI/MI HTS cbls

When the HTS insert magnet 1s subjected to the quench of the
background magnet or its own high-current quench, there 1s a high risk of
damages such as REBCO tape mechanical damage, voltage breakdown,
and overheating burnout. NI/MI coils allow significant intra-turn and inter-
turn shunting, which greatly improves the self-protection performance of
the magnet; however, the extremely small inter-turn resistance also
prevents effective energy release outside the magnet.

. The shielding measure
1 rcduces the induced current
B from over 2000 A to 1300 A

—
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Fig.2. Quench Protection Circuit Model of LTS Magnet
In hybrid magnets, the mutual inductance coupling between magnets
must be considered when analyzing the performance of CLIQ.

& The insulation design,
B together  with  additional

B parallel superconducting str1ps

BUG)

Volt age(uV) .

2500
— 0625V 1.2 mF i — 625V 1.2 mF
3.9x10° ———600 V 7.2 mF 2000 } —— 600 V 7.2 mF
575V 13.2 mF ‘ —575VY 13.2 mF
2.6x10° | ———550 V 19.2 mF 550V 19.2 mF
- ———525V 252 mF et | 525V 25.2 mF {
w3 W — 2 M L I ' [ m— 2, |
< " o Ll el M YLEmT i //f| and assembly preload, and
< =] s & B4 add mechanical buffers at key
= I Ul 500 f 7 4 , ' Lo
© —13x10° — - positions
“ = :
-2.6%10° t ' B
| ~500 L h . L. £ th It .
e L T T T Py Ty In addition, the design and optimization of the HTS self-protection
Time (s) Time (s) scheme have been carried out through solutions such as thermal

Fig.3. dI/dt and I CLIQ Among Different Capacitor Banks

By comparing results such as CLIQ efficiency, action time, and heat
transfer calculations, 7.2 mF@600 V 1s selected as the optimal CLIQ

scheme
* Simulation Results and Experiment

Calculations indicate that the maximum voltage to ground 1s 918 V and the
maximum hot-spot temperature 1s 318 K, both within the safe range. To date,
30 safe LTS quench protections have been achieved in the tests of three
generations of LPF3-U magnets.

conductivity design, joint technology, inter-turn resistance optimization,
and the balance between loadline and copper plating thickness. Furthermore,
a scientific hybrid magnet excitation scheme can also avoid HTS quench
damage to a great extent.

Optimized self-protection design enables the HTS 1nsert magnet to reach
a 7.66 T bore center field at 2159 A, and assists the LPF3-U magnet in
achieving 13.74 T (bore center) and 14.49 T (maximum bore) via
combined excitation.
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Abstract Simulation Analysis

» Traditional flywheel energy storage technology 1is limited by the @ > Three sets of data were collected on the data acquisition instrument: the
mechanical strength of materials, resulting in a theoretical upper limit on back-field coil end voltage signal, the back-field coil current signal, and
flywheel rotational speed. To address this bottleneck, IHEP has proposed a the Hall probe signal.
new ring-shaped superconducting kinetic energy loading system. This . > The Hall probe signal is used to indirectly measure the induced current on
system provides centripetal force through radial electromagnetic force, the rotating coil.
breaking the speed limitation. An external back-field solenoid coil supplies T T T T L S R S

. . . . . E 0.010 (F:?ETZHET;A) - o 0. 010- — lglfgliznt(T)(A> /_\ -_50 -o. 006
the magnetic field to the internal tlywheel coil, and the tlywheel coil 1s o Z 0 Looo
| © 0.0004 T pM—— -202-_0'04 i o oooo—- — / -————— 30;:-_0'002 i
energized through induction excitation. This method of inductive Bow 2 o | o 500 2
energization effectively reduces the impedance i1ssues caused by current o] SR A S T wor] o
leads under rotational conditions. The flywheel coil 1s a closed-loop, a e b e
double-pancake wound, insulation-free coil, solidified with solder, 2 S
offering both a stable mechanical structure and excellent post-excitation / " T ///i o
current retention capability. L # e — tlagows 2 * Zrom =
| / ‘ N oo o W—
:: -0. 10‘_ | . I(;grll"zn‘zT>(A) _ i -0. 06 \Cfﬁrrent ) Lot
COll DeSIgn E _0.15—_ I Lo |00 _0-08_' : Field (T) -_0 --0.004
E C Tims (s) é 500 1000 ;i(lfs (8)2000 2500 3000

> T inimize the ti | h ing th k-field, high- . .
0 minimize the time delay when powering the back-tield, hig - » Figure a: Magnetic field data measured from a single background coil.

temperature superconducting tape wrapped with Kapton is used for . .
prrdatiitt Sup HEtlls bt Wiapptt W P The magnetic field 1s completely linearly related to the current.

winding, and Kapton 1s used to provide inter-turn insulation. u . . .
5 P b - » Figure b: Magnetic field changes at the edge aperture during three stages:

| power-on, constant current, and power-off

> Figures ¢ and d: Magnetic field changes at the central aperture during

| three stages: power-on, constant current, and power-oft

2
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» The rotating coil 1s wound with copper-plated tape as an uninsulated U Al = e 1o 0 o smsh _
\ — — [ - — [~ — — — ™~ - -— = InQ 0. ImmSD
. : 0'003-’_ ‘_, o L v N e N —~—0.5nQ 0. 1mmSD
double pancake. On the outermost layer, 4mm strips are used to weld the oonz” NNl R 0o '
. . . , | e NS B E ome -
double pancake coils together in a manner opposite to the superconducting ol g BT B ]
" 0.05 0.052  0.054  0.056  0.058 0.06 0.062 m Times (s)

layer, forming a closed loop. |

» In the comparison between simulation and experimental results, the
main adjustments are made to the two parameters: inter-turn
resistance and joint resistance.

» In the comparison between experimental data and COMSOL simulation
data, the trends are basically consistent, and the joint resistance of the

coil without insulation after solder solidification is controlled below 1

nQ).

Parameter Value | C l .
Back-field coil onciusion

inner/outer diameter

N » This experiment, combining electromagnetic simulation with
Rotating coil inner/outer mm

diameter ;; experimental verification, confirmed the feasibility of the induction

Back-field coil current A 33 excitation method along with solder curing closed-loop and the

Tape - | continuous current-carrying capability of the double pancake coil,

> Indirect measurement of induced — jj laying an important foundation for the innovative design of a new ring-
ritical current "

shaped superconducting kinetic energy loading system.

current at 77K
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Abstract

......................................................................................................................................................................................................

.> The direction of the background magnetic field was parallel to the W|dth
~direction of the superconducting tape inside the coil. ;

v S

> Iron-based superconductors show great potential for high-field magnet

applications. The electromagnetic properties of iron-based superconductlng Results and Discussion

(IBS) uninsulated colls are crucial for their future practical applications, yeti
characteristics such as charging delay and turn-to-turn contact resistivity > The coil was charged to 50 A at three current ramping rates (0.1, 1, and 10

~ (R,) remain poorly understood. To address this, we fabricated metal-: A/s) and held at this current for a certain period; after the magnetic fleld
~insulation (MI) and no-insulation (NI iron-based superconducting double ~stabilized, the power supply was cutoff.
pancake coils (DPCs) and systematically tested their charging and sudden-’ @ =TT 125 sof = @ IKNT@IS 12;2:

- discharging behaviors. Experimental results revealed that the R, of the IBS-E | 7 5 ojsié = ; Reacomt |50,
Ml coil is 6.3 times higher than that of the IBS-NI colil, along with a ! RS bt © 20} 1004 2
~significantly shorter charging delay. Moreover, an interesting phenomenon: o} - 02— C ! 12222
~was discovered: the R, of uninsulated IBS coils is much lower than that of j e LR R o 50 w0 w0 a0 m0 a0 .,

- the REBCO coils reported in previous studies. For rigorous verification of (0) o, [ L 3 N 7 lo.10 =
~this finding, MI and NI REBCO coils were prepared and subjected to: zof & W L S sof e
- charging and sudden-discharging tests. Through comparison, it is found that Ll = I S oo §

- the Ry, of the REBCO-MI coil is 73.6 times greater than that of the IBS-MI o — e o J L e
~ coil, while the R ; of the REBCO-NI coil is 3.6 times greater than that of the o 0100200 30 o0 a0 o0 TR NN R——

- IBS-NI coil. The main reasons for this difference will also be analyzed in ] et — J102 w0 R L1
~this paper. From an application perspective, the low R, of uninsulated coils: <l ook Z w0} 1000
~also means high thermal stability and self-protection. This work lays the: 5 =f e foed 30 toos £
~ foundation for investigating the proportional and integral (PI) feedback ol Y | G o
~ control method to eliminate magnetic field delays and for validating the oo a0 W0 o0 e o ;0 e w0 w0 o
~thermal stability of IBS uninsulated coils in future studies. Figure 3. Time-dependent current and normalized magnetic field  Figure 4. Charging and sudden-discharging test results of the REBCO-MI coil
| - curves for IBS-MI and IBS-NI coils at different charging rates. (a), REBCO-NI coil (b), and REBCO-NI+IPI coil (c) at 4.2 K and 10 T.

\/ At the same charging rate, the T, of the IBS-MI coll Is always S|gn|f|cantlyl
~shorter than that of the IBS-NI coll. ;

Table 2. Key electromagnetic parameters of coils. — w‘
g - 74 .856
G
IBS-MI 163  8.55 1.017 ¢ | |
IBS-NI 1231 1.60 0.160 Sl .
Figure 1. Detailed photographs taken during the fabrication process of IBS double pancake coils. (a) IBS-MI coil fixing. (b) IBS-MI coil after REBCO-MI 0.16 869.37 74.856 E
heat treatment. (c) IBS-MI coil after completing the joint and voltage leads soldering. (d) IBS-MI coil after epoxy impregnation. S O 574
_________________________________________________________________________________________________________________________________________________________________________________________________ : REBCO-NI 25 0 3.14 0574 0 160
: v The IBS-MI and IBS-NI coils were wound using AgSn/Ag-sheathed Bal22: O
~ tapes under a tension of 50 N. During the winding process, the IBS-MI coil ~ __REBCO-NI+IPI 316 63.79 4503  Figure 5 Comparison of R, between IBS and REBCO coils under

MI and NI winding methods.

- was co-wound with a 0.05 mm thick stainless steel (SS) tape. After winding, e — T
~ both coils underwent a heat treatment at 880 °C for 1 hour, followed by v The R of the REBCO-NI+IPI coil is 4.503 pQ-cm?, which is 7.8 times that

epoxy resin impregnation for curing.

of REBCO-NI. This demonstrates that the 0.15 mm-thick Kapton S’leeté
effectively serves as the layer insulation by blocking the shunting path:
- between the pancakes.

e S =

e — =

NI+IP1 coil were wound using 4 mmi
~ wide REBCO tape under a constant' v The R, of the REBCO-MI coil is 73.6 times that of the IBS-MI caoil, whlle

tension of 50 N. | the R, of the REBCO-NI coll is 3.6 times that of the IBS-NI coill.

v REBCO-NI coil was wound solely with:
. superconducting tape. ;

"~ v REBCO-MI coil was co-wound with
wfi#l |
~ superconducting tape and SS tape. |

Figure 2. Photogaph of the REBCO-MI caoil. -

v REBCO-NI+IPI coil was Incorporated with 0.15 mm thick Kapton as mter--

~ pancake insulation between double-pancake windings. ;

Table 1. Parameters of the coils.

Coil parameter Unit IBS-MI - IBS-NI REBCO-MI REBCO-NI REBCO-NI+IPI
Inner diameter mm 33 33 33 33 33 Figure 6. Photograph of the cross-section of the IBS-NI coil after heat
Outer diameter mm 53.2 53.5 41 38.9 38.9 treatment.
ng::”oittz:::&) "\ . - i - - v Between adjacent IBS tapes, gaps are only visible near the edges whereasl
Number of layers . 5 5 5 5 5 ~ the central regions appear effectively fused. j
Superconducting tape width mm 4.7 4.7 4 4 4
Superconducting tape thickness mm 0.31 0.31 0.09 0.09 0.09
. @4.2K/10T A 135 135 750 750 750
Inter-pancake insulation -- / / / / Kapton sheet .‘/ Electromagnetic properties of IBS coils are affected by winding method :;
Width of co-wound SS tape - mm ° / ° / / ~ the R, of the IBS-MI coil is 6.3 times that of the IBS-NI coil, with shorter
Thickness of co-wound SS tape mm 0.05 / 0.05 / / ; charaina dela :
Coil inductance (Lcoi) mH 0.1394 0.1978 0.1391 0.2034 0.2017 Bl g _____ gy _______________________________________________________________________________________________________________________________________________________ !
| Lo e BIE RS BARSE B T T T
M l‘/ The R of IBS coils Is significantly lower than that of REBCO coils. The
> Charging and sudden-discharging tests were conducted under the conditions: = core reason is that adjacent turns of IBS coils form partial diffusion bondmg

of 42 Kand 10 T. ~ after heat treatment at 880°C, which increases the effective contact area.
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ABSTRACT

This poster presents a domestically developed LLRF control system for simultaneously driving six superconducting cavities with a single klystron. Based on a fully
domestic MicroTCA .4 platform, the system employs vector-sum control, IQ sampling, and feedforward-feedback techniques. It ultimately achieves high-precision
amplitude, phase, and frequency control for the six cavities, validating a key step for the CEPC project.

J

VECTOR-SUM CONTROL PRINCIPLE FIRMWARE OF THE LLREF

Each of the three board cards handles the

— L JC JC JC JC §0=——=— LT — complete processing for two cavities, including
E : V cavity 1 — V cavities _sum
=1

sum

e ~ ~ e ~a T — _ signal demodulation, local vector summation,
L ik tuning, and quench detection. These local vector
The Vector Sum Control Principle sums are then sent to the main board, which

consolidates them into a global vector sum and

OVERVIEW OF THE LLRF FOR MULTI-CAVITY generates the final feedback signals.
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CEPC 650 MHz 6x2-cell superconducting module LLRF system design scheme

IQ Ctrl | Amp/Pha Ctrl

The system operates in a master-slave architecture, utilizing a unified vector-sum setpoint for global
control, which eliminates per-cavity feedback loops to reduce cost and complexity. The tuning of
individual cavities 1s achieved through a combination of feedforward and feedback control, ensuring Firmware Architecture Diagram

precise adjustment.
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Detuning Fitting ® In Progress
Firmware integration and testing, calibration module development, upper-layer
- | driver optimization, and EPICS applications are currently underway.
—l .
o 1 * Future Plans
By June 2026, a horizontal test platform will be established in Huairou, Beijing
“ for the nstallation and debugging of the LLRF control system.
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Algtract

@ This poster presents research on a dual-aperture superconducting quadrupole magnet of CCT type without 1ron core shielding, which 1s being designed for the
interaction region of the CEPC project. It mainly introduces the direct-winding magnet design scheme and the development of direct-winding technology for
fabricating CCT magnets.

(2) Introduction ‘4 ) Method

The CCT coil path can be expressed by the equation, and the surface current density 1s used to
derive the corresponding current density distribution of the coil and the magnetic field 1t
generates. Therefore, by modifying the coil path equation, the current density distribution of the

The accelerator of CEPC is now in the engineering design phase,
which places more stringent requirements on the design of the
superconducting quadrupole magnets in the interaction region. The

need to reduce both the weight of the superconducting magnets and coll can be adjusted and new multipole magnetic fields can be added without the corrector coils.
. . . . . Y
the deformation of the cantilevered support has led to the proposal Moditied CCT coil path equation:
of an 1ronless magnet solution. As the dual aperture magnets are not Rcost
shielded by iron yokes, crosstalk will affect the magnetic field B(6) = Rsing o _aN <6 < 71N X
quality. For this reason, we propose the 1ronless dual aperture = sin(nf) + o T z'
superconducting quadrupole magnet without correction coils.
(m) , z (C Rsin(nlé?)) N z (D Rcos(nze))
2IRD 0.1 Q2IRD —
S _, . ™ nytana nz " nptana Schematic cross-section of double-aperture magnet.
Q1BIRD 0.10 Q1BIRD ’ )ﬁ
Q1AIRD Q1AIRD ]
Zg
( +m J* s
In /R\" Ll N T
' Ca= (DM eph o () .
I < ! e ——
% Q1B|RUQWRU _0.10 Q1AIRU i s . (_1)2n+m_1cn_1 I_B E n+m | B]
e . . \ B — n+m-1 4 4 \x Schematic diagram of double-aperture magnet with included angle.
Layout of SCQ magnets in the interaction region. The beam crossing angle between the two apertures of the superconducting magnet in the CEPC

interaction region 1s 33 mrad, so the distance between the two apertures varies with position.

R , wbo ,
Zy+ 2 tan(a) sin(20) + —+z' |tan B + X,

X =2 X
@ Purpose 2m
The dual-aperture superconducting
quadrupole magnet Qla, with the Item Value
1 1 1 Position f he IP 1900
interaction region closest to the osition from the @ Result B /B.< 3% 104 . o
interaction point and the smallest —Menetic field gradicnt 1423 - o PnlPa= e The critical aspect of the magnet combination
1 - 0.015- - Y — b . . ]
distance between the two apertures Reference radius 7.46 o —i oo —= analy51s. 1S to determme. whether the magmtgde
example. The magnetic field quality = Dstance betweentwo 1 £ 0.000- — I requirements after combining Qla, Qlb, and Q2.
. aperture beam lines at tip ' g_ﬂ_ 0051 J \j 5 0007 '
problems caused by crosstalk and | 0.010-
Integrated field harmonics <3x10-4 - 0. 010+ R
edge effects between the two | | sl sy _
Dipole field in aperture <300 G 1000 -500 0 500 1000 1000 -500 0 500 1000
apertures of the magnet are solved . Z (an) . 2 () iRy L g
to meet the EDR requirements for Requirements of Q1la magnet. Corrected CCT Qla magnet multipole components. o
QIBIRU
the Qla magnet. —rit
0. 25
Qla, Qlb, Q2 magnets 3D model.
= (W S ﬁ ~ 1885
£ QU :D.Dlﬁ- ; 0. 015 <300Gs
% ( (@@ 10.010 gﬂ.mm
, 0. 000 - 0. 000
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Uncorrected CCT Q1la magnet multipole components. before (red) and after (orange) adjustment. Amplitude of Qla, Q1b, Q2 dipole field.
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Abstract

» In large particle accelerators, the RF power system consumes the
most energy. Much unused RF energy i1s wasted as heat 1in an
absorption load. RF-DC rectification offers a solution to recover
this energy, but has historically been impractical due to transistor

limitations 1in handling high power/frequency. Recent GaN

transistors have overcome these limitations, reviving interest in this -

method. This work investigates the feasibility of GaN-based RF

rectification and 1ts potential for improving energy efficiency in
future colliders like the CEPC.Simulation has achieved 500 MW

RF power rectification at S-band using a single module.

S-band Power Source System (Pulsed) Waste power : 10%
Peak Power: 7.2MW

Average power: 2.88kW

Plug power
Pulse I RF Waveguide 90% Acceleration
Modulator Klystron transmission system structure
ook 47,08\;:%%320 Y Peak Power: 80 MW Peak Power 72 MW Peak Power: 64.8 MW
Average power: 32kW Average power. 28 8kW Average power. 25.92kW

Average power. S0KW

Microwave circuit design

» The energy-recycling load comprises two components: a microwave

extraction circuit and an RF rectification circuit. Microwave energy

passing through the load 1s converted into DC power, thereby enabling?

its secondary utilization.

Energy Recovery System (for Absorbing Load)

P TR S S ————————————— —

RF-DC Module

i DC
Acceleration coaxial |RF,!| Matching RF-DC | B
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» The microwave extractor design employs the following
configuration: An aperture 1s created on the broad wall of the
original microwave absorbing load. A coupling tab extends through
this aperture and connects to a coaxial transmission line. By
adjusting the insertion depth of the coupling tab, the amount of

extracted microwave power can be regulated.
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> CST simulation results demonstrate that microwave extraction
across a wide frequency range can be achieved while ensuring no

reflected waves return to the accelerating structure.
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Rectifier circuit design

» The core of the RF rectification circuit design lies in the selection
of semiconductor device materials and device types. Both the
HEMT based on Gallium Nitride (GaN) material and the LDMOS
based on Silicon Carbide (S1C) material possess greater potential
for withstanding high-frequency/high-power operation. Therefore,
the devices selected for this work are the aforementioned two types.

» Upon determination of the semiconductor devices, the design of
the rectification circuit topology needs to be undertaken. Both

HEMT and LDMOS are field-effect transistors. The principle of

transistor rectification is illustrated in the figure.
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» The circuit structure in the figure below 1s the schematic diagram
of the designed rectification circuit. ADS simulation results
demonstrate that when 56 dBm of RF power 1s fed into the input
port of the rectification circuit, 40 dBm of DC power can be

obtained at the output port.
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Conclusion

» The results of ADS and CST simulations in this work demonstrate

that the unused RF energy 1n the accelerating structure can be
converted into DC power. Although the current conversion
efficiency 1s not high, there remains significant potential for future

improvement.
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