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Abstract [Background] Radio Frequency Quadrupoles (RFQs) are applied widely in proton accelerator facilities.
The development of the high-frequency RFQs enables the construction of compact proton accelerator facilities, but
faces with more tuning difficulties. The traditional tuning methods based on the theoretical characteristics of the RFQ
cannot achieve good results with compact proton accelerators. The tuning method based on the response matrix and

SVD method meets the problem of the solution being out of the range that tuners can reach. [Purpose] This study
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aims to purpose a novel tuning method for efficient reduction of dipole components by a transform of the tuning
method, so as to tune the compact RFQs better and limit the range of the solution. [Methods] Firstly, a tuning method
based on the response matrix and the least squares method was designed and implemented. The solution was limited,
and a different weight was assigned to the dipole components for diminution during the tuning progress. Then, the
tuning method was experimentally tested in the simulation environment on the aluminum RFQ prototype for
verification. Both tuning with single tuner and multiple tuners were tested in simulation. [Results] Verification results
show that high precision is achieved and the solution is within the expected range even without limitation.
Experimental results of verification on the aluminum RFQ prototype show that the quadrupole and dipole component
errors are 1.57% and 24.09%, respectively, in the initial state, but reduce to 1.39% and 2.33%, respectively, after five
rounds of tuning. [Conclusions] The novel tuning method based on response matrix is verified by this study for its
validity of limiting the range of the solution and reducing the dipole components efficiently, hence can be applied to

RFQs operating at other frequencies as well. It can contribute to the development of compact proton accelerators and

promote medical proton facilities in the future.

Key words RFQ, Tuning, Dipole component errors

B4 DY Mk 3% n # #% (Radio Frequency
Qaudrupole, RFQO" ¥ F TR B8 J 7 (1 I3 , =] LA
PRAUEFEAIL it 5T, a4 32 B FH T o5 0o 2% A2 A
KIFEEF . WAHRE B RFQ T AF 4 % 18 % 1£
200~400 MHz, 1fi BX ¥ #% F H > (European
Organization for Nuclear Research, CERN) HJf % ] F
TR PR YT 5 B 1 RFQ LAEMIZ N 750 MHZ™, iX
s AR () REQ FL AT B sy R Dnssk 6 52, W] AHE S ot
T EE NN B 2EF, Bl
(Shanghai Synchrotron Radiation Facility, SSRF)
BT 1697 2 BRI R, 8 Ei < = B e ot
Tt BENE S MR TR RE LAl
B YSC, HEN G AR R B B s R 4 T EET
LA TN RED Y, BB A RFQE A%
B —#a,. Wead 7T 2ENPR. miEeR
#EIIRFQ MR AR Z — AL G S HR R T IE
PRI THEAS B P ERR %, FH T 55 I RFQ 2R
KA. CERN {E s RFQ HF H SEBR 43 A 0t 8 1
e 110 i 7 8, B W S8R B S R AT TR, £ SR A
) #E h NH T A 5 E 0 fi# (Singular Value
Decomposition, SVD) J5 %« SR, X Fp 7 iEATI SR AT
TEAN R FE SR AR RS rh i o LE B 10 ke R A A
AT T YE O, B XT SVD A AT T HSUE fE
R 7 IXAN 0] R, o i ORGSR B, 3 B0 1 0 R
% W oy B DABRAR S )

B0 DA T @, A ST A T — el e R R )
FE Al bR B B /N — e vk (Least Squares, LS) #4735k
AR L . 1B AT DL PR E SRR S L 19 2
Forb ) e A 5 TRI IS, 0 s 4 1) — 4537 43 B T T AL
H, A DU RO A AT U iR iR =
M DLFEAC ) T @ B T3 ol Y () RFQ Y% 5LV

£ Matlab T BEAT 1 R IITF A, 58 0 T B & AT
RIS, FE TR T MPUERNE T &, RS T
P il A8 A5 1K) Labview #4217, JF4E RFQ FEAL L 58 B
TR R AR .

Zond SRR IE , B U U SR T LUAE IR E Y T Y
VR, A BOUM R IR % . ZEVER
A AT DA B AR AR (1 RFQ 1, i ok 3
% REQ [ 1 i il 5 5 R ] DA 28 o 7 sk 4 f) /0
RIAL , HEBN B Yo 126 B R R, 3 S A SRA2 T T B
(B Fi6 97 Jii F CT (Computed Tomography) ',
W = ¥ 1% 3897 % (Boron Neutron Capture Therapy ,
BNCTO" & [ 3R AR =148

1 RFQREMEFFZE

VU 327 RFQ IR A2 AR 1 I s 1) i B B4 4
AWK B H AR SR SR TE,, 1. fERE )
b AR Sk )R] LR H R DU B 3 Sl AR o B L 3
0 B AR K I I B AR L L, 2
Wh3g, Ji i (B 1)) o M RAE RN 2R LT
I, 22 B DU I R EEVE T JF Bz i itk
o BEIN B RURL 1~ AL B AR, DRI, A3 A S
IR Bt 2 B R AIPERT . FEDh A B, Bk 5
LRI A BE B /NN as B K N ma, m NAHI S % &
R A Ak 2R = A R BRI A B
i » SR ST A AIEAE o ST ARAZ A
R JE 919 7 RN R S FR 0 R 45 X D T AH
SR AR e R4 WA AR TT ) (BT 1 (D))

T AR h ) 3 93 A1 5% REQ IR (055 — 25, vl
AR LS. REQ I/ DAL ALAE — AR
N AR 1~3 mm, XE LU B 2R B Fg o A
b, RFQ 218 i Ml & 4 4> G IR o 1 R 30 R A3 21037 73

110202-2



B AT 45« 35T 0 S R A RFQ T A 188 V2 1) 56 I 5 S B

AR Ik AL B f 2, f0 28 ST Bl 6 Jm /N BR
FEE R TIZ ), S i /NER 2 il 1 T K HL R 3 o0 A
PRAERCI REHI B B S12 5 T th kAR,
HT S T DL 5 L /N BB AR A B B 37 5 L AR AE
9‘%/‘?‘:[18]:

(a) (b) y

(< x o o)

X B B,
+

) N
Ve
i

© B, B, X

©

B /AP (1)
A BRI TR FE s AP o NER (4130 5] R A
B, FL i R 4 S0 BT (0T BA S5 - BEbLisk AT
1S SFe 3 K0 P 1 (o))

(©)

Motor
Controller

1ndwo)

ool

Network
Analyzer

BEl1  RFQ&:H K EAEZR A
(a) RFQ M [FI AR S Fi ) 73 A » (b) REQ K AN IR » (¢) RFQ M & J5 VA HEZR B
Fig.1 Structure of an RFQ and the framework of the measurement
(a) Transverse section of an RFQ and the electromagnetic field on it, (b) Longitudinal section of an RFQ, (c¢) Framework of
measuring an RFQ

2 BTN ERER &N ZRSERIFIER A

TN S 45 R 45 P i A T R M R 85 X A
LB » GRAMEE R A 3 0 A (AR 22 o 38 S 36 Jls 4 1 0
B, 13 200 A SRS BRARIRES 1 22 501 5 1150 Y Js Ak
H B THSEAS 2 88 P R BRI E . RFQ
{1 2 FER I T iR AT Ay RS — Rt T ER O
AT B BB, Bl SCERC 191, vT BLAR DY “ P ig
57 A — R L TS Bl AT 2 RO BLR A, Bl
SCHRL12-13 1, AT ARR O “gdTi” . BRRVAR R s 7R
TACEARIES N U 54T B R B T S b, 2
TSR B AN RE AR R 2 TR ) 22 ] 5 o TR B
i R E R RFQ I, Sk b Dt 5 BLARIRS A 22 42
K5 R BBV VEME CLIE FH o AT VR DU ) DA B 2
AN SR 22 18] FRY 58 22 56 TR 183 e R 2L, T DA 2 5
B RFQ (141 188 17 AT I P B A A2 7 LA AN
R IR R o T TR PG A 2 5 T 0 R R A A /)
IR B S

5390 B, B, BB, K37 & R IR i3 (4]
1Ca)), AT CLTHSRAS Bl A o i = DU AR -

B, + B, + B, + B,

0= 4
_BI_B3
D, 5
D= b )

X - 0 WIS s DDy WANJ5 ) L 4K 37 .

TESEFRI AT R, DL sl 8 — e, 3L
H— R ZEE XN
B max(Q) - min(Q)
Q. mean(Q)
max(Ds,D[)
mean(Q)

W WURR I 2H A KT i R R -

F= |:Ql 0,+-0,D, DD, D, Dlz"'Dm]T )
A n U Z B I S IR R e R T R
MR T 258 T S BB, BT 3 >y, B ACRE
A DA A RS RS o REQ WIARAIRAS HIIA A MR IE N
F 856 03 A% Bl A — A 1 2% 1 235 5200 B0 R 1)
WA RN, Fyy o Fy e AR BIA R 20 &
T RV 2% PR ] R, R O

1

M:[Fl_FiFZ_Fi.”Fn-tuner_Fi]'g (5)

Kb NSRRI E. X TR RFQ,
L DUR I FE AR A, H =83 K/ )9 0, B E #5
R -

€

)

Ff:[Qo, 0, 0,0, 0...0’0’0...0]T (©6)
DRI, 988 2 X 37 0 A B AR B -

P=F,-F, 7
Z UL, P U SR T 7 -
M-T=P (8)

A TR A R BER AR 0 T R

110202-3



oK

2023, 46: 110202

M B SCAT BRI, Wi N B M Dy — AN R I
J7 TR, R o B K k. CERNA{$H SVD J7
TERSR A, A2 07 VE OB TRV & 1 VE ], BLER
A 3] 1) R U R R R R R A TR T
DRI, 6 SR e 15 mh b R e AR 7] B 38 23 e R AR
R 00 X PR IS 9 SVD J7 v BAR AR T 45
0 830, AF S 4 230 20 R I M 22 52 T 3] 45 SR kS
£, AT BRIBOR W37 1% 22 Mk DLk /N 1) ] R
X SVD J7 VA S R T R R R . X
&8 SR 1S B i) @, m DA FE e/ 3Rt i B
B T () — AT R BT AR R B IX — T R
1 PR E Y0 A AR 22 B /N MBI AR (D 3o
t,ela,b],st. min{M-T - P} 9)

X, NIERETHRISE n Dot R . RUCRIRIERE T
HFITE R, IR XA SRR REAT AR, BRI AT R 2R
FITHI E A5 1k
TEIX AR 75, AT DL 43 7 s T AR
DA e — W 37 1% 22 X LA/ 1) 1) R, B0 SR R AR
R -
M-T=P=
[Pq, Pqs:+ Pq, kPD kP (10)
kPD,, kPD,, kPD - kPD,, |

b kg IR T AL,
BAWMEREWE 2 s, BEyiiEseie i
FE PP A — L [ 4 L (T AR, T T MRS SI2

/ Input Real and Goal Field /

Calculate Response and Error Matrix
Setup Standard Err

[ )
[ J
l
Solve Solution J
l
H Calculate Error )

(B2 2T R e A ) — 3 ) iR SR
Fig.2 Flowchart of the tuning algorithm based on response
matrix and least squares method

6 9 77 THL e 3 0 3 8 08 B4 Y 0
3 ETEBERGAEEX S EERIE

DS IE BT W SR 1 SR = AR A
BAFAT T K EFRIRIE S . RFQ M) — 45 1 5
F B IR &t ) 714 MHz RFQ, 7€ 1IE R & it
1% RFQ MK &N 2 m, 7T LI 1 M 50 keV i &
4 MeV, 1M F T BHLSE 580 I R K 1 m, 8 TR
AR5 IE R AL . REQ A 9256 A5 8 41 14 3 Ca) P
TN NG R A R I 16 iR, A
HRRTHR A, H AR AR A B B O AR I 35 T BE AL
B NI E B TR Y, TR I Y
NS mm IRFPIRES T, B AR ] %2 714 MHz, H
B35 AT EFRRUIRAS o LU AR 4 4> R PR A R
oA, TEAN IR G PR P s B A B e W Ry, o —
AMLEWE 30 Fir. X0 A kb F )5 , 45 31 i 4k
() = DU R 43 A I 3 (o) fom , BN FRARRAS
W DR 3 L R “x 7 bRt o Ja S Se It R vh L e EL
W ER TR SRR E , B n=6.

MR 4 55 AE Matlab 4% 5 T AR IFE T . 1R
FARIRZS R, W B AR 18 U e 1 4 N TR 52 43 il ik 2
0 3 mm, 5SRO A (137 50 A 43 B R AR
WEFETE 6 mm Y [ P OGS I 520, T 55 H e 97 66
A 18%16 FFEFE o
3.1 BIFEEEREE

AT B AR . FEIADRE T,
P 5 — MU A o IR RS N 2 mm, X377 AR
Sy, B R R ABCIR 25, 88 Jod 35 - v J97 6 B AR LS T iAok
X AT AL 1 S

FE A E RPN G OU R, BARAE SR
N TOXF R I R Y LR PR A R T SR T ) AR
HR AR AR R PR O K T R e T Y L
B T4 Wi 22 EAS R ORLE J5 , 5 Eh s
B Es R nT LU I (K 4) , 35 A EE B 38, 18 e
t1 P AR BRI -2 mm s 10 AT B nfa] A2 4k, FoAh i
WP A T TR B A R 8 A N #04E 0.1 mm BA
W. HTFERE LZERRCE oLt E,
IRl B K 12 485 SR oL BSR4 T AR, . AR
A DA, AVGE I — O, X R = g A KR
FEA

I BRI R DL T RIBLLRE I WD B E T
T SRR R AT M, I HL S BT AR v 1
R

110202-4



Rl SRAT A5 HET M SRR R A RFQ B A 18 5105 A 56 E 5 S 3

25
(C) - QU

. —Ds
L 20 i
S s
g
s 10
2
S 05
=
E
E 0 —

05

2 4 6 8 012

Position / 10° Points

3 BHUAAF T REQ AR J 39 90 A
(a) REQ 571 , (b) RFQ AL Il 141 2 1437 73 A1 (o B 7 555 (¢) RFQ — MUK 73 Aii (O, Uk
DD} 3| 7K B 7 17 () W37
Fig.3 3-D model of the RFQ and its field distribution in simulation
(a) Model of the RFQ, (b) Transverse section of the RFQ and the place where the field was picked, (c) Dipole and quadrupole
components of the RFQ

0.5 T T T T T

Solution / mm

110 Times
20 Times
150 Times
0100 Times

t9  t10 Il t12 13 t14 t15 tl6

Tuner

4 BRI T AR ES BRI E

Fig.4 Solution with the different weight for dipole components under single tuners' perturbation

32 ZiFEESEEEE

F I R B SEIR AP A T IR I A 1
EIRCRR ZE TG DL KPR AN, ki — bt AT 7 %
W, B AEL -3 mm, 3 mm 5 Bl A A4
JRBENLE, 9 — MR R T 7 “Ptzh”, ARy M i
MR AR ZS o PR AR A e — iR Z T
SE X

— l. qmax - qmin
“T2 g
d
ed = LI (11)
9o

FIRE I = DURR I 7 A 4 5 (b o) s, B4R
IR K HE 30%

AR T LS 11 SR BEAT I . B S LA
T IR EA R E TS R (& 5)), 5t g
NVUR I IR 22 » d,~d 53 53 7K1 AR BT T — )

Wirz. SREIEBRIINENAR, 2 =%
ZERLEIR R S 2 Ja , DU 371 22 B e 3K, TG K
3 2% LA b, A E M E] 10 U5, IR ZIE R T 6%,
T VEGE TR A E O &5 B, kb A AL E N 2
3L, MTLAUR BLIX B A E LR, U R 2 f
B, R i3 i 22 2 TR A, I BLAE X AN YE
P, DO 37515 25 B R 2% , — W 3710 25 I 7E 2%
PALPY o JUFPA E AR LL T & 5 2 fF BB AT LAFE AR AE
BN AR 2 I R R DU AR 3R ZE1E 1% /2
AR AP SE F . DL B ae R 0, 2 i
P20 B A7 LN S R A B R XY, 2 T T A
PLBl) N HEAT AL 1 2 B D04 A0 S B A O, [ I A
VLA A AR ZE W T B 1) 5 AT SR A 3K o
HBE— 20 i, 7EBUE 2 B 45 SR SR 1 gk
1T 78 OV A8 ORI L TR il R 2
AL ER BB N 2. PSSR, DL YIG 7 B

110202-5



oK

2023, 46: 110202

LI 5(be) o Bl 5 H, g IR R 2,
do~d, 73 A 97K TR BT R AR R 22 TS o
R BARY 1 Ros W6, 11 RoR 5 — U )i 4
R 2R I RS R . A S AT RUREL,
et — g A , MR A Q2 M H bs o #R3E
[l Iy AR R 22 KON o 23 U e, —

0.07

@

o
o
=

o o o
=} =3 =3
) = W

Normalized Error

e
o
2

f=}

>
=
=
\F \

—_
5]
w
w
—_
(=1

Times of Dipole Components

Wedgy iR 22 38 ARG /) 5 Ee A UM 37 1R 7209 0.8%, —
PR 79 0.4% , R AR H AR KR ZE KT

2o i 2 I R DB RO I SR, SE A IR T
TSR AR ATVE , 96 AIE 1 BRI B T B
S WE R, B 36 18 7 9548 S B R 3 P AL 75
R

Nomalized Magnitude

0 1 2 3 4 5 6 7 8 9 10
Position / 10° Point

04 ,
©

4 el
¥ W

Nomalized Magnitude
(=]

(=]

'
o
=

i
=
o

(=]
—_
ok
W

5 6 7 8 9 10

Position / 10° Point

5 BHLIHIE SIS IR KL
(a) ANFFIBLE A5 20 1 —  DU AR 1R 22 LU (b) I R DU B 0 A1 LA, () I R o — W 0 A1 B
Fig.5 Result comparisons of the tuning experiment in simulation
(a) Quadrupole and dipole component errors with different weights, (b) Quadrupole field variation during the tuning,
(c) Dipole field variation during the tuning

33 LSHEESSVD REALLE:

XoF BL T SVD A 1 A B AT T R BRI
WE. ASEIRES I, 38 T SVD 245 3 R 1% V8 FlR
K, e T IR R B AT A Bl L 2 R B
JE B SVD J5 ik . R4S L, — LT LS B 16 4 45
B, AT LA 25 AR RIRE 1 e 88, 1 J5 ) LH 28 1
NAFAEERKE LIS 2 1 a8, Rk pkik 7 H P29
HORBAT VR . I G 3 0 A iR 2 R 0
2, VORI R ZETE 1% LA, B R A7 R 2220 2%
B UCHEAK IH I FH B8 9 L 85 R, A 5 IR
&, AR R Z RS (0.8%) , 1 DU A% 37 i 2 16k
(2%« EIE SVD J7 ¥ P Y I 1 5 DY B 3% 1% 22 D
K, WINEE L T 22 BV BR8N iR 22 5 T B2 FH —
W37 ZE BUCE N LS 773, i b — 15 pirids , IR

J5 S T B EEAR 5 431

0.020

0.018 |

0.016

0.014 |
0.012 |
0.010
0.008

Normalized Error

0.006
0.004 |

0.002

0 . .
SVD 2SVD LS 2LS

6  AFEIFIEFVE T = DUk R X
Fig.6 Comparison of the quadrupole and dipole component
errors with different tuning methods

110202-6



Rl SRAT A5 HET M SRR R A RFQ B A 18 5105 A 56 E 5 S 3

B2 SVD J7 5 LS T A5 21— DU 37 1%
72 HBL AL 6 P, o BU B SE SR B0 R 1 LS T ik
] PR SRAAE B s AL B iR R 72 A TV I
FESER AL

4 ET RFQHAAEIEE AL

PAESER T 1 SRR A R0 Bk, AR A L0
WS B RFQ B AL, in T 7 — B A A B (18 7
(a)), A REQ FENLIE — B I UE I 7 i

RFQ & J7 i §1 pirids , Bpk-F- 6 #6 2 WK
7(b). £ RFQHEHLIK Itk LITA7 4 I E AL, 50731
FERFQ [ 4 IR, 2671 % & & D ERTE 4 D RIR
ok el g ik, I e i ] AR S AR _E T RS, A D Rt
R B /NERFE s fR b )5d iz 5l . R A b T g
PRI L 02 il 1 DR PRI 5 AR PR B AN i 1
P R 55— SR FR B R B 2% 70 O, FREIE 1A
IS . D i LI ) R 2% 0 B S (0 Kt
1% Hiy 4138 1L 7E LabView YR58 N 9 5 (72 7 ok SEBL

(C) PNA Network Analyzer N5225B Control Platform

’ [ m sToP

CardName ot XPoison Posiion Moxspeed St mingand couring Counter oaEE

o) (] (2o ) [Fo || [omensa P 9 $eDo0DDDUDDOD
Vposiion Disance MaxSpeed2 Emergencysop ke zer0
() -] (7o | [omsen i 1+ 980DDOODOOO00,

S 10 15 20 25 3 35 4 45 %0 S5 60 65 70 75 & 8 % 85 100 105 1i0 1 120 135 130 135 140 145 150 135 160 165 170 175 180 185 180 185 201
Frequency (GHe)

1126

1.4 "
2 @
1.0 1,
0.8

0.6 | —e—q |-
ds

04
0.2
0.0 +
-0.4

Normalized Error

0 200 400 600 800 1000 1200 1400 1600 1800
Axial Position

3
4027

Normalized Error / %

0 1 2 3 4 5 6 7 8
Tuning Times

[El7 RFQFEEIHIET & Kstn gl R
() 714 MHz REQ F£HL, (b) RFQ &~ 5, (c) HLMLAZ il MR I S 17 T A » (d) REQ FEEL I 4R »
(e) W RE b — UM IR ZE AL
Fig.7 Testbed of the RFQ prototype and the experimental results
(a) Prototype of the 714-MHz RFQ, (b) Testbed of the prototype, (c) User interface of the motor control and RF measurement,
(d) Initial field of the RFQ prototype, (e) Variation of quadrupole and dipole component errors during the tuning

110202-7



oK

2023, 46: 110202

(B 7Ce)) o W= 75 2 1 B Sk A7 T 22, F R H
Y B 58 ROV U B TR U s AR 3 R B W
i Matlab F2J7 528 . RFQFENL A 16 1183 , 1
W 2R R A B Sk A Bl , AT DLSE I A R HE T
Wi,

X RFQ FE BRI GRS AT I & . Sk A
TR IO N TR R 5 O 5 mm, A AR SR E T &
i R Y B 240, A B S 43 31 RFQ FE BN VI 463
A, Hod, T IZR ZEAE 30% PL (7)) . E
BLE RAE T W GRS S B IR FE A — 8, iR 22
BORIE T — R R R S R R 15, §
FORE A 5 I R AR A — B AR R 22 s R I
T ARG BB A TA B FHAR AR RE DA ) B 45 10 10 5 1
RERG . R ERSEWYIIRIRE, A
SRV R S DR A SRR B AT VR SE A0 R 5
WESLVE SR T & B AT S AT 2 AT AT

B _F 3 i B2 RFQ AR A fias 3k 47 1 8
WIUEIRAS S = DUARIA R 22 533 24.09% F11.57%,
o3 5 RS JE R 25 4 IR 2.33% F111.39%
PRI iR 2 2k B H AR AR, SR AT T — K
AR BOR BT A R O S AR B 4 0 0.6 mm,
VOB R ZE P AR R AR, T 2.52% AT 1.34% (]
TR o 2 J5 AT T 2 IRBAME 1 1 LR
E T SR IS St , 45 R 7R iR ZE NGRS »
AT A S R ZE /N ) 45 B O 20T R 1 B vk 1 A PR A
FE. TSP HRESE R 7.,

5 4518

Bt AR L B R R RFQ CE A2 ol 31 )
) R, B Yl 2 T e SR R R /N 3RV T
WV B, AT DATE VR R m R T Y R P R A
HoN W35 43 B 38 IR EE W] A i 5k 2 — A3 1%
75 o (EBIIASE N AT TR SR8, WD IAE T Hr
VS EVE AT, 5 SVD M e v AR 1
BRI E R B AR RS B9 S T Matlab
FEJF , 2T Labview 7T & T RFQ Bl & AT 5,
I REQ AEHL AV S 38 3 — D I0AIE 1 Bk
X 1 BV R ST R AR L R R B RFQ T R Y,
[ st L A AR 53R PR, 38 A T A AR I REQ,
Bk ] DU A 55 2 R RFQ N FH AE 56 22 o1 Il 2%
E LSRR T EE N .

EETIRRASEE [ AT S50 B 8 B 4R 1 ROt 3k
FEHR M ERE X F o R EA R L RABEIT; 7 X
BHAFE W EEMER XENEIT KRB MR
IRHFENRE:FERA T LR EENRE;

RIRZEARINE W EEMEE XENBIT,

S 30k

1

10

110202-8

Kapchinskii I M, Teplyakov V. Linear ion accelerator
with  spatially homogeneous strong focusing[J].
Instruments and Experimental Techniques, 1970.

Stokes R H, Crandall K R, Stovall J E, et al. RF
quadrupole beam dynamics[J]. IEEE Transactions on
Nuclear Science, 1979, 26(3): 3469 - 3471. DOI: 10.1109/
TNS.1979.4330069.
Wangler T P, Stokes R H. The radio-frequency
quadrupole linear accelerator[J]. IEEE Transactions on
Nuclear Science, 1981, 28(2): 1494 - 1499. DOI: 10.1109/
TNS.1981.4331450.

AT, TR, BRATT, &5 . S AU AR 37 0 i s s 4 22 ) B
Yoy B 0], B ER, 2020, 43(3): 030202. DOL: 10.11889/
j-0253-3219.2020.hjs.43.030202.

ZHAO Bo, ZHANG Bin, CHEN Shuping, et al. Multi-
physics field coupling analysis of radio frequency
quadrupole cavity[J]. Nuclear Techniques, 2020, 43(3):
030202. DOI: 10.11889/j.0253-3219.2020.hjs.43.030202.
Vretenar M, Dallocchio A, Dimov V A, et al. A compact
high-frequency RFQ for medical applications[C]//
Proceedings of the 27th Linear Accelerator Conference.
Geneva, Switzerland, 2014: THPP040.

Yang Y H, Zhang M Z, Li D M. Simulation study of slow
extraction for the Shanghai Advanced Proton Therapy
facility[J]. Nuclear Science and Techniques, 2017, 28(9):
120. DOI: 10.1007/s41365-017-0273-0.

Zhang M Z, Li D M, Wang K, ef al. Commissioning Of
Shanghai Advance Proton Therapy[C]//Proceedings of the
9th Accelerator
Vancouver, Canada, 2018: TUPALO059.

Shu H, Yin C X, Zhang H Y, et al. Scanned proton beam

International  Particle Conference.

performance and calibration of the Shanghai Advanced
Proton Therapy facility[J]. MethodsX, 2019, 6: 1933 -
1943. DOI: 10.1016/j.mex.2019.08.001.

Fang W C, Huang X X, Tan J H, ef al. Proton linac-based
therapy facility for ultra-high dose rate (FLASH)
treatment[J]. Nuclear Science and Techniques, 2021, 32
(4): 34. DOL: 10.1007/s41365-021-00872-4.

Zhang Y, Fang W C, Huang X X, et al. Radio frequency
conditioning of an S-band accelerating structure prototype
for compact proton therapy facility[J]. Nuclear Science
and Techniques, 2021, 32(6): 64. DOIL: 10.1007/s41365-


http://dx.doi.org/10.1109/TNS.1979.4330069
http://dx.doi.org/10.1109/TNS.1979.4330069
http://dx.doi.org/10.1109/TNS.1981.4331450
http://dx.doi.org/10.1109/TNS.1981.4331450
http://dx.doi.org/10.11889/j.0253-3219.2020.hjs.43.030202
http://dx.doi.org/10.11889/j.0253-3219.2020.hjs.43.030202
http://dx.doi.org/10.11889/j.0253-3219.2020.hjs.43.030202
http://dx.doi.org/10.1007/s41365-017-0273-0
http://dx.doi.org/10.1016/j.mex.2019.08.001
http://dx.doi.org/10.1007/s41365-021-00872-4
http://dx.doi.org/10.1007/s41365-021-00891-1

T4, 5T WA A RFQ HT U 57 00 E 5 56

11

12

13

14

021-00891-1.

Zhang Y, Fang W C, Huang X X, et al. Design,
fabrication, and cold test of an S-band high-gradient
accelerating structure for compact proton therapy facility
[J]. Nuclear Science and Techniques, 2021, 32(4): 38.
DOI: 10.1007/s41365-021-00869-z.

Koubek B, Grudiev A, Cuvet Y, et al. Tuning of the
CERN 750 MHz RFQ for medical applications[C]/
Proceedings of the 28th Linear Accelerator Conference.
East Lansing, Michigan, 2016: THOP09.

Pommerenke H W, van Rienen U, Grudiev A. RF
measurements and tuning of the 1-m-long 750 MHz radio-
frequency quadrupole for artwork analysis[J]. Nuclear
Instruments and Methods in Physics Research Section A:
Accelerators, Spectrometers, Detectors and Associated
Equipment, 2021, 1011: 165564. DOI: 10.1016/j. nima.
2021.165564.

Yang Y Q, Fang W C, Huang X X, er al. Static
superconducting gantry-based proton CT combined with
X-ray CT as prior image for FLASH proton therapy[J].
Nuclear Science and Techniques, 2023, 34(1): 11. DOIL:
10.1007/s41365-022-01163-2.

15

16

18

19

110202-9

Takabe M, Masuda T, Arimoto M, et al. Development of
simple proton CT system with novel correction methods
of proton scattering[J]. Nuclear Instruments and Methods
in Physics Research Section A: Accelerators,
Spectrometers, Detectors and Associated Equipment,
2019, 924: 332 - 338. DOI: 10.1016/j.nima.2018.05.034.
Pisarev M A, Dagrosa M A, Juvenal G J. Application of
boron neutron capture therapy to the treatment of
anaplastic thyroid carcinoma: current status and future
perspectives[J]. Current Opinion in Endocrinology &
Diabetes, 2005, 12(5): 352 - 355. DOI: 10.1097/01. med.
0000178269.16988.b1.

Alonso J R, Barlow R, Conrad J M, et al. Medical isotope
production with thelsoDAR cyclotron[J]. Nature Reviews
Physics, 2019, 1(9): 533 - 535. DOI: 10.1038/s42254-
019-0095-6.

Wangler T P. RF linear accelerators[M]. Berlin: WILEY-
VCH Verlag GmbH & Co. KGaA. 2008. ISBN: 978-3-
527-40680-7.

Lloyd Y. Tuning and
Proceedings of the 1990 Linear Accelerator Conference.

New Mexico, USA, 1990: WE202.

stabilization of RFQ's[C]//


http://dx.doi.org/10.1007/s41365-021-00891-1
http://dx.doi.org/10.1007/s41365-021-00869-z
http://dx.doi.org/10.1016/j.nima.2021.165564
http://dx.doi.org/10.1016/j.nima.2021.165564
http://dx.doi.org/10.1007/s41365-022-01163-2
http://dx.doi.org/10.1007/s41365-022-01163-2
http://dx.doi.org/10.1016/j.nima.2018.05.034
http://dx.doi.org/10.1097/01.med.0000178269.16988.b1
http://dx.doi.org/10.1097/01.med.0000178269.16988.b1
http://dx.doi.org/10.1038/s42254-019-0095-6
http://dx.doi.org/10.1038/s42254-019-0095-6

	3.1　 单调谐棒扰动模拟调谐
	3.2　 多调谐棒扰动模拟调谐
	3.3　 LS解法与SVD解法比较

