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Carbon Neutrality and Nuclear Energy

“Holding the increase in the global average temperature to well below 2° C above pre-industrial levels and

pursuing efforts to limit the temperature increase to 1.5° C above pre-industrial levels.”

Shares of nuclear and renewable energy in the electricity generation mix

and corresponding climate warming across IPCC ARG6 scenarios.

The Paris Agreement

Greenhouse gas emissions from electricity generation technologies.

g 50% %,u_ -\\ooo )% Esiim_aletd Each dot represents Mln MaX g 002 eq/kWh
3 o o % warming an individual l: |
S 45% Y \ "%, >3°C scenario coloured Nuclear 5.1}6.4 |
g \‘\ % <3°C aogord:ng 10 the H
£ 40%13, \ i estimated tempera- ydropower 6.0 ===} 147
: I & : wremerease wind onshore 7.8 116
=] N 9 <2°C
335/ A . 1 ‘\\?&6/ 0 <150 Increasing shares of : . ’
g : Y "% o notspecifieg DOt renewable and Solar photovoltaic 8.0 =183
g ‘ N 0e | generatonare Wind offshore 12 123
= ] X 3 3 generation are
% 25% A ’ \'\ % IEA Net Zero necessary to limit
® 2% NS A ‘ ", Emissionsby  warming. Solar CSP 27 [j==} 122
2 ol ae *s ) O . 2050 Scenario . ,
Rt NSO ‘ 9 . Natural gas with CCS -~ 92 |==1 220
Ny x ¥ & - ' " relative to pre- B '

R NS 2N B P i R st omperaure, Coal with CCS {47 feefemet 469
= € 5% ) Ol with > 50% probability,

10% \0o SO0 8285 0% et o MAGICCV7.5.3. Natural gas 403 == 513

. ) fo 50 0 & GPELE 8 oy
& "o® * % W < IEA Net Zero Coal - - - ! 751 j———i 1095
e o Do 2SRPY e " Emissions by 2050
0% N A ST Scenario is indicated. 0 250 500 750 1000 1250

0% 10% 20% 30% 40% 50%
Source: IIASA (2022) and IPCC (2022a).

« To achieve carbon neutrality in the coming decades, a key to avoiding global warming of more than 1.5°C, investment in the

60%

70%  80%
Renewables** share of electricity generation, 2050 (%)

90% 100%  * Rgnewables

excluding biomass.

Source: based on data from UNECE (2022). Note: CSP — concentrated solar power;
CCS — carbon capture and storage.

https://www.iaea.org/topics/nuclear-power-and-climate-change/climate-change-and-nuclear-power-2022

energy sector must be scaled up and directed towards cleaner and more sustainable technologies that support global
climate change mitigation and adaptation.

«  With one of the lowest carbon footprints, 24/7 availability and the operate flexibly, nuclear power can make an irreplaceable

contribution to a stable decarbonized power system and act as a requlator to renewable energ

such as solar and wind.

The CiADS Project: Status and Challenges, Yuan He



5}‘.@; Nuclear Power Making a Comeback “AO

'] L’

China Initiative
w Accelarator Driven System

O Nuclear power is gaining support again after years of decline
52 more reactors under construction, 2/3 in Asia.
« ~30 new countries are looking at nuclear energy to meet their power and climate needs.

Africa I

America - Latin . Bl Operaticnal

America - Northern Under
; - Construction
Asia - Far East [
Asia - Middle East and South [
Europe - Central and Eastern Y w Y o
—_— / .; ‘ = - F.‘
Europe - Westem _ Anti-nuclear movement supporters gather to celebrate the shuttering of Germany’s

0 20 40 &0 20 100 120 140 last three nuclear power plants on April 15, 2023 in Munich, Germany.
——Johannes Simon | Getty Images

News

O Nuclear Energy Makes History as Final COP28 Agreement Calls for Faster Deployment
OO0 At COP28 by more than 22 countries to advance the aspirational goal of tripling nuclear power
capacity by 2050, as well as statements by the IAEA and the nuclear industry.

The CiADS Project: Status and Challenges, Yuan He
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Radioactive waste removal rate(%)

»> 8 tons of natural uranium --> 1 ton of nuclear fuel -> only 50 kg is burnup into fission products
> Reusable fuel (950kg) + depleted uranium (7 tons) has huge untapped potential for energy
»> By 2035, UxC estimates that spent fuel emissions will be close to 618,000 tons, according to tripling nuclear

power by 2050, that means at least 30,000 tons/y

The CiADS Project: Status and Challenges, Yuan He



c:igg,f/}; Trend of nuclear fission energy future élg
H=W

B the Next generation nuclear power should be Sustainable

O Breeding O Transmutation
« U238 > Pu239

B decay P decay

PV -
o0, B by . Fast neutron
neutron . % ,%___,:%4. % (>0.1MeV) °

U238 U239 Np239 Pu239
]

* toincrease the amount of nuclear fuel by
hundreds times

 to reduce the amount of nuclear waste by tens
times

 to shorten the radioactive-lifetime by

operation : thousands times

recycling

The CiADS Project: Status and Challenges, Yuan He



éé;% Accelerator-Driven System élD
B Principle of ADS

ADS consists of an accelerator, a spallation target, a subcritical reactor, and energy systems. The

subcritical reactor is driven by a high energy proton, works like an energy amplifier.

162.5MHz 325MHz 650MHz O

Accelerator

power
Fission neutrons
>1000 n/proton

S,: source cﬁ;;
density bil

Proton~1 GeV

Energy production Spallation neutrons ~20 n/proton &bl g Subcritical reactor

The CiADS Project: Status and Challenges, Yuan He
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"Full" use of depleted uranium and spent fuel, and "flexible" integration of
the existing nuclear power industrial system

Accelerator Driven Advanced Nuclear Energy Spent fuel, Natural Uranium, Transuranic
System

Superconducting linear accelerator

; & W L
Hiw
| .
' ¥ "

Subecritical reactor

« Spent fuel reprocessing: Partially remove fission
fragments from spent fuel, Mix fuel PUMA =
Pu+U+MA : (NO fine separation of uranium,
plutonium, and minor actinides, even a few FP)

PUMA Fuel regeneration
: system

Short Life FPs
« Advanced burner ADS: —— External neutron driven E
subcritical reactor (LFR), transmutation, breeding,

and energy production

o Utilization rate of uranium resources : ~1% =2 ~95% ¥ .
nergy production

* Radioactive waste lifetime : Hundreds of thousands of years
> Several hundred years « Complete reprocess of ADANES fuel cycle

* Radioactive effluent : ~25t > ~1t (1GWe/pile year) - Each time the fission products are removed,
* Reactivity control : Critical operation - Subcritical operation and add some spent fuel or depleted uranium

The CiADS Project: Status and Challenges, Yuan He
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S Roadmap of ADANES in China <o

Accelerator Driven transmutation System is an efficient way.
ADS Roadmap in China

~4 B CNY Phase IV
~1.7 B CNY
Pha7§e I Phase 11 Phasell /00T —\
2011-2019 \202-1"2027_ - N\ \
‘ ‘ \ \
Inject | ’ .
| - ) S
Inject Il + ; N %\
_— - "\ = —
- 10 MeV DT, MW, . A\ >500 MW, - N >1GW, - \
2014 2017\ 2027 \ <2032 \ ~203x \
~2.5 MeV ~25 MeV ~500 MeV . ~1.0 \ ~1.0 GeV .
&10mA &~10mA - &5~10mA \ GeV : &>15mA \
Key Tech. R&D : Acc., Target, \ ’ &<15mA \ \
Blanket... Prototypes . __ _\ mitialFacilty N Demo.faciity '\ Indust.Facility .
‘ \ : \
“strategic Priority Research Program” of the . . \ .
Chinese Academy of Sciences \'_ CIADS \ . \
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[N
* CAFe facility was constructed 2011-2021, IMP
cooperate with ITHEP, 2021,10mA, 20MeV proton 5 10mA. 120002_‘200kW, cw
beam achived. 3l
: L
* Demonstration of key technology of 10 mA AT g

CW superconducting Linac:
v" CW RFQ, CMs, Low beta cavity
v’ system integration and control

v" high beam power commissionia

lons ____|P, Hy, a

Frequency

Current

E in RFQ
E out RFQ
Energy

Temp.

162.5 MHz
10 mA

40 keV

3.1 MeV
20/30/40MeV
45K

Several attempts to
long-term operation

ast beam recovery

""" 108 hrs, CW,8 = 12 hrs, CW, 10
| mA operation Iy l_nAopernﬁon
| ]

* Supported by “Strategic Priority Research Program” of the b

Chinese Academy of Sciences.

0208

,,,,,,,,,,,,,,,,
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‘%{\% The phase II - CiADS Project ép

The world’s first MW-level -~ « Beam Energy: 500 MeV (upgrade to 2.0 GeV)
ADS prototype =T\ . *Beam Current: 5 mA (upgrade to 10 mA)
4 i ™ . ofal Power: <10 MW

LBE reaeterand LBE target

accelerator bldg;
2022~2024

reactor and exp bldg;
2024-2025

* T1: ADS Terminal, 10MW reactor, K .4 0.75~0.96;
* T2: High power Target experimental Facility;
* T3: Muon experimental Facility;

° T4 MUItifunCtional Irradiation ResearCh Station; CIADS, Constructlon Objettis , nitiative Accelerator Driven System.
e T5: Nuclear Data Experimental Terminal Available at:*<-https://ciads.impcas a@icn / shemubiao >.

Xiao, G.Q., Xu, F \ ng S.C., 20 AF and CiADS National Research Facilities:
LI ol OL for upg rade Progress and prospe / 4-3, 275-283.

The CiADS Project: Status and Challenges, Yuan He




Progress of CiIADS Campus

TR et
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2025 ~ 2026

ADS Coupling
pre-Fuel test

Construction
Accelerator and Target‘

* Accelerator 25kW
» Target >25kW
 AtHiTa

O Accelerator Commissioning
O Targetthermal study
O Beam-target coupling

OooOooao

2026 ~2027

ADS/ADANES dem onstration'

Accelerator 250kW
Target 250kW
k,~0.4
Reactor~30kW

3 Fuel Assemblies online

Beam-target-reactor coupling m|

Accelerator stability study
Low power test for fuels

The CiADS Project:

2027~20129

10MW system coupling

Accelerator 2.5MW
Target 250kW
k.~0.96

Reactor ~9.75MW

O Full fuel online

O Neutronic study of Subcritical
Reactor

O Poweroperation study

2.5MW beam realization

O ADANES design demonstration

Status and Challenges, Yuan He

2029~2030

ADS/ADANES
transmutation research

Accelerator ~2.5MW
Target ~2.5MW
k.#~0.75

Reactor ~7.5MW

2.5MW target coupling reactor
Fuel test in high power density
and deep burnup
Transmutation demonstration
ADANES preliminary design
report




{};/,p; Outline é’o

Backgroud & Brief introduction of C1ADS facility
Challenges and Progress of C1ADS linac
First beam of normal conducting front-end

Summary and Perspective

The CiADS Project: Status and Challenges, Yuan He



%,‘%‘L Challenges of ADANES é!wg

Accelerator

4

Fuel
Recycle

5 L

Coupling of

Accelerator,

Target and
Reactor

> High power (tens of MW) accelerator
» CW beam 10-30mA, Energy: 0.8-2GeV
» High availability
> High power (tens of MW) target
» 240 dpa target window
» 210-20MW heat removal
» Subcritical LBE reactor
» Fast neutron reactor
» Material for LBE
> Spent fuel reprocessing
» remove most of fission fragments by high temp.

dry processing

The CiADS Project:

Status and Challenges, Yuan He
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rarp > Power and Current Ramping of SC Linacs -l
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l.,.=1.3~1.4 mA

Spallation Neutron Source Ramping power

to 1.7 MW from 2008 to 2023

A. Aleksandrov, Warm and cold SNS LINAC commissioning,
HB 2023

10 mA CW proton beam was
realized at CAFe (IMP) in 2021

Zhijun Wang, IPAC 2023, WEOGB2

10 mA CW proton beam has been achieved in sc-linac firstly in the world

The CiADS Project: Status and Challenges, Yuan He
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For an industrial scale ADS, beam trip requirements are strict and time related.

Industrial Scale

Beam. Trip Transmutation Remarks
duration (s)
(num/year)
T<l1sec <25000 Target window lifetime
1sec<T<10sec <2500 Fatigue fallu.re of
fuel cladding
10sec<T<Smin <2500 Fatigue failure of inner barrel
and reactor vessel
T>5 min <50 System availability
Availability >80%

H. Ait Abderrahim et al, Accelerator and Target Technology for Accelerator Driven
Transmutation and Energy Production. 2010. https://doi.org/10.2172/1847382

The CiADS Project: Status and Challenges, Yuan He
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%é; the superconducting lianc for CiADS

Energy/MeV 500~1000 Ii

Beam current/mA 5~10
Operation mode Pulse & CW H
Current stability +2%@100ms ;'2 Ellip082x7
: 28 cavities
Cavity numb 151 M i
avity number 5 . Ellip062x10 5.820m

CM number = 3 cavities
- | H.\TVRO40><10 4.480m
6 cavities+2 solenoids
HWRO019x4 6.038m P
' = 6 cavities+6solenoids v R
HWRO010x1 6.038m e ,

9 cavities+9solenoids

; “
162.5MHz 6.038m Supercot™

a 2aMeV =

J;||llllil'_,g_ﬂ : : : .
: i 2021.07 Project approved and linac Baseline design
2023.12 First beam from NC frontend
2025.12 SC section installation in tunnel
2026.06 First beam out of CIADS and acceptance
2027.06 Accelerator\target beam coupling

The CiADS Project: Status and Challenges, Yuan He



qﬁgﬁ Challenge of SC-Linac for CiADS é’o

Beam loss control for high beam power
Fault recovery scheme for high aviability
Beam uniformity on the target

* Intelligent beam operation

» High stable Cavities

» High efficiency HP rf system

* High accuracy CM system

The CiADS Project: Status and Challenges, Yuan He



7 Beam loss control Ao
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Beam physics design

162.5MHz / 325MHz / 650MHz
ECRIS ( LEBT - RFQ  MEBT - superconducting section - ‘ Beam
G - wa e ST~ o
ﬁ ﬁ Target&l

2.1MeV 500MeV Reactor

» LEBT : Transverse beam quality control- Bend structure + beam scraping

Beam quality
operation

» RFQ : Longitudinal beam quality control- Full particle optimization

» MEBT: Beam halo control- Full space scraping

a0
20
2.0 20
o
a
5 1.5 15
o

100

s os
o T T T T T o.0 o
50 150 200 250 350 Rt
Cell
exit of cell 338 55 :: >

Quasi-statfc chafges | = =

X (mm)

Energy IMeV

ce

02 ‘
S o %% ET) E) ETY o 7o - =
Phase /deq j k Position (1m)

loptimjaztion
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Beam physics design

.S5MHz / 325MHz / 650MHz

ECRIS ' LEBT + RFQ  MEBT

dump
ﬁ Target&
2.1MeV 500MeV Reactor

> High accelerating efficiency NEVAY N ! %21%%8Y5§m§m§mga§2¥s§3¥5§2m§zmﬁ
PN Y] seetesetessd
‘ HWR010 | _§3@$ =i 7%%45

2
©

> Low beam loss control

Normalized TTF
o
[e-]

07} 2 A m
v' Lattice optimization compact qusi-periodic oo { High accelerating efficiomeyo | [ O II -
. . . 05 : : + EII|p082 Scell —‘ @ /\,\ Y
structure and periodic lattice a0 a1 oz o3 ox o5 as a7 oo —pake (=== =
Beta YUV
v' Beam matching for mitigating halo formationand ~ _| =%~ o

——10*RMS_Y
—— Aperture(mm)

B
o
!

40

beam emittance growth

304

v Beam halo collimation to reduce the probability of &= — SJW m ] ]

Beam size(mm)

Phase Width(deg)
S 8

e M
beam loss on SC elements ot = = o3 s M i
Position(m) Position(m)
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Qﬂ/f: Beam collimation for power loss control é’D

w:{;

2.5 MW proton beam power (500 Collimators

MeV@s mA) oo o PR

Beam with halo lead to downstream j0a |

beam loss o o o
Halo outside of 56 is 0.4%, i.e. 10 kW > 3*60 | doublet.perlodlc phase anance for collimation
O Primary Collimator(PC) is scattering proton beam halo
too high radiation maintenance and O Secondary Collimator(SC) for absorbing the scattered beam
equipment + Col-1: PC+SC
. « Col-2: PC+SC » After collimation

le#0 [0m] NGOOD : 107536 / 107536 Ele #0 [0 m] NGOOD : 107360 / 107360

20 |

X(mm) - X*(mrad) Y(mm) - Y'(mrad) X(mm)-X'(;nrad) Y(mm) - Y'(mrad) . e
® g e : i ¢ Col-3: SC O Beam halo becomes small and clean
s "o O Beam loss rate <10 W/m before the target
-2-10 5 - 0 > 5 10 -2-10 5 < 0 > 5 10 -2-10 5 0 > 5 10 Collimator-1 input :

X(mm) - Y(mm) 2Z(mm) - dp/p(%) X(mm) - Y(mm)
1 1

. -
3 1 1 W PR
40 5 0 5 10 e L
Z - dp/p(Y o 2 o
0.2 1 U e U ] R U s U o
0451 7 T T T 1E-02 @, xocimmg i
: ] e & -
1S -o. i 0. ol 1 6F E 1E-03 X | T N
0.05 5 [ %) -0. 5 o 041 PC _ Collimator-1 output 4 - i
of : T8 i 1 = 43 ? { IE-04 & : - =y -
051 s -0, - Dl / 005] / i _ — | g P - 2 e
) — 5] T i - 5] E Y @, xxiommag -
0.1 /f N 5 i 6. :!1.; AR 5 ¥ - E 4 1IE-05 & : F. B
2] / iy |- 0.001 [\ 2 / 0.001 7\ = HE E : £ e T
0.2 -10 . - , 0.2 - -10 ety = 3 SC S IE-06 Collimator-2 output ©  ~ o o
100 -50 0 50 100 A0 50 5 10 400 50 0 50 100 0 5 0 5 10 - P 4 ol
=78.320 mm dp/ Xmax =5.088 mm Ymax =97.013 mm dp/ Xmax =6.118 mm Ymax 2F - WE 1E-07 3 Sz
pmax =0.125% =4.874 mm pmax =0.154 % =7.671 mm = s o &3 ik
. @,  xxmm T
1 E 1E-08 ] o
o

Matched beam Mismatched beam 0777500 1000 1500 2000 2500 3000 3500 4000 4500 5000 5500 6000 'Y Colmtor esont § = |

Z [cm]

(4]

[1/em?!
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S mA beam within D=230 mm vacuum tube » Beam uniformity by Multi order Sine wave scanning

For extended Gaussian distribution with 6=23 » Fourier harmonic superposition based on scan magnets
mm, PCD=150 pA/cm?>>35 pA/cm? limitation » Fourier harmonic superposition based on RF cavities
considering target window DPA. Y
115 — 150
92 i, i
69 T )
> :
g 22 © 00 75 50 -25x(ré1m) 25 s 75 100 100 75 50 —zsx(:m 25 50 75 100
N s Scan magnets uniformity
50 100 PCD=34.3 pA/cm?
46 . .
5 T
-92 _2:
-115 0 o
NI S S S I AN S .
o x(mm) """ RF cavities uniformity
Gaussian distributed beam O After scanning uniformity: PCD<<35 pA/cm?

The CiADS Project: Status and Challenges, Yuan He
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. : .. £ 7
Besam Rematch to avoid beam loss at Energy compensation by cavities in _
the location where the failure occurred the higher energy part because of Sl = - RN )
. . . . o e . oqe S 80 | —— Ellipo62com ] e el s ED
by adjusting the neighboring cavities the larger acceleration capability of el = N N S = ¢
[y 0 20 40 60 80 100 120 140 160 i N 52 S
and magnets of the failure cavity the high beta cavity oo Cewlen 3 s § e
- £ 200 Ciiposseom e A
10 i £ 100] 6 el W | caom fU
13 ] . e . . ; ° ' % ; 500 100 50 Q;OE ; 500 100 150 200 é : m
B e e | Acceleration ability is gradua I "
< 1© . t -200 0 Io 4'0 E»IO 8‘0 16 1'0 11’;0 160 s g =
% g | || mm { i | § ] lmpl‘Oved - ’ Cavity list No. v e |5 £
& <5 \ = § ot : — 7]
® \ 5 o] s 1 L S
-%D-lo \ ; ] § -6_-—HWRD10com ] £l B
& : > e 1 B
154 g § sei—sen 1 i £
LE - 5-140 '0 '0 6’0 B‘O 60 '0 '0 60 ﬁ 50 100 150 2 IE [ 50 100 150 20‘1 (J 50 100 150 200
2 I 2 4 1 12 14 1 Position(m) Position{m) Position(m)
205 5 10 15 20 25 e Cavity lst No. “
Position (m) G ; ; ;
50 100 50 60 1
ﬁ Position ( m )
Twiss parameters matching Energy cml]:nsation
Matching point

z'(mrad)

~
~

IS

/ -60 -6

C C G € f
— 3 P 3 a_////l"
v v v v s
o SR 0F0 Badity Talture ekample

hybrid compensation scheme: large longitudinal acceletance, applied at low energy
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<rarr > Beam tuning with ML

First task with Al:

e Orbit correction in MEBT section with reinforcement

(b)

learning (RL). --- linear

d=1, steps=35

*  Orbit correction in superconducting section with RL. ---

[ —
By B, Bs By Bs Bs By By By Bu Biz Bis Bis Bis By Big

non-linear @
- .
(@) MEBT CM1 CM2 CM3 CMm4
A A A » A
Bi B2 Bz Bs Bs Be By Bg Bio Bu Biz Biz Bis Bis By Bis
e inital —=— final o inital —o— final

'I'I'I"I'I'I' IIIIIIIIIIII IIIIIIIIIIII IIIIIIIIIIII IIIIIIIIII' L s " Orbit correction in the SC.

Orbit correction in the SC
buncher _____________________________________I
,,,,,,,,,,,,,,,,,,,,,,,,, I solenoid |
ectors1 Correctors2 Correctors3  Correctors4  Correctors5  Correctors6 2 I

W drift

v' Seamless transition from simulation to reality, adaptable to various mass- |

I
. hwr010 cavity I t . . . . I
| o-charge ratios and lattice configurations. |
| harots cay : v" Regularly used in CAFe II’s commissioning process, reducing tuning time |
I
I
I
I

BPMi BEM2  BPM3 BPW BPMs to 3 minutes—1/10 of the time required for manual tuning. |

v Simultaneously controls 42 magnets to optimize 36 BPMs along the :

Structure of the SC in CAFe I

beamline. |

More tuning task is under developed based on ML for CiADS linac tuning

The CiADS Project: Status and Challenges, Yuan He



High stability of SRF cavities

0 Total 151 superconducting cavities with five cavity types for the CiADS linac

« HWRO010(9)/HWRO019(24)/HWR040(60) & Elliptical062(30)/Elliptical082(28)

* Similar power coupler and tuner used to decrease the development of prototype time
O The baseline Bulk niobium cavities show promising result

* Prototype meets the requirement of operation at 2K

0 Cu/Nb Composite Cavity (Thin bulk niobium cavity backed up by copper/Aluminum shell) as an alternative
choice for 4.2K operation

e Thermal stability: Thermal breakdown due to defects, field emission and multipacting electrons etc

* Mechanical stability: Helium pressure fluctuation detuning(df/dp), Lorentz force detuning(LFD) , environmental
vibration etc

The CiADS Project: Status and Challenges, Yuan He
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S Bulk Niobium SC Cavities <o

Bulk niobium cavities have entered batch manufacturing stage

All the HWRO10 cavities has been fabricated, ready for hotizontal testing in CM

The HWRO019 cavity is in mass production

The prototype of 325MHz HWR shows the vertical testing result achieving the nominal specification
The elliptical prototype has been manufactured, prepared for VT

N p————————————————— b

1EM ——— — — —_— . 800
r F m Q0-4.2K-HWR030 cavity
B Q0-ZK-HWRO30 cavity
‘ L. 5 - -0 - Xray(uSwmi4.2K-HWRO30 cavity 1 700
T Ar . " - 0 - Xray(uSvim}-2K-HWRO30 cavity
S s L T TP g o
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S Nb/Cu Composite SC Cavities e,

- . I'IlL China Initiative
‘b\’\j Accelarator Driven System

Preliminary cryogenic results indicate mechanical stability
Cu/Nb structure: Imm Nb+5 mm Cu ;

Surface treatment: 30 um BCP, 380°C/2.5 hours heat treatment for stress
relief of copper, 30 um BCP, HPR, 120 °C /48 hours in clean room;

Slow cooling at  crossing of niobium adopted, ambient magnetic field <
10 mG;

o VS. at 4.2K meets the operation requirement;
! o/ .
Df/dp improved by 70.9% ;
1 0o
LFD coeff. improved by 76.8%. HWRO10 Cu/Nb cavity ~The assembled HWRO040
3000 on vertical test stand ~ CuNb cavity in clean room
-110 T T T T v T T T v -50 T T ¥ T i T T T T
0‘: %0 e -99.046 LFD_Coeff.-Nb cavity w/o stiffening ribs
i L 12500 1001 df/dp(Hz/mbar)-Nb cavity wio stiff ib -43.709 = e g
| R, I s aematoe . Lo o G o
d ] e’ g =
P ‘ -5_\,_1_:_ * {2000 80} ~ ~ g
° " k':"'o'lﬁq . £
8 (... b ot ] IR £ 5§ O ~ Y > 30 0
: e, VTS Led B ~ [0-9% = ~ _ 76.8%
& [ve QO-Nb Cavity-N2103-02-VT-4.2K foog oW S T
2 s+ Xray1-Nb Cavity-N2103-02-VT4 2K ‘,. = L =00 ] = 20} S .
2 |-+ --Q0-NbCu Cavity-H2207-46-VT-4.2K x4 = 7]
B L e Xray1-NgCuagayvily—H2207-46—VT-4.2K : ¥ {1000 X % i — B 748 1 3
o QO-NbCu Cavity-H2207-45VT-4.2K { B 30k =27 o I
o -+ Xray1-NbCu Cayvity-H220?~52wVT-4 K ¥ SOF B - ey s e 2 1ok- i =10.03 = SL 11012
= Xray1-NbCu Cavity-H2207-45-VT-4.2K * :* 1500 20} 1 — .
B e 4of - Average value of C cavity | Average value of C cavity
. 1 0 I 1 1
107 L e Ty, NEEY 0 HWR010-3mm Nb_ Cu/Nb-45 Cu/Nb-46 Cu/Nb-52 HWR010-3mm Nb Cu/Nb 46 Cu/Nb 52
0 10 20 30 40 50
Epl Iy Lok df/dp comparison between Nb cavity LFD coeff. Comparison between Nb cavity
0 V8. at 4. w/o stiffening ribs and Cu/Nb cavity w/o stiffening ribs and Cu/Nb cavity
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S Power Coupler “AD

V\\\Q China Initiative

Accelarator Driven System
» Various types of resonator, Wide frequency range

162.5 MHz Prototype Power Coupler Test Result

» High reliability requirement 45000 184604
40000 | . 1.64E-04
35000 | 1.44£-04
Dual warm window: compact, match 30000 1.246-04
. . . - 25000 | 1.04E-04
Coupling part: Length variable, fit for c{fferent cavity 20000 | o 208 0
(i B o 15000 | 6.40E-05
g ‘E" \ TTransition, 162.5- 10000 4.40E-05
- 325MHz 5000 | 2.40E-05
— o | J . 4.00E-06
} 1) I’ N k; 0:00 0:00 0:00 0:00 0:00 0:00 0:00 0:00 0:00 0:00
\ =0 "13 f ¥ Doorknob, 650MHz P1 P2 PS5 ——P6 VAC1 VAC2 VAC3

Double Tube Wall, 4 5K Helium Gas HWRO010 Coupler

O The same dual-warm-window and double Tube wall

O Coupling part and outer conductor part are adjusted
for different cavity

B
i O Dual warm window coupler
e ¢ meets the requirement, > 40kW CW (@ standing wave mode
B EE T Tk Two families of coupler manufactured, good reproducibility
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S High power RF system e,

; ‘.\’:3 Acoslgr‘ltor Ili’)‘: a::.'es%mm
@\ ] Power demand distribution
- . 120 —e— 5mA —— 10mA
. 5 010 019 042 062 082
i o S = ‘ 1 Cavity Cavity Cavity i
ﬁ " : , o 100
S A s = Beam Total power
RN current demand No. of SSPA
=
< SmA 3383 kW 111 racks
g N ( 5
& o ]
SN, . 10mA 6392kW 230+ racks
Goal.: 3 T
20 4
SSPA Layout Diagram _ W
0 T T T T T T T

High utility of beam/RF power 0 2 o 0w w m

Cavity No.
High stability of complex RF system 8
: : : * 77777475 |
High efficiency of amplifier Design of Flexible Output for | o
Optlmal Pbeam/Pampliﬁer 76 - 24, 26, 28, 30, 32
Output Mode [E 2 3 4 5 6 7 8 9 10 unbalance |- it S|
. / /////7;;;757;7/ 12, 14, 16
combiner D lj/ lj D/ lj D/
6 8  6+6 6+8 8+8  6+6+6+6 6+6+8+8  G+6+6+8 6+8+8+8 8+8+8+8 T )
One cavity to | [J /ﬁ/ﬁ/ﬁ/ﬁ/ﬁ/ ]
6 8 12 14 16 24 28 26 30 32 four cavities

162.5MHz rack output design
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é{/{ﬁ; High power RF system

Module measurements with GaN HEMT at 162.5MHz Module measurements with GaN HEMT at 325MHz Mt‘)dul? melasur'emelnts v:/ith lGaNI HE!\/IT 'at 65'0Ml'-lz
— T T T T T T T T T T : © . T : : . ; .

1400 - 1300 80 2800 4 [ g0
1200 4
12004 L 70 11004 F70 2400 - L 70
1000
1000+ 60 —~ 9004 - 60 o~ 2000 4 60
g s £ - B =
< S = 800 s 3 50 S
5 800 T B F50 % 8 1600 Ty
z gz 700 Bz g
= F0.2 0 & 0] 5 = 40 .3
5 600+ 2 3 F40,2 B 1200 =
H 08 & 500 & E 30 &
400 1 © 400+ 0 800
20 300 4 20
200 —#— Output power | 10 200 - —=— Output power |- 20 400 —=— Output power | 10
—e— Efficiency 100 4 —e— Efficiency —e— Efficiency
0 T T T T T T T T T T T 0 0 . . . . . . r . ; 10 0 I e T T T T T T T
0 2 4 6 8 10 12 14 16 18 20 22 24 > 4 6 8 10 12 14 16 18 2 4 6 8 10 12 14 16 18 20 22 24 26 28
Input signal (dBm) Input signal (dBm) Input signal (dBm)

Measurements of P-band GaN module.

LDMOS(with circulator) GaN(with circulator)

e X Rey

Frequency fFic: fFici , , S Sk
ower c1ricienc ower c1ricienc
p Y P Y Measurements of 60 kW GaN rack with dummy load.
1 62 . SMHZ 1 1 OOW 7 1 % 1 200W 73 % : Meas:lrementsI on GaN Irack witlll 24 modlllles
325MHz 1100W 65% 1200W 74% e
_ 504 0
650MHz  1800W 60% 2700W 76% s, [2g  Over15%
: w0 & efficiency
Comparison with LDMOS PA pallet «g 307 30 é promotion Of
8 20- " =
All P-band SSPA based on GaN( Gallium Nitride) have been developed in IMP successfully. N - GaN SSPA
GaN HEMT (High Electron Mobility Transistor) have excellent performance at 650MHz. oL , : : , , "

Input signal (dBm)
*<Research on the Newest GaN-Based Solid-State Power Amplifier for CiIADS Project>, Nucl. Instrum. Methods Phys. Res. A1055, 168403(2023)
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c_-izf_{:%? Overview of Cryomodules e,

e There are 5 families of cryomodule, rectangle for HWR010 and HWRO019 and elliptical for others
e bottom-supported scheme

e Cold mass alighment less thanX0.5mm

CMO010 cMo019 CMO040 CcMO062 CM082
HWR cavity, beta= 0.10| HWR cavity, beta= 0.19 HWR cavity, beta= 0.40 Elliptical cavity, beta= 0.62 Ellipticalcavity, beta= 0.82

e
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e Cryomodules e,

HWR Cryomodule used the baseplate support scheme,

The uncertainty of cold mass alignment is from manufacture , the vacuum deformation and mainly
cold contraction

The cavity and solenoid contraction in LN, temperature was monitored by WPM, the cold
contraction agrees well with simulagio@n and is Sogsis

- &~ F -
&7 S & 5F e S - —

3.0 _ e & & & & A R & & & s B,
—— TsCEEX (1X) o o o o K o o o o o o 3
LECHAIX (2X) * i # = i = al - b il i
3ECHTAN (4X) ! % } L i ' i ' o
2.57T AHCIAIFEX (6X)
A#CHAEX  (TX)
SECHEFX (9X)
—— GHCHEAIX (12X)

“°T  Cavity DX

.Y S >
& S S

Thermal shield

&
Safety system : Cooling pipes
2.0 Vacuum vessel .
T cavity
s
124
2
il solenoid
0.8
0.6
£ Z: Beamout | P
B oo
0. <3 "l\ <Z Beam in
j
0.4
0.6
58 End valve
-1.0
-1z
-1
o cold frame
1 t 1
2.0 = - S < o & A\,gt?"" “%,,é"" | Multi-channel
o Rt &% K @ & X4 & X ; o~ o ha ha N transfer line
e s 0F 18] o J ) NG & o éﬁf &ﬂﬁ Fsf 1) feedthrough coupler
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{};/,p; Outline é’o

Backgroud & Brief introduction of C1ADS facility
Challenges and Progress of C1ADS linac
First beam of normal conducting front-end

Summary and Perspective
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S Normal temperature front end setup Ao

China Initiative
Accelarator Driven System

NT.front end section layout
Beam parameters

== = = 5 = Parameters data unit
y B R iqe e Particle H* -
el ' = - Energy 2.1 MeV
o8 , : ; Current 5 mA

. v ; : : Frequence 162.5 MHz

Lﬁ@ﬁhﬁ = - lpiaibioin Pulse/CW -
i \ mode

= Lt L
IS+LEBT RFQ

* Construction during 2022.10-2024.5

e Goal: to demonstrate S mA beam of front-
end Linac for CiADS.

* First beam at 2023, test-MEBT update and
systematic commissioning at 2024
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China Initiative
Accelarator Driven System

RFQ system conditioning Ao

Conditioning scheme

20us-short pulse conditioning MP in power coupler ~8 hours
Frequency sweep conditioning vacuum burst at pulse and CW power ~127 hours
RF power ramping to ~100 kW at CW ~182 hours

m CW power(kW)
m Vacuum|over threshold Trips

o T T = = Breakdown Trips i

ed =

s ey I -

80

252

i 2 .

o0 E a
s =
o -

2 E I I T T I T T E .

o E 1 B L -.-...-.-.- : L 1 1 = E N

8

il

L] 4 T T
2024/4/9 2024/4/16 2024/4/23 2024/4/30 2024/5/7 2024/5/14 2024/5/21 2024/5/28 2024/6/4 2024/6/11 2024/6/18 2024/6/25 2024/7/2 2024/7/9 2024/7/16

2024/4/5 2024/4110 2024/4115 2024/4/20 2024/4/25 2024/4/30 2024/5/5

Stable operation 7 days at 101 kW without downtime.
The number of arc trips per day less than 20 and recovery automatically.
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gﬂé—; Beam transmission of RFQ e,

China Initiative
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X-ray and beam-based calibration for cavity voltage

alt

[ ]

-~ RFQ -— >

L_ACCT M_ACCT M_FC

Transmission=M_ACCT /L_ACCT
Acc. efficiency=M_FC /L_ACCT

I
ACCT ACCT FC
70 ‘
- T T T T T T T 120 T
il =l ;:tei:sucrfr‘f/:ata - I o 120 = Measuted REQ Tansmialon = SImulation RFQ Transmission
60 9 T IO w Wiwaenred REL Aecsisrstion 1 =  Simulation RFQ Acceleration

L | 100 - ] 100 S - m = w g E— % % ==a .
JPT (101960.81422, §5000) 90 ] T T i """".O""- | - \ %{ |
£ | | . )
- | - 65kV
| |

S0l i
R » = - s
2 40 N : - i e a i ~ | i
£ o, R o 95.6kW By OO 62KV
O 35} | - %) 87kW [5)
> r c 704 . o
P | 3 » 3 60 -
§asf S e0q 1 &
o 20 C +t L 50 - L ] »
£ 15 C 7 T 40 N 40 4 -

10 —I’ i

5 30 -

0 : ' ' : ' ’ I ’ * ’ ’ ’ ' : ’ , : ’ 20 20 T T T T T T T T T T

0 10 200 4;FQ52 % kV\:)O 80 90 100 110 75 80 8 90 95 100 105 58 59 60 61 62 63 64 65 66 67 68
ower! ; 2
( Cavity power (kW) Cavity Voltage (kV)

X-ray measurement of inter-vane voltage of RFQ Measured beam transmission V.S. voltage of RFQ

The calibration results of the X ray method and beam transmission are relatively consistent (5%)
The RFQ design cavity voltage of 65 kV with transmission ~98%.
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—rarp> Beam energy measurement A
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==

r — N = i F B SIS @R (& n K& ALY ) LY
! ~ C} yﬂﬂ‘ Z}—‘:\% )M—L\;D—> P Cavity PtAmp. TR Caviy PLPh
()4 =+ - thEd H } i i i i | i h i i H i 4 | i T i
& A T flf ; P L
A Ay TR y SW1 & @ 1 i i 1 1 | |
7 Rl |
B ol L *
S b Quasi-square ) | e s
5| | £ o Ty
15 ” | L 2 T
; 4 wave” beam % p, i i
o ! S L e |
5 ‘ ! e 8 0 0 0 e i
0o ! T ] 1l 1 ] 1 il ] I ] 1 L
L ARES | gy | | ‘
o — ) + ) B e ey ek oty Lt
- - Primary X Asis (0) i Primary X Axis (0)

The main ILC algrithm is usually Pulsed-beam is considered as quasi-rectagular, _
implemented outside FPGA FF could be a rectangular pulse (i.e. constant value) RFQ forward feedback compensation

70
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i

11'% '
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i

40
i

0.0
P

Phase

20
144
1
-1.0
i

10
2 !
MEBT-LLRF:BPM1:X1 [mm] M

ssssss

-20
i

__ BPM

0.0
i
140
1
-3.0

CWQD:mod1 ACCT2 Rd_Avg CWQD:modl ACCT1 Rd_Avg
30
1

-1.0
i

=)
4 1

138

T T T T T T T T
20:00 20:30 21.00 21:30 22:00 22:30 23.00 23:30
2024-08-20

~2.110=£0.004MeV, is consistent with the simulated value Mean Data: X~-1.58mm Y~-3.05mm Pha: 145.84deg
(2.115MeV) Standard Deviation: X~0.044mm Y~0.090mm Pha: 0.166deg

somy A somy T

The beam energy out of RFQ cavity is consistent with simulated the operation stability is monitored by BPM
position and phase.
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B Summary and Perspective O

The C1ADS linac 1s challenging for the high power, CW operation,
high reliability

The key technology has all been demonstrated and project 1s
progressing well

First beam exacted from normal conducting front-end and CW beam
will be accelerated soon.
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B Summary and Perspective O

The C1ADS linac 1s challenging for the high power, CW operation,
high reliability

The key technology has all been demonstrated and project 1s
progressing well

First beam exacted from normal conducting front-end and CW beam
will be accelerated soon.

Thanks for your attention'!
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