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® Introduction

® On-line beam phase calibration

® Transient Beam-loading Method
® Steady-state V; Method

® Cavity Differential Equation-based Method

SIN3i1LNOD

F. Qiu, On-line beam synchronous phase calibration using beam-induced RF signals, the 13th International Beam Instrumentation Conference (IBIC 2024), 2024/09/09-13, Beijing, China



g 13*" INTERNATIONAL BEAM m
% INSTRUMENTATION CONFERENCE ™ \
IBIC2024 Sept49f13,72024 BeulngChlna Qj\l_l,P  J
) ' “ @Lﬁ.ﬁiﬁ%:ﬁ !ﬁ.‘!i"n’i’vﬂ’:ig China Initiative VQ

o o Aceslerator Driven System
: e

CAFe: China ADS Front-end (SRF facility, in CW mode)

B Demonstrate the feasibility of the 10-mA high-power CW proton R
beam for the China-initiative ADS (CiADS) project

HWRO010
A
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~1.5 MeV

RFQ oy ;| 13K b, \ CM%
Four Cryomodules, 23 SRF Cavities, Cavity Bandwidth: 80 Hz~200 Hz, HWR,;;+HWR5)

F. Qiu, On-line beam synchronous phase calibration using beam-induced RF signals, the 13th International Beam Instrumentation Conference (IBIC 2024), 2024/09/09-13, Beijing, China
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Introduction (ESS)

European Spallation Source (ESS) Layout
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A

<«<24m—> <«46m-> <«3Bm—=> <« 39m > «5%m-—> «— 77Tm —=> <« |79m —» lon Species Protons
h h { h { i Frequency 352.21/704.42 MHz
75 keV 3.6 MeV 90'MeV 21 MeV 561 MeV 2000 MeV Pulse Length 2.86 Ms
Peak Current 62.5 mA
Protons per Pulse 1.1x10%
Repetition Rate 14 Hz
Duty Cycle 4 %
Average Beam Power 5 MW
Accelerating Structures  RFQ, DTL, SC
Spokes/Elliptical
Accelerator Length ~365 m
Normal Conducting
and Superconducting
accelerating structures
The normal-Temperature Front End Buncherl Buncher2  Buncher3
73.85 76.7 76.9
MEBT 0, [arb.units] 8878 8893 9470
Source
BCM1 BCM2 BPM1 BPM2 BPM3 BPM®6 £, slkHz] 19.83 19.80 18.6
( >7 e i rra HE-Peat e Iopme o l— e 352.21 35221 35221
= K€ 3.6 MeV
B(v=c) [arb.units] 1.03 1.02 1.06

F. Qiu, On-line beam synchronous phase calibration using beam-induced RF signals, the 13th International Beam Instrumentation Conference (IBIC 2024), 2024/09/09-13, Beijing, China
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Limitations of Traditional Phase scan Methods

1.

synchronous phase and its measurements

To maximize the energy gain, the particle must enter the cavity at a
specific point in the RF field's oscillation, which corresponds to the
synchronous phase (¢;) .

Vace = Ve - cos(pp)

The measurement of the synchronous phase is performed by the BPM
using the “phase-scan” method.

Limitations

Impact on Operations: Takes up machine operation time due to its
off-line nature, usually time-consuming

2. Phase Drift: hard to track phase drift caused by environmental factors

43

38

33

28

Temp

-14.5 23

e H\WR:LLRF:3-3:rf1phase templ emmmmmtempl —es——temp2 temp3  emm—tempd

Phase drift caused by temperature changes @ CAFe

F. Qiu, On-line beam synchronous phase calibration using beam-induced RF signals, the 13th International Beam Instrumentation Conference (IBIC 2024), 2024/09/09-13, Beijing, China
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Our proposed solution: on-line beam measurement

B [t can address the challenges of traditional BPM based phase scan method to determine beam phase

and beam current.
B [t can provide continuous beam phase monitoring and online beam information during accelerator
operation. It can solve two major problems in accelerator operation:

1. Beam Loading and its compensation
2. Beam Trip and Its Recovery

F. Qiu, On-line beam synchronous phase calibration using beam-induced RF signals, the 13th International Beam Instrumentation Conference (IBIC 2024), 2024/09/09-13, Beijing, China
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On-line measurement during operation:

B Beam Loading and its compensation

« Beam loading is very hard to fully compensate in normal conducting linac, which affects both beam
transmission, and beam phase (more than 10 deg beam phase changes observed when beam
compensation feedorward is not on (feedback only) for RFQ)

» Static feedforward is necessary, but knowing beam information in real time (beam current, beam on/off
Status) |S hard RFQ Cavity Field with Beam Loading under Feedback & Feedforward

120 A

=
=
w

110 A

=
o
w

Amplitude / kV

100 4 —— Open Loop. No Feedback and No Adaptive Feedforward
—— With Feedback but No Adaptive Feedforward(ILC)
—— With Feedback and Adaptive Feedforward(ILC-1st pulse)

951 —— With Feedback and Adaptive Feedforward(ILC-3rd pulse)
With Feedback and Adaptive Feedforward(ILC-5th pulse)
90 —— With Feedback and Adaptive Feedforward(ILC-19th pulse)
35 40 45 50 55 60 65 70 75

Time(relative to RF pulse start) / us

The beam loading of 59mA in ESS RFQ

F. Qiu, On-line beam synchronous phase calibration using beam-induced RF signals, the 13th International Beam Instrumentation Conference (IBIC 2024), 2024/09/09-13, Beijing, China
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On-line measurement during operation:

B Beam Trip and Its Recovery:

» Detect beam trip, disclose beam information (status, phase, current, energy gain, etc) is essential
for preventing overshoot due to no beam (beam compensation feedforward still on).

Overshoot at '
beam on

RFQ 5% 5%

DTL1 9% 11% o] A =
DTL2 8% 8%

DT L3 8% 8% 2.7 4 —— one pulse before MPS triggred

—— MPS triggered during RF pulse by RFQ breakdown
one pulse after MPS triggred

DT L4 7% 7% e , overshoot due tc: no beam(AFF still Imn): 9%

T T T
120 140 160 180 200 220

Time / us

F. Qiu, On-line beam synchronous phase calibration using beam-induced RF signals, the 13th International Beam Instrumentation Conference (IBIC 2024), 2024/09/09-13, Beijing, China
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® On-line beam phase calibration

® Transient Beam-loading Method

® Steady-state V; Method

® Cavity Differential Equation-based Method
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Transient Beam-loading Method (cont’d) 7h,
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® Beam-loading effect: Refers to the influence of charged particle beam on the accelerating RF filed

within an RF cavity

® Beam-induced transient vector: The transient vector (V. ) induced by the beam in the In-
phase/Quadrature (I/Q) domain under open-loop (OL) operation

RF

E(t)

/ transient

E(t)=E(1)-Eb (1)

hi§

Beam Synchronous Phase

Beam-induced RF

V. amp.

V. pha.

Base-band V_(f) under OL

I Beam
1f
S~ Beam-induced RF
A \ / transient on baseband V,
0 Time
A
OO
etail \
0 Time

I/Q domain NG

A Im(vC) ya \/c E \‘

- (1,0)

0 etail qu a
'453/'/ ; / \

Beam-induced
transient vector V;,

Re(V.)

F. Qiu, On-line beam synchronous phase calibration using beam-induced RF signals, the 13th International Beam Instrumentation Conference (IBIC 2024), 2024/09/09-13, Beijing, China
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® Beam current and phase can be calibrated using the beam-transient-induced V, vector V,,

E(t) E(?)
N
DA A /\ D
@5 =-90° Pp = -45° Time @y =457 Time
| Open-loop ‘ Open-loop
] Beam ] Beam
1 | Im( V) 1 Im(V,)
[ ] | Q. —
g' The vector’s angle is £ \ The vector’s length is prop.
© \\ Beam-induced beam phase ‘“o to beam current
N RF transient > \ ~ ~
= 0° 1,0 = S (1
Time - ;:‘f" (:[ —; (1.0) 0 Time - j (<_>>( - 0)
[ L 09 _Re(Ve) 00— Y Re(Ve)
tU N QY @ \ N
L ' I < N, Ib2
Q. Vie - l§ 2 \ N
o T O R
N > \ V,
0 Time 0 Time

F. Qiu, On-line beam synchronous phase calibration using beam-induced RF signals, the 13th International Beam Instrumentation Conference (IBIC 2024), 2024/09/09-13, Beijing, China
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® Method was confirmed at ESS buncher cavity (open-loop, ,=20 mA, Beam width = 5 us)

80
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o
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-100 |-

-200

400
— il
S — l
IN—
0 100 200 300 400
Time [us]

(o]
o

~
o

D
o

(&)
o

Transient Ptamp. [arb. units]
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Trans. Pt Phal (off. rmvd.) [deg]
o

-10
-20 : : : : :
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Time [us]

Imagniary component (quadrature) [arb. units]

03} Beam phase=-133.61 [deg] | |
' Beam phase=-133.84 [deg]
Beam phase=-153.69 [deg]
Beam phase=-173.67 [deg]
0.25F Beam phase= 166.33 [deg] | ]
—————== Beam phase= 146.03 [deg]
————== Beam phase= 125.77 [deg]
02r ————== Beam phase= 85.60 [deg] | +
———== Beam phase= 66.11 [deg]
———== Beam phase= 45.91 [deg]
015 ————== Beam phase= 26.10 [deqg] | |
' ———== Beam phase= 6.03 [deg]
———== Beam phase= -13.87 [deg]
. ———== Beam phase= -13.88 [deg]
01 K ———== Beam phase= -33.58 [deg] | |
*s ———= Beam phase= -34.09 [deg]
——= Beam phase= -53.91 [deg]
0.05F '-\ ———= Beam phase=-73.91 [deg] | -
—== Beam phase= -93.94 [deg]
Norm. vc A ———== Beam phase= -94.17 [deg]
0 Beam phase=-113.99 [deg] |
[ ———= Beam phase=-134.07 [deg]
Ve
00517 Beaym .
. \\
\\‘
0.1 : S 1
_0. 1 5 1 1 1 1 1 1 1 1 1
085 0.9 0.9 1 105 11 115 12 125 13

RFQ-Bunchers_63mA_2023-04-29T17_42_58.859319+02_00

Real component (In-phase) [arb. units]

F. Qiu, On-line beam synchronous phase calibration using beam-induced RF signals, the 13th International Beam Instrumentation Conference (IBIC 2024), 2024/09/09-13, Beijing, China
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Transient Beam-loading Method (Bottlenecks)
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® Bottlenecks: Requires the cavity to operate w/o detuning (in the case of a normal conducting

Vc amp. [arb. units]

Vc pha [deg]

»
a

cavity) and under OL conditions

| CcL oL T 0
5 Norm. V.
£
§ 0.05
c
[}
c
g -01}
€
Q
o
b
® L —
g 0.15 Q\ﬂ CL
] —
1 1 1 1 1 _0.2 1 1 1 1
0 2 4 6 8 0.8 0.85 0.9 0.95 1
Time [us] Real component [norm. units]

The vector V. is NOT straight under closed-loop
operation

Amp. [norm. units]

Phase [deg]

09¢
08¢
< 0.7}

-10¢

-20 -

[—— A 9 =-45deg A 6 =-20 deg A9 =0deg A 6 =20 deg A 6 = 45 deg|
|—>Normallzed Vc|
0.05¢f
\ — Norm. V,
[2]
c
> y
£ -0.05}
S
S -01 /
8 015 ,
o
\ g -02
\ -0.25¢}
L L L . . -0.3 L L L
10 0 10 20 30 40 0.7 0.8 0.9 1 1.1
Time [ps] Real part [norm. units]

The vector V,, is NOT straight if the cavity is
detuned (especially for the normal conducting
cav. case)

F. Qiu, On-line beam synchronous phase calibration using beam-induced RF signals, the 13th International Beam Instrumentation Conference (IBIC 2024), 2024/09/09-13, Beijing, China
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® Bottlenecks: Requires the cavity works w/o detuning (for Bun2) and under OL

Source BCM1 BCM2 BPM1 BPM2 BPM3 BPM6
(et} *ra
7.5 keV 36 MeV
Open-loop Closed-Loop
Open loop (55 mA) Open loop (55 mA) Closed loop (60 mA) Closed loop (5 mA)
-30 T T T -30 T T T 20 T r r 20 T T r
Closed loop (raw) . ]
? 82t ’ Open loop (raw) 35 v(/' v‘\ll ] 35l o 15l \//‘»Q’ \/\é’-’_ 15} v‘,\”l v\,}\e--
= ~o--BPM3 = v v = O A = v 7 S g y
o)
2 a4 ——Closed loop (mean)| = o} O S 4o} e S 1o} 0 2 10}
5 —=—Qpen loop (mean) 8 < 2 9 % @
€ Q 45t S 45} S 5| S 5
§ -86 e | BPM3 £ £ 5
o] 8 o} [ [}
3 | N = sof Ny 2 ol 2 of £ o
g '88 | : l s ' : | i 8 c(_g K//"&é? 8 8
= i i S 443 55} == 85 v : 5f 5
© gl O 2" —=—Mean
' ' ' -60 ——— : -60 L—s———— 10 b—— qol——
0 20 40 60 -20 0 20 -20 0 20 -20 0 20 -20 0 20
Detuning [kHz] Detuning [kHZz] Detuning [kHZz] Detuning [kHz]

Beam current [mA]

Hard to calibrate the beam information
— We need a new algorithm that is suitable for both closed-loop operation mode and cases with detuning

F. Qiu, On-line beam synchronous phase calibration using beam-induced RF signals, the 13th International Beam Instrumentation Conference (IBIC 2024), 2024/09/09-13, Beijing, China



. 13" INTERNATIONAL BEAM
% INSTRUMENTATION CONFERENCE
IBIC2024 Sept 9 13 2024 Beulng Chlna C MP

China Initiative

‘rﬁm e Aceslerator Driven System
e, oo

® On-line beam phase calibration

' ® Steady-state V; Method
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F. Qiu, On-line beam synchronous phase calibration using beam-induced RF signals, the 13th International Beam Instrumentation Conference (IBIC 2024), 2024/09/09-13, Beijing, China
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® Principle: Compare the steady-state (SS) V; vectors in case of with (U,,,) and w/o beam (U,,)

w/o beam Vg +(@ys — jA@)V,, =20 LV V,=2— p V,-2—— p Vep=U,-U
o.s —J c0 0.5 ! f nb wb
dt 1+p If v,=V, 1+ 1+ﬂ
_ dv, : s
ith beam L dtb +(a)0~5 _JAC‘)) Vip =20, 5 mVﬂa +ay s, Unb wa
A Filling
Beam Im (V)
c N 1. Beam-loading must be
( Vi ° | Ul well compensated
3 1w e W)
~—3» a ' / | Vel=1 U FF required
0 t g Veo Ve A | - 7
< 0
Beam > \
A Filling 0 Time Que \ 2. V; signal must be well
Tme, ldlataop A _—=>Ubp calibrated
o . 20 (1,0) _ — Cross component in
oo o /0 Y the meas. channels
o ¢ Re (V)
A | Vb= Unp = Unp
ZV=0 - A°
0 i 0 Time

F. Qiu, On-line beam synchronous phase calibration using beam-induced RF signals, the 13th International Beam Instrumentation Conference (IBIC 2024), 2024/09/09-13, Beijing, China
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® lterative Learning Ctrl (ILC) algorithm usually helps

« Step1: Calibrate the error between the reference signal (r) and cavity pick-up signal (y)
6; (k)=r, (K)-y; (K)

- Step2: Update the current feedforward (FF) output (u,,) using the previous FF (u;) and error (e))
A matrix or a zero-phase filter

—_— /
Uj+1 (k)_QILC [Uj + L\ej )] A matrix or a plant-inversion-model or PID

AL L ¢ (k) 1. Beam-loading must be
Control SR Error 1! well compensated
’ ! ! % (k) ’ % (k) (VcO=Vcb)
! (k) ! e (k) ;
_ > k \W)=1 , k — FF required
— Sample m Sample
/ s ()l !’ e; (k)
U AOutput T [T
j+1 .
. | .
B g e | o e T en®)
J+l g

. L HORG  ——
/ Iteration 41; J Iteration

F. Qiu, On-line beam synchronous phase calibration using beam-induced RF signals, the 13th International Beam Instrumentation Conference (IBIC 2024), 2024/09/09-13, Beijing, China
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Beam-loading Compensation

® After several times of iteration, we can obtain the condition

VcO - Vcb
Equivalent Beam 1-F;

i= & ()le=1,

Trep

ffffff

o
|

r

Beam Trigger

Field Amp.

Field Pha.

20 ps | ..
beam| ‘-

Peak gradient [MV/m]

Phase [deg]

RF waveforms during iter. proc.

25.2 1
——j=0 ——j=3 —j=40||
—j=1 =10

251

25

24.9

Cav. Field

24.8
0 0.5 1 1.5 2 25

0.2

0 .

o |

0.4
0 05 1 15 2 25

Time [ms]

Amp. of u FE [norm. units]

Phase of u - [deg]

1

0.8

—1
0 0.5 1 1.5 2 25
|, —
Ve
0 0.5 1 15 2 2.5
Time [ms]

“
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Beam
()
A
-g | Ul
E |Unp| ——=
— nb =
< VCO Vcb
0 Time
Convergence curve
0.6 7}
x g5 1
< 0.5 E g
i 04 5 208
[®)]
S S 8 oe
S 03 O 8o
5 = 2
g 02 : S
: Cav. Field | 5 o«
2 oo} 32
L W g e X oy - 8 02 FF
0 £ 2
2% o
o 10 20 30 40 £ 10 20 30 40
L~ 10
g 0.25 % o
s 7 5 8
5 015 T2 6
) O o
@ 0.1 ~.=_I S 4
S 005 5 3
3 5 2
iz 0 =
-0.05 0
0 10 20 30 40 0 10 20 30 40

Iteration number [arb. units]

Iteration number [arb. units]

C. Xu, Z.Zhu, F. Qiu* et al., Application of a modified iterative learning control algorithm for superconducting radio-frequency cavities, Nucl. Instrum. Methods. A . 955,166237 (2022)
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® The accuracy of RF signals measurement is primarily affected by the following factors:
«  Crosstalk between the measurement channels (e.g., directional coupler)
 Impedance mismatch of RF source (which can be mitigated by a well-designed circulator)

(Tr True Signal HWR
—> Vf I/r Crosstalk XL
* *
V 4
Measured Signal

. _ %* 2. V; signal must be well
Vii=cVitc,V, Vi=aVi+hbV, calibrated

* — + — * 4 * — Cross component in
Vi =c3Vit eV, Vi=cVy +dV, the meas. channels

The key issue is configuring the four COMPLEX calibration coefficientsa b ¢ d

e.g., a = |al-e/<@

18 F. Qiu, On-line beam synchronous phase calibration using beam-induced RF signals, the 13th International Beam Instrumentation Conference (IBIC 2024), 2024/09/09-13, Beijing, China
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® The optimal calibration factors can be determined by minimizing the error between cavity model
output y(a, t) and actual measurement |V|

dl\V
av, . B B o _ B 2 — cl_
T L —wo.{zg\rf\cos(zn—ﬂf)— } /(v a) =>4 (a)—Z -~ v(a)
VI (t) y(a, t) Must be minimized
'E‘ 0.2 1.5 r r r 1.5
=
)
. 0.15
g _ —_— Before cali.
S 51 o
L 0.1 E E
9 o o
O 005 % é
5 A =
D‘ 0
o
(qy]
g 0008 09 098 ) 102 1.04 -1.5 * ) ) . . . )
corr o 0 20 40 60 0 20 40 60
Real part of a [norm. units] Time [ms] Time [ms]

A. Brandt, PhD thesis, Universitt Hamburg, 2007
J. Y. Ma, F. Qiu* et al., Precise calibration of cavity forward and reflected signal using low-level radio-frequency system, Nucl. Sci. Tech. 33:4, 2022

F. Qiu, On-line beam synchronous phase calibration using beam-induced RF signals, the 13th International Beam Instrumentation Conference (IBIC 2024), 2024/09/09-13, Beijing, China
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® The Steady-State (SS) method performs effectively with FB+ILC (which is the CL case)
® Results are not affected by cavity detuning

V. under CL (FB+ILC) Viunder CL (FB+ILC) |/Q domain
Ve (t) (detuning=Af) Ty " " " 1 T T T ‘7;0 (normalized)
) Vea(t) (detuning=Af5) = 1 e —=U(w/0 beam)
= 1t s  \' -/ [ 0 s w Uy(w /0 beam)
3 - B 1) —

) = 0.8 O 1(with beam)
£ > 1.02 |t W4, 1.02 R | . w Uy(with beam)
S 1,002 S 0.6 401 1.01 %) B,

.E. 05 i = | I . L L Rk & R [ TRTPY. g :.é 3 §2

= 1 S 04f 1 ! 5 )

° 0.998 — .

Q S 0ol 099 0.99 £

§ 0} 160 200 o 175 180 185 230, 240 2
O . il = _ _
1F g 09

) 04¢f ) g

c 0.02 = =

5 0.3} 0 5 O c 1| ]

% 0.2} -0.02 £ g -0.69

<, 160 200 2 -1 = 07 :

o | 3 2 . - ' -0.71

> 0 > w1 (t) Uy (w/o beam) =------- Uz (w/o beam)

S o1 © uy(t) Uy (with beam) -------- Us(with beam) -0.03 -0.02 -0.01

6') e g) -3 [ 1 1 1 1 _2 1 1 1 1

€ 0 100 200 300 g 0 100 200 300 -1 -0.5 0 0.5 1 1.5 2

B Time [us] - Time [us] Real part [norm. units]

F. Qiu, On-line beam synchronous phase calibration using beam-induced RF signals, the 13th International Beam Instrumentation Conference (IBIC 2024), 2024/09/09-13, Beijing, China
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® The identified beam phase and current in the SS (Steady-State) method are consistent with
the BPM (Beam Position Monitor) and BCM (Beam Current Monitor) measurements
® (Calibration results are not impacted by the cavity detuning

Source BCM1 BCM2 BPM1 BPM2 BPM3 BPM6

7.5 keV 3.6 MeV
CL operation
) |
- ® BPM3| .. ® BCM2 | 25 ' 25
-80r \éj «Q [ ] N o
Trans H SS 30 & K B IR O
m Ss I = | 7 Fls |5 s
82 F D 35 D _35 »/ v
_ 82 : i 8 l.- )\ 8 i )\
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® On-line beam phase calibration

® Cavity Differential Equation-based Method
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Differential Eq.-based Method

® Basically, the results are same with BPM or BCM
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Differential Eq.-based Method

® The calibrated beam current and beam phase is consistent with the BPM and BCM result.

Operation Mode Detuning Beam Width
Requirement Requirement

On-resonance state Basically, Short
needed Pulse (e.g. 5 us)

Basically CL (FB+ILC) None

Trans. Beam Loading Method Basically OL

Basically, Long

Steady-State V; Method
Pulse (e.g. 50 us)

Diff. Eq.-based Method OL or CL (FB) None None
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® Testing results from the ESS room-temperature cavity indicate that
using RF online measurements for beam current information is feasible

® The transient beam-loading method requires the cavity to operate on
resonance and in open-loop mode

® A high-accuracy signal calibration method is crucial for the steady-state
measurement approach.

® By using the cavity’s differential equations, the waveform of the entire
beam pulse can be obtained, but it is prone to nonlinear effects at high
current intensities.
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Thanks for your attention

F. Qiu, On-line beam synchronous phase calibration using beam-induced RF signals, the 13th International Beam Instrumentation Conference (IBIC 2024), 2024/09/09-13, Beijing, China



China Initiative
Agcalerator Driven System

e —
. 13" INTERNATIONAL BEAM
% INSTRUMENTATION CONFERENCE
IBIC2024 Sept.9-13,2024 - ing, Chlna C M :>

@muya e 18

Back-up Slides

F. Qiu, On-line beam synchronous phase calibration using beam-induced RF signals, the 13th International Beam Instrumentation Conference (IBIC 2024), 2024/09/09-13, Beijing, China



	On-line beam synchronous phase calibration using beam-induced RF signals
	幻灯片编号 2
	Introduction (CAFe)
	幻灯片编号 4
	幻灯片编号 5
	幻灯片编号 6
	幻灯片编号 7
	幻灯片编号 8
	幻灯片编号 9
	Transient Beam-loading Method (cont’d)
	Transient Beam-loading Method (cont’d)
	Transient Beam-loading Method (cont’d)
	Transient Beam-loading Method (Bottlenecks)
	Transient Beam-loading Method (Bottlenecks)
	幻灯片编号 15
	Steady-State Vf Method
	Beam-loading Compensation
	Beam-loading Compensation
	Signal Calibration
	Signal Calibration
	Steady-State Method
	Results (SS Method)
	Impact of Signal Calibration (@IMP)
	幻灯片编号 24
	Differential Eq.-based Method
	Differential Eq.-based Method
	Differential Eq.-based Method
	Differential Eq.-based Method
	Summary
	幻灯片编号 30
	幻灯片编号 31

