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Development of Formosa Integrated Research Spherical
Tokamak (FIRST), the first Tokamak in Taiwan
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* Duration: 100 ms

* First plasma: 2026.




Temperature of 100 eV is the threshold of radiation

barrier by impurities
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We welcome anyone interested in fusion research to join us!




The system will be built in National Atomic Research
Institute (NARI, B X R FEERI Xt 5 bx) at FEE

f =

https://www.sipa.gov.tw/home.jsp?mserno=201001210037&serno=201001210041&menud
ata=ChineseMenu&contlink=content/introduction_4 1.jsp&serno3=201002010023
https://www.nari.org.tw/newsdetail/activity/353.html



Formosa Integrated Research Spherical Tokamak (FIRST)
aiming for the first plasma in 2026
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FIRST is targeted for
 Low aspect ratio
* High beta
* High bootstrap
current

« We welcome anyone interested in fusion research to join us!
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Alpha-E provided by Alpha Ring will be used to
demonstrate the proton-boron nuclear fusion
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https://alpharing.com/alpha-e/
Allan Xi Chen, etc., Physics Open 21, 100234(2024)
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Alpha-E provided by Alpha Ring will be used to
demonstrate the proton-boron nuclear fusion
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Microwave frequency is determined for those used in
communications and radar purposes

ATMOSPHERIC ATTENUATION, DB/KM

I | ]

T TRANSMISSION BAND

A

B
C

v, GHz
2T<v=40
75LvSII0

v=lz8

FREQUENCY, GHz

Ry
o ‘S
& <
" 3
7 F
° ;
“, s
o »
153t

13



Microwave / Radio-frequency (RF) wave can be
generated using solid-state devise
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Internal of a magnetron
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https://kids.britannica.com/students/article/electron-tube/106024/media?assemblyld=137
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Internal of a magnetron
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Magnetron is a forced oscillation driven by electrons
between the gap

Hot cathode emits

electrons which

travel outward Stable magnetic
field B

Electrons from a hot filament would

travel radially to the outside ring if

it were not for the magnetic field. The

magnetic force deflects them in the

sense shown and they tend to sweep

around the circle. In so doing, they

"pump" the natural resonant frequency

of the cavities. The currents around the Current around
resonant cavities cause them to radiate the cavity plays
electromagnetic energy at that resonant the role of an

frequency. inductor. Oscillating magnetic
and electric fields
produced in the
cavity.

The cavity exhibits
a resonance
analogous to a
parallel resonant
circuit.

C
g L Charge at ends

o of cavity plays

Electrons from the hot

I" the role of a center cathode arriving
— sapael at a negatively charged
pacitor. . LS
region tend to drive it
1 | back around the cavity,
- "pumping” the natural
resonance Qg \| [.C resonant frequency.

http://hyperphysics.phy-astr.gsu.edu/hbase/Waves/magnetron.html
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Strong oscillation occurs when the electron cyclotron
frequency match the LC oscillation frequency

Resonance condition: wc = w
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Resonance in a magnetron

http://cdn.preterhuman.net/texts/government_information/intelligence_and_espionage/homebrew.milit
ary.and.espionage.electronics/servv89pn0aj.sn.sourcedns.com/_gbpprorg/mil/herf1/index.html
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Magnetron schematic diagram
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Magnetron schematic diagram
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Magnetron schematic diagram
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The electrode of the microwave source is located at the
location with the highest electric field
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Cold circulating water tank Air compressor RF power supply

V. Surducan, etc., AIP Conference Proceedings 1425, 89 (2012)
Dan Ye, etc., AIP Advances 10, 055002 (2020 23



A 3-port circulator combining with a dump can be used

as a isolator

eps_r(30)=1.29 Surface: Electric field norm (V/m) Arrow Surface: Power flow, time average
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https://cn.comsol.com/model/impedance-matching-of-a-lossy-ferrite-3-port-circulator-10302

https://doc.comsol.com/6.0/doc/com.comsol.help.models.rf.circulator/circulator.html
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Electron cyclotron resonance (ECR) microwave

systems

microwave systems
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Strong absorption occurs when the frequency matches

the electron cyclotron frequency

« Electron cyclotron resonance (ECR) plasma reactor
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Electron cyclotron frequency depends on magnetic field

only

 Assuming B =Bz and the
electron oscillates in x-y plane

 Therefore
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Electrons keep getting accelerated when a electric field
rotates in electron’s gyrofrequency

dv e N N N R o
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Electric field in a circular polarized electromagnetic
wave keeps rotating as the wave propagates

* Right-handed polarization « Left-handed polarization

https://en.wikipedia.org/wiki/Circular_polarizatiosn



Electric field rotates in a circular polarization
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A linear polarized wave can be decomposed by a left-
handed and a right-handed polarized wave
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* Right-handed polarization « Left-handed polarization
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Only right-handed polarization can resonance with
electron’s gyromotion
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FIGURE 13.5. Basic principle of ECR heating: (a) continuous energy gain for right-
hand polarization; (b) oscillating energy for left-hand polarization (after Lieberman and
Gottscho, 1994).



Strong absorption occurs when the frequency matches

the electron cyclotron frequency

« Electron cyclotron resonance (ECR) plasma reactor
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experiments
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Monoenergetic particles will be generated in D-D fusion
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Alphas with wide spectrum will be generated

{a) DIRECT DECAY
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A filter is used to block the photon so that the detector
only sees alphas
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https://www.quarktwin.com/blogs/diode/the-working-principle-and-applications-of-photodiodes/125

Allan Xi Chen, etc., Physics Open 21, 100234(2024) 40



Energetic charged particles losses most of its energy
right before it stops

« Momentum transfer: ! / 7[)1,b
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A particle loses most of its energy right before it stops
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Bragg peak

Energy Loss of Alphas of 5.49 MeV in Air 1
(Stopping Power of Air for Alphas of 5.49 MeV)
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http://www.shi.co.jp/quantum/eng/product/proton/proton.htmi 42



There are two suggested website for getting the
information of proton stopping power in different materials
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Abstract:
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The thickness of a filter can be decided from the range
data from NIST website
— Q%

To download data in spreadsheet (array) form. choose a delumiter and use the checkboxes in the fable heading. After downloading. save the output by using your browser's Save As feature
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Proton therapy takes the advantage of using Bragg peak

Energy Loss of Alphas of 5.49 MeV in Air
(Stopping Power of Air for Alphas of 5.49 MeV)

Stopping Power [MeV/cm]

Path Length [cm]

X-Rays Proton beams

Irradiation damages Irradiation damages

Proton

beams
Cancer

X-rays go through the nidus. Proton beams stop at the nidus.

http://www.shi.co.jp/quantum/eng/product/proton/proton.htmi 45



Alpha particles loss energies when passing through the
(Al) filter
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« Afilter is used to block the photon so that the detector only sees alphas.

« Alphas in p-"B, which are mostly in the range of 3-5 MeV, would be
attenuated by ~130-180 keV in 0.8 um of Al.

PN

Detector
(Al) filter

......

Allan Xi Chen, etc., Physics Open 21, 100234(2024) 46
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A pulse signal is converted to a voltage signal using an
integrator

Incident photons/particles
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‘L 4029@ RS0k
GND GND GND
p | p |
2.5V 2.5V

« The 5-pF capacitor is charged by the current from the PIN detector.
 The 5-pF capacitor is discharged by the 20-MQ resistor.

Height

https://www.quarktwin.com/blogs/diode/the-working-principle-and-applications-of-photodiodes/125

Allan Xi Chen, etc., J. Nucl. Eng. 6, 15 (2025)
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Pulse Shaping is commonly used in nuclear and
particle physics electronics

T Ky,

< ‘S
& <
" 3
7 F
s ]
“, 9

o »

153t

« Improve Signal-to-noise ratio S/N * Improve pulse-pair resolution
- Restrict bandwidth to match
measurement time.

=> Increase pulse width. => Decrease pulse width.

SENSOR PULSE SHAPER OUTPUT

AMPLITUDE
AMPLITUDE

FIGURE 13. A pulse shaper transforms a short sensor pulse into a TIME o TMEe

longer pulse with a rounded cusp and peaking time 7p.
FIGURE 14, Amplitude pileup when two successive pulses overlap (left). Reducing the shaping time

allows the first pulse to return to the baseline before the second arrives.

H. Spieler, AIP Conf. Proc. 674, 76 (2003) 49



preamp output [V]

Expected data profile

(WS Kl

2z

0.02
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-0.04
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-0.08

Typical ion beam pulse preamp output signal
and associated pulse shaped output signal
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pulse shaping output [arb. unit)

o
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3
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a1

preamp and pulse shaped signal (zoomed-in) :-11‘ i
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o O
s 8 S
Zg -0.02 ‘g
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£ 004 2
(] Q
o 4 o
a ﬁ
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2 35
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Allan Xi Chen, etc., Physics Open 21, 100234(2024) 50



CR-RC" pulse shaping combines a high-pass filter and
n low-pass filter

th

Preamp “Differentiator” “Integrator

“ -~ _J \__w—/
High-Pass Filter Low-Pass Filter

Lecture Notes - VII. Heidelberger Graduate Lectures in Physics by H. Spieler (2001)
https://www-physics.Ibl.gov/%7Espieler/Heidelberg_Notes 2001/index.html 51



SHAPER OUTPUT

Pulses become gaussian-like after multiple integrators

o
< 3
& <
> 1
z m
2 ]
“, S
) £
et

* Integrating with the same time

constant 7
04 —
7 n=1
0.3 —
n n=2
0.2 — n=4
| n=6
Pl n=8
01 — : 1
0.0 I|'||!||I|||||||||||||||
0 5 10 15 20
T/tau
T, =nt

P

SHAPER OUTPUT

* Integrating with the reduced

time constant Tn_1
T, =
n

1.0 —
0.8 —
06 — n=1
04 n=2

7] n=4
02 —

n=8

0-0 | |

0 3

TIME
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CR is the high pass filter while RC is the low pass filter

« CR circuit: * RC circuit:
Gy Ry
iodbr—oVo 7= RuCy io-wp—oVo 7 =Ryc,
_____ R, - =Fc,
..... TR 1 71 . 1
H o C —_— R C
V():V1 1 +R _Vi 1 +1 Vo_Vl 1]wL =V1 ](;-)LL
joty =75 JoRACy joc, PR jerc T
1 1
- 1 _ jwt,,
ijH+1 — Vi 1
joty

For wzy > 1,i.e.,

2nf
—— > 1lorf > fyg or tg>t
H

V, = V; » High-pass filter!

Forwt, K 1,1.e.,

2rtf
——KlorfK<KfL or tKLry
L

V, = V;  Low-pass filter!
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CR is the high pass filter while RC is the low pass filter

« CRcircuit: « RC circuit:

Gy R,
iodbp—oVo my=Racy | “OTWTO%  n=-Ro

..... R, =C .

Vl_Vc Vo:() VOZlRH Vi_VR_V():O iZCLVO

1 1 P
Vc — C_ idt = C_ R—Odt VR lRL RLCLV()
" H . Vi - TLVO + VO
v, =Yy
1 — TH 0

t
Vo(t) = e_t/THf Vi(t’)et’/‘tﬂdt/
0

1 t
V,(t) = e—t/TL_j Vi(t’)et'/TLdt’
Ty, 0
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A step function becomes an exponential decay after the
high-pass filter

 CRcircuit:

Gy <

v' | I Vo Ty = RyCy

_____ R,

..... — t.
V() = et/ J V.(t)et /Ty

; t
0 t<O0 Vio p——— Vio e- /tel

Vi(t) = {Vio t=>0

Vi(t) = Vipb(¢)

t
V,(t) = e t/™ j Vigd(t)et'/tudt’ High-Pass Filter
0

— ViOe_t/TH et’/TH — Vioe_t/TH

t'=0
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CR is the high pass filter while RC is the low pass filter

 RC circuit:

HR,«H&:L_O m L[ o
...... V.(t) = e—t TL_j V. e—tl ‘[Hetl ‘[Ldtl
. =-=C . o
: _T_ — e—t/TL_J Vioetl/‘teffdtl
1 t 1y, 0
V,(t) = e t/tL —j Vi(t’)etr/rLdt’ - Teff Vio(et/TH B 1)
L
Vi(t) = Vige™ /™ 1 1 1 _1
Fort < 1 e t/TLet/TLq Teff T Tn Ty
1 ¢ 1 (¢t ,
Vo()~— | Vi(t)dt' = — | Vipe t/Tudt’ +
0 0 A

L L -e /%
T
= _HViO(l - e_t/TH) ﬁ\

Ty,
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CR-RC" pulse shaping combines a high-pass filter and
n low-pass filter

th

Preamp “Differentiator” “Integrator

“ -~ _J \__w—/
High-Pass Filter Low-Pass Filter

Lecture Notes - VII. Heidelberger Graduate Lectures in Physics by H. Spieler (2001)
https://www-physics.Ibl.gov/%7Espieler/Heidelberg_Notes 2001/index.html 57



Finite difference method is used to numerically
applying the CR-RC pulse shaping

e CR circuit:  RC circuit:
C Ry
e N R T I L N ICINCINY
Vio—] Vo 14 =RyCy Vi O_'VVTQVO 7L = R.Cy,
2R T Cy
V,=5+Vo Vi=1Ve+V,
TH
Vi(t) = Vi(ti_1)  Vo(tii1)  Vo(t) — Vo(t-1) av V() -v(tq)
~ + — = lim
At Ty At dt ~ 4t-0 At
Yo(ty) | Volt) — Vo(t-1) V() - v(E-1)
TH At At
Vo(t;) = acrVo(tj-1) + acr|Vi(t;) — Vi(tj—1)] SR .
Ty RyCy ti-1 bt time
_ At T At

@R = Ty ~ RyC
H HlH
At+1 At +1
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Finite difference method is used to numerically
applying the CR-RC pulse shaping

 CR circuit:  RC circuit:
C Ry
. . . . H .......
..... RH . CH
V1=5+V0 Vi=1tV,+V,
TH
Volt;) —V,(ti_
Vl(t]) =~ T 0( ]) AtO( ] 1) + Vo(t]'—l)
Vo(tj) = Vo(tj-1)
I R ~n— Ato — +Vo(t)
| | | g
ti_l t] ti+1 time Vo(t]) = (1 — aRC)VO(ti_l) + aRCVi(t]-)

1 1

ORC =T, T R.C
L LY“L
At+1 At +1
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Iteration can be used to have more orders of CR-RC"
pulse shaping

V2(t) = acrVa(tji-1) + acr|[Vi(t) — Va(tj-1)] %cr = T i RHéII-It
A_t +1 At +1
Vs3(t;) = (1 — ape3)Vs(ti-1) + arcsVa(t;) 1
: a =
RC,m 1}‘_’;}1 +1
Vin(t5) = (1 = @rem)Vm(tj-1) + @remVm-1(t;) 7, = R.Cy
. TL,m—l
TL,m - m

Vat1(t5) = (1 — arent1)Var1(-1) + arens1Va(t;)
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Let’s try using excel first

aCR E 0. 85 -20 ’ 0 20 40 60 80
_ At o
AcRr = T = 0.85 E’ 40
—*; +1 s .
Arem = 7 =0.15 ]
LLI_,;n +1 " time(us)
Th-1
Ty = -
Ty = 362.7 ns V2(t;) = acrVa(tj-1) + ac[Va(t;) — Va(tj-1)]
TLm = 362. 7/m ns V3 (t]) = (1 - aRC’3)V3 (ti_l) + aRc,sz (t])
TL,m 0.85
At = 0.15 Vm(ti) = (1 — aRC,m)Vm(ti—l) + aRC,me—l(ti)
_ 1 Vn+1(t]') =(1- aRC,n+1)Vn+1(tj—1) + aRC,n+1Vn(tj)
“Mm:0351+1

0.15m
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Let’s try using excel first

At = 64‘ ns -20 ’ 0 20 40 60 80

=10

aCR E 0- 85 —_ .20
S
_ E -30
Ty = 362.7 ns °
f -40
©
TLm =362.7/mns = 50
-60
el
-70
time(us)
6
— S
S ©
= Py
S )
S 2
= =
= o
(S £
< < : _
-0.1 0.1 0.3 0.5 0.7 0.9
01 Time (us)
Time (us)
———CR ==——=R(C2 e RC3 ==——RC4 = RC5
—CR —RC2 =——RC3 —RC4 —RC5 =R C6 === R(C7 == RC8 ===—=—=RC9 == RC10
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When the pulse is not sharp enough, no significant
gaussian feature is observed

At = 64 ns
Acr = 085
Ty = 362.7 ns

Tym = 362.7/mns

ARcm =085 1
0.15m

+1

Voltage (mV)

Amplitude (a.u.)

.8
-1

Time (us)

Time (us)

-—CR ——RC2 =—RC3 ——RC4

What’s the source?
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Let’s try using python

* You may install: IDLE / Visual Studio / Anaconda

impmrt C5V
acr = 0.85
arc = 0.15
brc = 1-arc
tauOvert

A B
time voltage
{us) {mV?)

300079 £62.7857
-30.0039  £2.9475
209999 £3.1062
200950 627857
filename 20250610 (5) 15 299919 -63.0543

o R e L . 200879 £3.1611
tn2= csv'.format(filename, j) 26963 53,1062

Lo B R L B TR S S

fn3="{}f2.csv’.format(filename, ) 20979 625172

with open (-F n2 ) a5 i 29.9759  62.8407
with open(fn3,’'x’,encoding="utf-8"', newline="") =
r = csv.reader(1l)
w = csv.writer(o)
w.writerow(next(r))
w.writerow(next(r))
w.writerow(next(r)) = : I

A B C D E F G
1 time voltage CR RC2 RC3 RC4 RCS
2 |(us) v
30,0079 62,7857 0 0 0 0 0 |
50,0039 £2.9475 013740 003587 001242 000514 0.00241
299999 £3.1062 025176 0.09219 004003 001958 0.01046
200959 $£2.7857 0.058386 0.05291 0.04440 002088 0.01956

annntn A2 NEAT N1T78EE N ngET [RRAINTN [ARav REels) [aNak]

o= Oy L A=l
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Let’s try using python

first = next(r)

lastR = float(first[1])

laste

lasti

last2

last3

lasta = 0

W .writerow( [first[e],lastR,laste,last1,last2,last3,last4])

for row in r:
last® = acr * ( laste + float(row[1]) - lastR )
last1l = (1-1/(tauOvert/2+1)) * lastl + 1/ (tauovert/2+1)
last2 = (1-1/(tauovert/3+1)) * last2 + 1/ (tauovert/3+1)
last3 = (1-1/(tauvovert/4+1)) * last3 + 1/ (tauOvert/4+1)
last4 = (1-1/(tauovert/5+1)) * last4 + 1/ (tauOvert/5+1)
lastR = float( row[1])
w.writerow( [ row[@],lastR,laste,lastl,last2,last3,last4])

Ty, 0.85 1
V2(t;) = acrVa(tj-1) + ac[Va(t;) — Va(tj-1)] A_;fn T0.15 9Rcm =g g5 g

okl |
Vm(ti) = (1 - “RC,m)Vm(ti—l) + “RC,me—1(tj) . Tp_1 0.15m
n




Course Outline

 Formosa Integrated Research Spherical Tokamak (FIRST), the first
Tokamak in Taiwan

* Physics used in Alpha-E
— Microwave
— ECRH
— Spectrum of fusion products
— Stopping power of the filter
— Data analysis using Pulse Shaping

* Final report
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Final presentation
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We will visit Alpha Ring’s laboratory located in Shalun
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« Alpha Ring @ Shalun

 Meet at Tainan Station at 12:40.

« Train 373, departing at 12:55.

« Walk to Alpha Ring arriving at 13:40.

68



	投影片 1: 氫硼核融合實作 Practical course on proton-boron nuclear fusion
	投影片 2: Course Outline
	投影片 3: Course Outline
	投影片 4: Development of Formosa Integrated Research Spherical Tokamak (FIRST), the first Tokamak in Taiwan
	投影片 5: Temperature of 100 eV is the threshold of radiation barrier by impurities
	投影片 6: Teams
	投影片 7: The system will be built in National Atomic Research Institute (NARI, 國家原子能科技研究院) at 龍潭
	投影片 8: Formosa Integrated Research Spherical Tokamak (FIRST) aiming for the first plasma in 2026
	投影片 9: Course Outline
	投影片 10: Alpha-E provided by Alpha Ring will be used to demonstrate the proton-boron nuclear fusion
	投影片 11: Alpha-E provided by Alpha Ring will be used to demonstrate the proton-boron nuclear fusion
	投影片 12: Course Outline
	投影片 13: Microwave frequency is determined for those used in communications and radar purposes
	投影片 14: Microwave / Radio-frequency (RF) wave can be generated using solid-state devise
	投影片 15: Internal of a magnetron
	投影片 16: Internal of a magnetron
	投影片 17: Magnetron is a forced oscillation driven by electrons between the gap
	投影片 18: Strong oscillation occurs when the electron cyclotron frequency match the LC oscillation frequency
	投影片 19: Resonance in a magnetron
	投影片 20: Magnetron schematic diagram
	投影片 21: Magnetron schematic diagram
	投影片 22: Magnetron schematic diagram
	投影片 23: The electrode of the microwave source is located at the location with the highest electric field
	投影片 24: A 3-port circulator combining with a dump can be used as a isolator
	投影片 25: Electron cyclotron resonance (ECR) microwave systems
	投影片 26: Course Outline
	投影片 27: Strong absorption occurs when the frequency matches the electron cyclotron frequency
	投影片 28: Electron cyclotron frequency depends on magnetic field only
	投影片 29: Electrons keep getting accelerated when a electric field rotates in electron’s gyrofrequency
	投影片 30: Electric field in a circular polarized electromagnetic wave keeps rotating as the wave propagates 
	投影片 31: Electric field rotates in a circular polarization
	投影片 32: A linear polarized wave can be decomposed by a left-handed and a right-handed polarized wave
	投影片 33: Only right-handed polarization can resonance with electron’s gyromotion
	投影片 34: Strong absorption occurs when the frequency matches the electron cyclotron frequency
	投影片 35: Course Outline
	投影片 36: Two nuclear fusion reactions will be observed in experiments
	投影片 37: Monoenergetic particles will be generated in D-D fusion
	投影片 38: Alphas with wide spectrum will be generated
	投影片 39: Course Outline
	投影片 40: A filter is used to block the photon so that the detector only sees alphas
	投影片 41: Energetic charged particles losses most of its energy right before it stops
	投影片 42: A particle loses most of its energy right before it stops
	投影片 43: There are two suggested website for getting the information of proton stopping power in different materials
	投影片 44: The thickness of a filter can be decided from the range data from NIST website 
	投影片 45: Proton therapy takes the advantage of using Bragg peak 
	投影片 46: Alpha particles loss energies when passing through the (Al) filter
	投影片 47: Course Outline
	投影片 48: A pulse signal is converted to a voltage signal using an integrator
	投影片 49: Pulse Shaping is commonly used in nuclear and particle physics electronics
	投影片 50: Expected data profile
	投影片 51: CR-RCn pulse shaping combines a high-pass filter and n low-pass filter
	投影片 52: Pulses become gaussian-like after multiple integrators
	投影片 53: CR is the high pass filter while RC is the low pass filter
	投影片 54: CR is the high pass filter while RC is the low pass filter
	投影片 55: A step function becomes an exponential decay after the high-pass filter
	投影片 56: CR is the high pass filter while RC is the low pass filter
	投影片 57: CR-RCn pulse shaping combines a high-pass filter and n low-pass filter
	投影片 58: Finite difference method is used to numerically applying the CR-RC pulse shaping
	投影片 59: Finite difference method is used to numerically applying the CR-RC pulse shaping
	投影片 60: Iteration can be used to have more orders of CR-RCn pulse shaping
	投影片 61: Let’s try using excel first
	投影片 62: Let’s try using excel first
	投影片 63: When the pulse is not sharp enough, no significant gaussian feature is observed
	投影片 64: Let’s try using python
	投影片 65: Let’s try using python
	投影片 66: Course Outline
	投影片 67: Final presentation
	投影片 68: We will visit Alpha Ring’s laboratory located in Shalun

