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: LSD: Laser Supported Detonation

> BEERANEZE R Z > CTBER CIiE

Laser > L —H— DI RILF —H SR (SRR D
ITRILF—(CERmEIND

Pl

/7

Shock front

LSC: Laser Supported Combustion
i > ERERE (IEEREN ST
<,‘: > EEMICIMEEN, L—F—D
TRI)ILF—FEHN ER(SEDIR

> BEEEOGEREE (SN THTET SRICEER/I\SA—HFD—DOTHS

2016/3/ 2



LR E RIS DIRRE

2 p2! eZ -

& P1, P1, €1 ;UI
Control volume
1: ambient air
= 2: behind detonation wave
B AR
p1U1 = poU;
p1+ p1Uf = py + poU3
Ut U3
Gl +— +q=Cly+—

S

1=70 S: L—Y—58E [W/m?]

i A7 2 7 p,

7/‘/ }’*, E
RHEBEBOENEEE DR R (Raizer) [

[1] Y. P. Raizer, Sov. Phys. JTEP, 21, 1009 (1965).

> ALET MR—23> =HE + BBEAERAFICIOTRNOIRRERTE
> b= =F MR =330 =>{RBIBEE [CL > TRNDIREDNREEND

2016/3/ 2



RS - IREIEICLHIEHER

EDEF

- Mori (2003)

« REJE, BHARYMME 1.2 mm

 Ushio (2006)
ABEEYE  AAKYME 0.5 mm

h

=

Propagation velocity, km/s
[ (]

= Mori, 1.2 mm
- ¢ Ushio, 0.5 mm

m N u
. L g
0 50 100 150
Laser intensity, GW/m?

> (CIEEE (CEANDIKFIESD

200

2016/3/ 2



B CLDL —T-INEDERE

|
bl

; I " > LSDIR BRI LHT
ERRENRESNS
1. Photon emission 2. Photoionization - Z N D:Ear } l/ ('f t??\ I\;?\— >E| >)

Extended

3.Avalanche 1onization 4. Fully 1onized

2016/3/ 2



E—LAIRONEBEEINDEE

Iy /TN
>~ Radiation Iayer/J_

CE-LE A C— L% /)
KFOBHS 2 KFOFS /)

> E—-ARENBEEOBEGRNMRE(CHEZS I TS

2016/3/ 2



O —Y-ECLLHEMNEGEREZRHE

» Fa K UIHa OERERE{R=E)

> E— LIEHEE

Mt

SRk (C R (FITRIE

2016/3/ 2



Experiment

2016/3/ 2



AL -—Y-LEHFR

W < 30mm >
EARTHILF—: Epypica = 10 I/pulse =
FIRER: 1= 10.6 um a
L—t—-0)
25 r—r——r—— 10
20 8
;ﬂlSIl 6 ;é?
o 10 H 4 =
— 5F — Laser Power J2 ©
0 A 1 A 1 A — 0

0 1 2 3 4 5
f,us

A ERBB IR+ —OEFEER

2016/3/ 2



8

ERL-—Y-E&EEEFER

& DRI UTR(C KBS

100 mm

L —J—FHE

S

O £5%¢ARw ME: 4.5 mm X 9 mm

(ﬁ;\).]'?% Deff =7.2 mm)

E\I ...........

1st mirror
(f =500 mm,

2nd mirror
(f =400 mm,
E£I-MIT)

X

g
AT
P
R
T
L
T
]
P
IR
Vo

E&J—MINT)

AL

400 mm

/

2016/3/ 2



‘ l//Z(L_cJ:éﬁ

E\,

O S ARy MR
(Defr =_5.1 mm)

2016/3/ 2

AL -—Y-LEHFR

2.9mMm x 7.1mm

L>X

(f —3175mm)

317.5 mm

/ ied
L

/




L—5—1E0D 1 RITlE

& [EEMIRVEICIERE IR I SE TUARILD ARV — 5 —1E%3E
i

10 1 I

]
i

6 /// ——Mori, point focus, D=1.2 mm
| ¢

—Usbhio, line focus, D =0.5mm

=—This Study, two mirrors, D =7.2 mm

This Study, lens, D=5.1 mm

Effective beam diameter, mm

1
I
I
I
I
I
I

5

10 15
Distance from focal point, mm

XIGHR(ET bR—2 3V RFAERT

2016/3/ 2



LSDOR]#HAL ~HSHSE~

*Ha

==
==

f Shadowgraph Half Self-emission (HSHS)
BB E & EEE R E = [F] B (CEER

s SIRE N ATENTE

o FRIEHFR:

texpose = 50 ns

e, % . 2 . s ‘
graph RISIESnINS

- JO—2T5(532 nm)
« H7:

I9SE] ‘OD-VHL

2 “ :
V Plasma
4 "
-
Vs 8 % - » 5
r s ; b
{ !
:
\( » <

Pplobe — 1 45 W
L Shadow mask E
ens ,,
A H} """" [N
Probe laser —64) ol >
. ’ Plasma t , i
Spacial filter Laser line filter

2016/3/ 2



Result & Discussion

2016/3/ 2



12 . . . 25
o)
o
E10- ¢ 1 20
= 3 =
-~ 8 =
= 0 115 =
N [=F]
= =
g o ® kS
S 4 10 =
]
= 4 o) @
2 3
=) 45
2'(\'\
0 ' ' 0
0 1 2 3 4

Elapsed time ¢, s

L —Y—HhH EEBRERE AL OB EERE

2016/3/ 2



i
o}
355

R

BRI O

L

Displacement x, mm

12 . ; .
10y 0 =2.940.2 km/s I
t=2.2ps
8 | (5=32GW/m? -
6 = -

4 (S =65 GW/m?)
2 L ﬁ VLS]):dx/dt =4.9i 0-2 km/S -
t=0.6 pus (S=130 GW/m?)

ﬁ VLSD =3.8i0.2 M/S
t=1.4ps

1 2 3 4
Elapsed time ¢, ps

v x-t IREOEE K DRE

ZHEE

v ZEEIICHITDIL—Y—

IND—&LE—LARE?

=

KDL —T—dEHE

B AT R RIS
VS.

L—Y—5ifE

(=]

2016/3/ 2



VRS :ph

RE LMy MEDE R

Propagation velocity, km/s

10

D =7.2 mm (Two mirrors)

| A D=51mm (Lens)

A
L B D=12mm (Mori) 27
- ¢ D =0.5mm (Ushio) T ’j’
’m"
- ?
1 .. + |
i
T ’,f [ |
Foo. " ¢
l' J ’ .
I
I * 0
. *
10 100

Laser intensity, GW/m?

v GEBEREEBES.1 mm
& 7.2 mm T REROtEREZ
R

vV GIBRE(FEN DRSO
iEI/:I\, L — -U_ ME(CLD

_Z: %EQ(L_L;acﬂ:%ES
V,ep = 0.037 - $0-463

Visp : propagation velocity [m/s]

S : Laser intensity [W/m?]

2016/3/ 2



FwIN > —210 T M= DR

7|||||||||||||||||||

4.5mm x 9 mm I 2 TIS 3
m6 - 2.9mm x 7.1 mm PR VC] - 2()/ B 1)?
5 —--C3 L B
2 | ---Fiting [ .7 Lo | v Shimamura et £3& BFRE
s, PR PP (% [2]
S JLEcE 1 v Zel'dovich et alBIC & B &
IS P y = 1.175 ~1.240
2 1 o 00K)
< R v Mori et al (CKDEERTI(IFHT(C
g2t - LBFEHXORF20 % = = 0.8

0 20 40 60 80 100 120 140 160 180 200 [ SD(LEERENIKEE THAEEZANS
Laser intensity, GW/m?2

[2] K. Shimamura et al, IEEE TRANSACTION ON PLASMA SCIENCE, 42, 3121(2014).

[3] Zel'dovich et al,”Physicsi of Shock Wave and High-Temperature Hydrodynamic
Phenomena”.pp.198

2016/3/ 2



TS5 AINB DS C LD NEBEEDETE

EAED TS A h SO HI BT

oy = 5.43 x 10-52 21 ( e > d
Jtpy AV = O. ————exp| — v
Radiation layer \/Te kB Te

Xn, =n; =2x10%*m™3,T, = 25000 K £US[1]

Plasma

RENSOEEEE x (CHITDIEFIZVIR ¢, Z25TE

BFEME 1, m=5s1] | o= | iy dv
14

0

[1] K. Shimamura et al, IEEE TRANSACTION ON PLASMA SCIENCE, 42, 3121(2014).

2016/3/ 2



B AEMELE - LAZEOR K

1E+26
1E+25 | x=0.1 mm
Radiation layer = 1E+24 |
‘ t 1E+23 | x=0.5 mm
= 1E+22 |
D .f, 1E+21 x=1.0 mm
. *é 1E+20 |
______ 7 > g B4 b x=1.5mm
Plasma \ = 1E+18
Jtto 3 1EH7 | x=2.0 mm
S 1E+16 |
S 1E+15 |
§ 1E+14 } x=3.0 mm
= 1E+13 [
1E+12 ' ' ' .
0 2 4 6 8 10

Beam Diameter D, mm

> BFEMEGKENSOIERENREBFERD (RRUCLDIEFIRIXDZIR)

2016/3/ 2



B AEMELE - LAZEOR K

%’LL (X)(LBL\_C'f%b\ 1 mmODB,T\ODEE?EESZI"Cﬁ/AT_ME

3.5
- w
Radiation layer = x=3.0 mm
. S 3 F
=
2
*é 25
Q x=2.0 mm
3
x & 27
~. = x=1.5mm
~ Es |
§ : x=1.0 mm
) x=0.5 mm
E L r x=0.1 mm
i~
S 05 |
=
—
=
Z. 0 I I 1 I
0 2 4 6 8 10

Beam Diameter D, mm

> RENSDIERENNE(RDFEFRICLDTE

2016/3/ 2



=R EE — A EDREMR

G
R

3.5
10 )
" ® D=7.2mm = x = 3.0 mm
I = 3 F
@ A D=51mm =
_ i S
E ® D =1.2 mm (Mori) el 'g 25 |
3-; ¢ D =0.5mm (Ushio) /,{ = x=2.0mm
E ?‘?f S o2 f
2 ,"? . = x=1.5mm
= gl a ¢ = 15 +
‘8 % -~ = - .o ¢ § x=1.0 mm
gm L "’ v e > x=0.5mm
= /’,/ + ¢ g 1 r x=0.1 mm
| . - N
= | = 05
E .
s
1 el Z 0 ] 1 1 ]
10 100
0 2 4 6 8 10
Laser intensity, GW/m? k—y—/ Beam Diameter D, mm

BRI LSBT ERE /)

> BEFOSEHVNEV = [CIBRE(CRZE

2016/3/ 2



=R EE — A EDREMR

G
R

3.5
10 )
e D=72mm = x=3.0 mm
I & 3
w A D=51mm =
E ® D =1.2 mm (Mori) » 2
=1.2 mm (Mori e
D = 0.5 mm (Ushi s 25 |
Q ¢ D=0. . _
.;*.? mm (Ushio) -~ f g x=2.0 mm
g vi o2
2 ,—'? u = x=1.5mm
s -~ m " £ 1.5 |
'8 % L= .= . ¢ § x=1.0 mm
gn el ] * e ’ > x=0.5mm
2 P s 17 x=0.1 mm
Bt P N
| E 05
E .
s
1 L el Z 0 1 ] 1 1
10 100
0 2 4 6 8 10

. . 2
Laser intensity, GW/m Beam Diameter D, mm

\ )
|
C— BN+ AARSETERE —
> B—AENS mmblECEEREN—BOREZILLEE

2016/3/ 2



BRNE7.2 mm&ESs.1 mmd)t A{%‘C*‘EBEZ—SM
L —Y —REBOEFRREE—HL, B31EFE
5.1 MmmMIIMEIEREZRE(CLD "CE@%‘I‘%@
RS THD, EEDFERT

VLSD = 0.037 - 50'463
AN LSy g el

I: ILREONEBINDEEZRANIHER, E—A
£4 mmU ETRERIAICHITDIEFLERKR=N—

E, 2 MM T CEFE/REHVINEL<IRD, &N

MREODKFICERIUTCTWBA S EERUE

2016/3/ 2



lBEEmLONES TS WFUT

2016/3/ 2



1LRITTRATT IV CEBEE R ERE

BERT
1%J,; p2/ eZ -

p1U1 = p2U;
EESERT
p1 + p1Uf = py + poU3

U, U
Pir P1, €1 _~1 .
— T e IR —RE
Control volume ” Ulz UZZ
C,Ty+—+q=CpTy +—
1: amt?ient air _ 2 2
2: behind detonation wave 3|j(§§7'j_$%:_|:t
p = pRT

RAER - (Uy, Uy, po, Poy T)
Laser supported detonation
SO *. ..
a="5 N L —Y— S BRI ERE O
RAFRHEELRD

So: Laser intensity [W/m?2] Unsolvable

2016/3/ 2



AAROL—Y —(CLBDLSDDARTE

L

LASER
(E < k)

HRZAT—)LTIE

-

N c E—ARIFITSAYDEH LT
D D=1~ ()
i hLﬁ{?t :‘IJ ] +
.

FFROEMRA T —)LICHELT
p<<1* E—ARFE mik(ZRD
e LSDIZ 1 RciMeiEz I D

' 4

v
LSD®D 1 REMIEEERRT BICIERETFBCEHNBE

2016/3/ 2




i
o}
355
X
II1

With tube Without tube
14 I I I 14 I I I
12 = Shock front ¥ 12 = Shock front _-®
e o - ;“..,.
210 V O M 210 AT
*::.) 8 = , Iomzatlon front| :; 8 = ]!,Ionlzatlon front]
=) g =)
S 6 5 o S-front10J - S 6 F e Sfront10J -
< L, ‘. [x]
24 L o . O I-front10J 24 L R o Ifront10J |
= 5 1! = S-front8J a X ,{,7 m S-front8J
i O I-front8J hd O I-front8J
0 Q 1 1 1 0 w | | 1
0 1 2 3 4 0 1 2 3 4
Elapsed time ¢, pus Elapsed time ¢, pus
(2) (b)

______________________________________________________________________________________________________________________________________________________________|
2016/3/ 2



G
R
%7

1E+26

1E+25 } x=0.1 mm
@ 1E+24 |
‘g 1E+23 | x=0.5mm
= 1E+22 |
.f 1E+21 | x=1.0 mm
§ 1E+20 |
g 1E+19 x=1.5mm
< 1E+18 |
3 1E+17 | — x=2.0mm
& 1E+16 |
S 1E+15 |
"g 1E+14 x=3.0 mm
= 1E+13 |

1E+12 ' ' ' '

0 2 4 6 8 10

Beam Diameter D, mm

2016/3/ 2



G
g

Electron generation rate (m3+s)

2016/3/ 2

1E+26
1E+25
1E+24
1E+23
1E+22
1E+21
1E+20
1E+19
1E+18
1E+17
1E+16
1E+15
1E+14
1E+13
1E+12

E R EREREDSDEERED R R

Distance from wave front x, mm




e 4 The University of Tokyo

ATITLKD
RUE S ) RNEDETAIRE R

il
§Ei
| M

Focusing

% /J'?:ﬁ % *ﬁ‘iﬁ% ,%\ T 170GHz Millimeter wave ref?“""

fapl  HESR

}E ?‘ jj HI: %'E Fﬂtﬁ %%% | Gaussian profile, 900kW, 0.4ms
RPN




e 4 The University of Tokyo

Millimeter-wave discharge using the gyrotron

Collector

Focusing beam | Hidaka et al. (2008)

Beam

Beam M4Vl ' Microway
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>

Super Conducting Magnet
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V. L. Bratman et al (2011)
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Numerical model of the discharge

Electromagnetic Field
Finite Differential Time Domain (FDTD)

VxH=¢,—+ T—_en v
0 5t )= enevi

~ OH ov, eE _

_ =———V_V

Convective diffusion equation of electron density

on,
Jt

— V- (DetfVne) = Vetfhe

)
—] -1
Ec *Bouef et al.

Veff = Vi — Vg = Vq
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Ionization process by a standing wave

AN

Plasma
Incident wave

Wection wave

Interaction

New plasmoid

Plasma
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Computation result in high power region

3b | 50 65
o 0 4«

*Bouef et al.
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Diffusive plasma “Bouef et al.

t=30ns
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Microwave discharge in low power region

] 170 GHz,~1 MW

< Ionization front

]®1:\L

Focusing

170GHz Millimeter wave reflector

60 mm

Local electric field < <Ec gl |
M 110 GHz (Hidaka et al)
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Motivation of the research

- Very few studies have been conducted at the
low power region.

= Discharge structure is not understood well.

» The conventional model cannot explain the
lonization process at the low power region.
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What kind of structure exist?

Axial Position [mm]

Particle tracing

A/4 structure was not observed
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High-speed camera image(propagation)
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28 GHz microwave plasma formation

—~A\/4 structure k
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Does plasma jump?

-

e Local electric field dose not reach to Ec
« Some mechanisms are needed to
obtain the ionization.

=The plasma contributes to ionize the air

Y
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High-speed camera image(Plasma front)

STOM TriggerTime 00/01/01 02:11:20.000000 Frame +00000000 . Frame +00000000 .

1) 8

300ns 1.4 CID Rec 600000 Shutter 0.3us G-l
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Shadow graph image

STOM Trigger Time 00/01/01 01:58:33.000000 +000 00.0

:_0-5_6dB_cutoff CID Rec 600000 Shutter
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Ionization front propagation velocity
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High-speed camera image

Microwave beam
170 GHz

Pulse width: 0.8 ms
Repetition: 100 Hz

(10 ms)

Camera

Frame rate: 10000
fps

(0.1 ps)
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Transition of Millimeter-wave discharge

l -
ﬁ 0.1 ms ﬁ 0.2 ms
w Plasma Filamentary"li',
[ |
.f. |

disappea re\‘ structure
d quickly T

0.4 ms

No ‘1| | Microwave
structure

Emission disappeared at 2.7 ms
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Abnormal ignition

5th pulse ﬁ

5

Abnormal
ignition

|
iy !

Plasma size increases by pulse to pulse
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Investigation along the propagation direction
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Plasma front and
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Characteristics of the discharge condition

Condition 1 (@ High power region)
- Filamentary structure is generated depending on the
local microwave electric field.

- Front propagation velocity is 102 m/s.
- Short plasma decay time. (much less than 0.1 ms)

Condition 2 (@ low power region)

Structure becomes smooth.

Front propagation velocity is 10t m/s

Relatively thick (102 mm) —Number density is Low?

Long plasma decay time. This time changes depending
on plasma size(Plasma emission decay time is 2.2 ms
at 3™ pulse and more than 9 ms in later pulses)
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Transition of the plasma condition

1 | N e v B N b
7 3 4 5 8 W
5, kW/cm?

Time-integrated photographs (5 hz).
a)Equilibrium discharge b)Non-equilibrium

discharge N. A. Bogatov et al., Sov. J. Plasma Phys. 12, 416 (1986)

Plasma decay time
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Summary

- 4/\ structure was confirmed in low power
region.

 Transition of the mmW discharge was
observed.

» This phenomena is important for the
microwave transmission.



E10 FIRNF-BEE — AIGGEREIN3NEEEZD T
FHILA AR S /3N V0RO Y MATES

L —H'— 357 MR—2 32K DS E 54
© ITCOEBFEMANZALDFAE

=5 X X Ef. Osl &

(AKX - Be)




FHEENBITLFIAML—F—CHTZER

HfIR4A O— F4=YDITEEFaR F, 10°¥ kg

-y
N

JARDKER
DEL—Y -
EHHhi#ss

[BEOnL LY AT LEFES |

—_
o
T

9]
T

REDHBEIFLAT A

ok (Ciafny) [BEOHBEEF LR T LD14 |
(Mpaytoad Py s

10° i 10 10°
Y T EIFSEIE n,

5GWDL—H — %ﬂﬁm 173

N ADERGEOICENXT
BFOIANHKE

5GWL—H—%3#E:5%0U. 2730
(60[@]x365H) (CHEILTH]S

EiFnE, H2O00y MRrED1/4DT

ANTHI L OT&E

« SGWIFIIEEICKEVWNT -
o TEZBIIL—Y-ND-%HIIZT
T EF =)

o« BEVRIMNIERSN DI RILF—
ZHDZ L

<\Wal potential
LSD —_—

Laser pulse
energy

_ Un-absorbed
Post-LSD ELOS

4
Radiative loss
Loss

/
Blast wave energy EBWD

Time lapse

new = Epw/EL

E; & E EFRITIEXBDT, LSD%HE

B CEARFEEDOL - —s8ETANR
L—>3>% 170\

1/25



L—H -7 b —>3> (LSD) DiniEbits

L —5 =D EEJEICLDIEFRIRIR MR D, [SD] v~V memie
TS5, L —T—&IRINL., L—H— E@&’i
”&HY%D‘H?ESZESH%

H-IRINE(E, BaEEEs-»Tta |
/%Suc_ﬂ gElJ @iﬁg“ D‘%E

)l/:\'— 7193

BEEREL—T-RNFEHI—FE(CARIET
BL—H -3 F 7 bR—2 3 K (LSDIR)H
2Rk

L —H—s8EH55<15E. BBEINADIRIT
R TS ZAIEEADIRIFT—-F5HK
SR, LSDHHERF TERRD (LSCA

#17) (Raizer®:iiHR) L —H—CEB TSRV ERDOEER
(5 J. Appl. Phys., 2002)

RTINS E R N
VICEVERSNAFLLWEF

ETHE

V=

2/25



LSDRICEIT 3R EDHZE Y

- HFSD=R5TER (3. Appl. Phys. 2002)
LSDiRZ#ERF CSdL — U —58EDREHE(S=3~7 MW/cm?)

o USHS, INESDHEE—RTEER(IEEE Trans. Plasma Sci. 2014)
LSDR Z i CERL— T -8B DEUE(S=0.2~MW/cm?2)
AN-Y—-EETI

o BUBEHEAT

RSO RTstEB (FREDOLSDEE FH1R)
WangsD_R7cstE (LightcraftDiehzBiIR)

- GWISADEER-F1H8H (=RE- IS5, F%5) | m=mma

BILEY ?
MGE ? 84t ?

LSDZ #1595 — Y —s8ERBMEAT
BERBETOEFOERANZZAALAN LD OTULRN

3/25




ITEA=]

LSDZHIFI BIDDEFEMA DX ADFFES

« —RFHEEZRAVT, LSDZH#ISTEBRAHEDL —Y o

ETOEFEMDONEAI—X L ZHRAEITS

1. RANBEHEEROBNEZRMEL O
2. FISIEHET I Ao iEaC L T BT ORE

3. ZOMEDANZX L

¥

HSRB ISV —Y -5

=T

HDHMBZF/IZV

JHERZD B LSDZ HE:

STB1

4/25



STEETIVE

<BoFtEIl
mEETI
{EERIGETIV

HETR :

: B IF Tz E B Uz 1R stNavier-Stokes 5 12T

: ParkD2BEET ) (BRI FRE /EFIHE-RE)

: ZZER11{EEFE(N,,0,,N,0,NO,N,*,0,*,NO* N*,0* e)
4B DAL ZE s

L—5—IRUNEF I : —IRFTTDLA -2

FEREERER
AR R
i3l =)

iR IR nhiEk
L ES RV
CHE

W EEREY(C LA -k YR (KempDEFI)
: AUSM-DViE (MUSCLRNFEICLDZER —IRFEE)
: ZIRRBERILED

: HORYAT ) - SA ARFDNALCID ZIRFEED S - Z

JVYIREEE

=
R
i

<€ AR AT nE1E) >

5/25



o 1. ARNBETERERERRIED

L8
SEER (mEsEsr, 1fatm]
L—Y—iliRA 10.6[um]

L—H—58EES, 10[MW/cm? ]
1B PR dx 10[um]




KRTRBIBLSDIEDIEE (S =10MW/cm?)

10% ; : : : 350000
25000 ' ' ' ' 80 i .
o 24 — 23 3
Py B0 IO 500000 2
20000} | T 107 =
_ 5 160 N \ 1250000 F
M 4= — ‘7 1020' g
= 15000 5 = {50 5 =
o - E\ g = S o My 1200000 2
E = = 40~ Q ' S
0000 2 g 2 E 10 | 1150000 &
L 177} F \ =
= 3 > 1% Zy & ]
5 2 £ 5 | 1100000 2
5000 I \ 7 20 g 1012_ <ﬂ
lo B 150000
1 1 1 “\ - 1 1 1 : 0
0722 24 26 23 3" 1022 24 26 28 3
Distance from wall x [mm] Distance from wall x[mm]
mEE[EFDFR(1.0us) BT HEE EIRIMRER D R(1.0ps)

. EEEETRCHV T, RS IETIRE LRI, BT IEREND
- BFREFFEEETELAL—E. MEBEFFSET
— BFEELBEDUINTOINELNRBUVN, IRIEIEEDOMBESHZ THD., FEIEDRISA
DENIE (TR0
. BIREFTEF(1,-10° m?) PERENEEIZT. —SKICRIRDERID, L—
H—IRIRAD L ENS

7125



KRTRBIBLSDIEDIEE (S, =40MW/cm?)

Temperature [K]

20000 : , , , , 350

1026 L T T T ] 500000
300 2 1024 \ T
15000 | . 1022_— H : 400000
250 3 1020] ]
— = [ j
200E O ol 7 300000 —
10000 | v R 1016 | . =
150 3 £ - 4 200000
L c 1014 _
o c L
5000 | 100 E 107 \ne 3 100000
50 o 1010 ]
108 ] ] L I [
0 | | 0 -04 -0.2 00 02 04
-2.0 —1 5 —1 0 0 5 0.0 0.5 _1.0 Distance from shock front [mm]
Distance from shock front [mm] E‘-é,?’;&ﬁfgtﬂ&HW%’é&ﬁ?ﬁ(l OMS)
[ | 71N .
mEEEDTR(1.0us)
B —_
o FEIERRIIREIRIAN—ENT D
— STERLSDHHER SN D

8/25



BEREPPUEDZERE (x-t#RE])

5.0

4.5
4.0
— 3.5
=
£ 3.0
£
2 2.5)
Q
& 2.0
o
[7)]
5 1.5
1.0,
0.5

0.0

S .=10MW/cm?

0.0 0.2 04 0.6 08 1.0 1.2 14 1.6

tps]

Displacement [mm]

5.0

4.5
4.0
3.5
3.0
2.5|
2.0
1.5]
1.0
0.5

0.0

S .=40MW/cm?

0 01 0.2 03 04 05 0.6 0.7 0.8
t [ps]

« S, =10MW/cm?2T (. BIEREMRIAEN TR 4 [CEENTU

S ANEEBLSDIKEEWVZD

9/25



lonization front velocity [km/s]

o

N

L—H— IR I &

DERLHEOLE °

Nt

o

Shimamura,Komurasaki
(quasi one dimensional
experiment)

ey = [26% = DS/pal' -z

-112)
C-} Ve\OC‘ W

Present
Mori (one dimensional

(three dimensional  numerical analysis)
experiment)

lonization front velocity [km/sL

0.1 0.2 0.4

Laser intensity S [MW/cm?]

-

0.8 5 20 40

Laser intensity S [MW/cm?]

e EEBR(=IN7T, HE—IRT)HIICLSDICR>TWBL - —8E
THEHAD—RTTETE TIZLSDITIRSAR)

FOL—Y -

EERNE, EFHRE - LFUANDAD=X LD, LSDHE

EREHETEBEBOTVNBEEISNS

80

10/25



o 2. HHRERARENETINZRAVE
FTATZAEF DX R DIRGIE




AR BAERICLIETEFENRETIL

laser absorption layer shock
742- < |
EIZ@DJJE]U_E._ : radiation
Toq s PERARE i
HET i i = it —
n,(0) Teq N odne . : BREY(CLD

— =N (Teq,b’) i

FATINEAE T

PNCdE

| ;

X
[

0
- BEBRSROIRIKEG, BYEFEFEICEOTVS,
> TEENCEBAREHBIENFINDERET D
o IRIPAARTED SRS (CERHTEIXRTRES, SBITEFZEKSED.
o ZOETIUE RIERETH ERENDFHITEFEORANIEZS
ABETFIESND.

12/25



AR BAERICLIETEFENRETI?2

_2m V2 Fujita et al. AIAA 2001-2765
(V) = 7 i ieTeas — 1 DEABHET I
(00}
kgT RNSSInsasinees AN 1
IBtO :j IB(V)dV — B eqB
L VI (yp hVI ) - T (B2 o

I

2 _
C_ZVI (Vp +21p% + ZVPS) e~/

dlp ¢ . IRUASRE NS0
T —Klg (= ne,p)C:D £UE5%E AN

Photon flux per frequency I, 1/(m’s Hz)
Photoionization cross section of Ar ¢, A

<
HBAIERE o, (1) &N IRAEEDBEVE
WRURAFEL(E K = O maxinETRD -
IRURAASRIE N SEERENICH13 = Bk
° $EEET§IE1T}JD,\\\%?G)§E}5E$ 10500 550 600 650 700 750 800 850 90100

Wavelength A, A
_kl g

Nep = Klp o€ %7074

¢ BFINEEK

T, p=2,5000K ([FRFEIRDRE)

2
1+ 4Yp+o1p =40 000K

1+2yp+2yp?

13/25



Toq5=25,000KDIEE X

25000 T T : E“é 1026 _ T T T ‘ !
A = 1024
20000 - 1 il\ ﬂg(EE_ o
. I D % 51020 -
15000 - £
i _ 0.38mm {1018
g s B
10000 | : R0y
I .1314 [
5000 - N\ 107
TR Lr_:ﬂ 1010 |
0 I = I IDS
08 0.6 04 02 0 0.2 2 15 1 05 0 05 1 15 2
BEREA S OER mm] HEREH S OERM mm]
. BEETINEMCLZRZELEFEALRBN  « BERBISLDEFHEKL TN
730 h. B3 CIRUARAE RR (C i B2 7 ER
o« BEREL—Y-IRINGOIEEE FEDORMEF TITELRL
0.38mm o IRINFOFREZRHBZEFEDTT1
B (FERSRL

14/25



Toq5=40,000KDIZE (FENERRIIE VBB (386D )
2200 | T T EiEARIGICES
4! 040 _| e BFORL
20000 - o ] 102t \i'\_ n,=10% m=3
— B iz ' \
o f < B : o100 @\: “
» | i\ S - E .  EBHE LY
N- \ #1016
B# 10000 [ ' 0.34mm 7 N
: \ B 014 \
5000 | : — . 1012 | s L \
BHRELT 1010 [ | AN
I I I e
0 | —— — 08— —
08 06 04 -0.2 0 0.2 1 05 0 05 1 15 2 25
FEEA S OEZmm] BFEEA S OEZmm]
- BEEIIALNVEFREN LR - BFHEE(FEE /EZFJ'JHJ:DJ:?—I-
. EEREL YIRS ORI L, AR LR T B
0.04mmifEES HZDo
- BEREEROZEDLFICLD
AAVHEFLHBEEL. EFDE
NN 15/25



BERERUEDICHEEREE (x-H#RE]) X

¢ Wk hoon
o o U o
T T T

displacement[mm]
— N N (9]
(@]

=
(=]
T

0.50

0.0

b o
L |

t[us]

(% Ug; = 3302 [m/s](y=1.1), 4219 [m/s](y=1.2) )

ERATHEL Toq5=25,000KD¥ESY 0 ,,5=40,000KD¥EST
45 45|
a0l 40|
—3.5] O — 3.5
%\3% 53.0_ /&/\\% g 300 %\3%

4\?‘“ ) 2 2.5] d._@\g?’ %\3 0 g 25 7@6\,\“ O
&3‘%’ é’g‘& g20] ﬁ’% %S“ g 20 %;\%, /‘@‘
7, @‘_’\& 2.5 N &Y\& 25 \@ \@@\

& 1ol N Lol \§r
0.5] 0.5] §
0.0 0.2 04 06 08 1.0 1.2 1.4 1.6 00 02 04 06 08 1.0 1.2 1.4 16 0'?).0 02 04 06 08 1.0

t [ps]

gB—

U [m/s] | U [m/s]
FRaTEEL 2742 | 2393
+.5=25,000 K 2769 2379
=40,000 K | 3804 3465

° Teq,B:4O,OOO K@H%(i\ D\ED:‘E}—ED“

END. C-IEE(SEDH, BERK
ORI (SRENTZFE

RATC L DB/FEMLIITHE, B2
BLSDIIAEERTERVLSE
16/25



o 3. RICEZASNIREIS ?

o ANJ=Y-REETI (IMW/cm2I5AD
L—Y—s@E TEERLRD) MHE?

« (EFERIGVREETIREDSE ?




WEHS - INEBSDA N —-VEBETI X

18/25
laser absorption layer | shock laser absorption layer shock
- i N |
I: radiation . precursor
n,(0) Tean n,(0)
| |l
0 ! i 0 [ i
FRATC LD EFERK ANJ—VIRECLDEFEM
BERFA(ET)
one , d(neu) Y, . "
de\ 1 de Vv
R 13 m
v = <E>_ [s71] (dt) = 6.34 % 10 P V%S [ev/s]

n. BT EEE ny (Tp): KEBETERE, v BREEIREL ¢;: BRIAT SV,
eNEPIRIF—, SL—Y -8, v BREIKE, v, BF- R FHEEZEEIRE

18



A M-V HE D51

Elﬁ?/\@#% 19725

electron number dinsity[m™3]

1026

1024__

102 |

10%|
_ BN _

1018} o\ BE+
I ! 1)]—7 .

1016| D | \ZI\ 7_

1014_ E E:E \ i
_ 0E \;3% \

12 e S
1044t E{i@ / \\
1010 l EH0s -
108

-2.0 15 10 05 0.0 05 10 15 2.0
distance from shock frontfmm]

BEERI A ClIE, AN-YLDEE
Ejlgié%?iﬁib‘iﬁaﬂﬁ

10MW/cm2DL —H—s8E T4,
AN—Y—-HE(E. HFEDRINWTZ
HOETEEMEN G D

AN)=YIREFEH2E5VL—T—

mE (IMW/IcmAEE) TEEI(C
RADIEAS

19



L' d

BENSECOEFBEADBEDRIR

25000 I

ﬁl'j_‘lﬂﬂl

I T
IS
n lIIE
- 2
20000 ]I DLEE
12
A\
15000 |
il _ 0.38mm
'[Q_E =
M |
BE 10000 [ :
I
|
5000 [ 1\
EHELT
D | [ | |
08 -06 -04 -0.2

BERAL S OEZE mm]
BFRED (T,,5=25,000K)

° 'Ejiél

1[]26

1[]24
1(_]22
S
#1018
g{ﬁ 16 -
10
b I

. 1[]14 5
1[]12 B E \ n
r | EwHEL \ .
1010 |« |
1[]8 1 1 1 :I I I I ]

-2 -15 -1 05 0 05 1 15 2
HEEH S OERE mm]

BT EENM (T,,5725,000K)

BRICBVWTEFOEMENMELMNIESD

v BRERIGHNRE (FELO0+0<0, +e)

- TREETI (RE=
n. EF B

BFE) OFERICED. BEFREMEDHICRIES
EMBE(CEIOTVWAE]EEEN DS

20/25



BRIt RICE,OILLIES

-2.0 15 10 -0.5 00 0.5 1.0

+. A\ < ﬁ +. 2 -4
A 410
Biaa gD Biaa I
1026 : 30000 1026 . . . : : 12000
1
L . 1 ——
L -
25000
_ ’s o 1 10000
> 10 —/fr—m i = 1024}
[ T—) L | 1 |y |§| L I
= N o 20000 & = \ {8000
= ..
g 102 \\: g £ 1022} =
° i 15000 &3 2 \ =
P Lo s = i {16000 &
= |\l‘ e G.) =) @
S 1040 1 =B S 20 =%
= b\ 10000 5 g 107 3
S Lo\ o S {4000 2
< 1018) VAR < 1018
5000 107+
\"'\., v \ - 2000
T62 : \II"\,II !
1016 0 1016 0

-2.0 15 10 05 00 05 1.0

distance from shock front[mm]

« BfaaTERIIETERLSDIEKIND

» BEROBERTEFNBDULBVIENEE

« ZRETTINZRAVT. IRIMAFIHOEFREZIEECRIELINE
h$Hd (IRENEEDBVArOZSRELFNRD)

« BREERICETINOREBEUREELENBLINAL

distance from shock front[mm]

21/25



SATHEMRIRTOEFERELBEHNDORS

o FRATINEGEBOEFEE (n,=1018-1023m3) ¢E

(T,=1,000-10,000K) (Dﬁi‘?ﬁb‘%[lbt_(,\

L—H— Ry S BREL e
> COHEDTSANIEAPIHE NG-YAG

LSDARL A
1064nm

800mJ@1064nm

> SeiThiEGEEZ2J0-JL—Y -0 | 400mi@ssanm

ﬁx}J 3~9mm$ﬂh0} IRTTT |/ rigens

St

SR

/¢9mm

/ﬁn—jm

> YAG (1064nméé532nm) #H
WCTFAREEREITS e
w7 . {8m

> JESEMC(ZCO2L—H—DLSDIC -
Y& YAG. ICCDI3#BAFE .

NJTILS> Hege dhgzarh

> YAG (JULRIE6ns) OiFA.
ICCDDOT — NMREH3nsDIzsh. ;CCD’T;— kR
BEEFFEALEFRR, FIHAN S N N

LWREDRRENF RSN S

) TILDHEE

22/25



LTSZRAWE

—R7cT—9HSH (EE5)

AL LAAT— )L 50nsTEE DIEE B INEDt=25nsTOL - ——FKTOLTS: A

A

$p=2.4 mm

Axial Direction

0
4

\-2(](] 200 x(

M iﬂm

* 2 (pum)
pmy)

- Radigl Ijlircc:l,i on

1.6 mm

_-é__
I

5mJ@532nm

N

L
2
A
0
N |
'2
-~

g
=
=
=
2
-
>
)
a0
(e
R‘O
- p—t

-

o

&~

ﬁﬁLﬁ‘éH

'/T

Laser

(d) Laser-wavelength stop (#0.8 nm)

/E
?

0.5 mm

High

Low

(, AX (Nnm)

1%%

Electron Density (X 10?2 m3)

Electron Temperature (eV)

0

i g.ﬁ'—l--.--l-.._._.;:n.i_'

z=200 pm

z=100 pm

nﬁﬂ‘ﬁ
n =10%22 m-3

0)7f A—

400 200 0 200 400
x (um)

T3
o 1 T,=5,000K
‘ ~20,000K

25

1.5

O B
I bap TR A
Do sEoEe

0.5
0 A A
400 200 0 200 400

x(pm)

23/25



=¥l )

« LSDRZ#HEIFIBEFRL —H - EfNEOEFEMANZI
ZIANRBI8D. —IRTTENEFHTZITOI

. LSDEMHET L —H—mERIEHE T, BRI BT
By BMEERI T, SRR B TER,

o BRETFEATINEMC L BB FDEMNLSDIEMIFICEERXSXT
WBZENDhO e, TR RBLSDOBIRICIEIESRRV
> EEEBEALUEHET N ZBMHMIAD T E

o« ANJ—VY—IEBEEFT)IE. 10MW/cm2D/VD—8E TEF 5 (&
1D E—H/NESWND - E TEE LD BIEEEN DD

24/25



SEDYE X

. WRREROBTHRHAN. LSDHEISIBIRL TV BEIAEN

DD
> IRIMAHI A TEZREETIVERWVWT. IRIMARTS TORMEZFEIE %z
IFHEICERDIRS T IE

> {EZRICET IV OBIRE
> 7T TOFTEDHH;

> LTS/ECEIDTITINAGEIE, COEFEE SBED—RTHHmdD
EVE 0 H
> Nd:YAGZRWCGTEIEDME L Zi D
> JFEMICE,. cOL—Y—-nLSDNERZBiE9

25/25



26/25



L—Y—iEEDRR S =
« Solar Power Satellite (SPS: K[ FREFE)
- IR F—REFRZBIEL. ER(LOHRN
— IGWISADE=Z(F—A K>
« H20%wb(2ton/Launch) (CL2FRIEEIEITS LIS
— 40{E M /ton—SPS#EE%(C b—4JL40J K-

L 2

v SPSHHIl : AR HIFORA M FIFI
L (400012M)

v 3 TER : TU—=DR)—hE

¥

L—H—H#EELEDITED ?

SPS 18R (JAXA) *

27125



INVAV—Y—HEL(d ? :

o Ml FFEAFEOBMMSL —Y—2{mX

— IRF—IROBHAE, ZIRVIAHT

— #HERIOKIERIRE->R1O— REEX
o« JANTE-LZENXSBENEE TR VHIFE
<#15 LI RBROKTF>

{

Lightcraft

.i.
t et

10kW JLAL -5 —$T5 £V
(Myrabo’5,2002) 100m#T_La4lh



http://ja.wikipedia.org/wiki/%E3%83%95%E3%82%A1%E3%82%A4%E3%83%AB:Lightcraft.jpg

INBUE —=32)SSTOFTS LIFHDIRE

IRIILF—EBEENTIZFE O >ER/O0—F
LEERAIRERIEORMTE EIFORT A

Katsurayama et al. ACTA Astronautica. 2009.

t=20 s
1200

1000¢.
800

-
3

600

T ] =

SO0 NNNWLA
S MO W~ 2O wW~—=
QOO g gg

N

HENET N Z2EST, F15 LITFPEED
S amigil

29/25



BiaaRit

ke k
N+NepN,*+e a
+ k; = CsT"exp(—6/T)
O+0e 0,7+€ om0 FU=IRTER
N+O(—) NO++e keq: S FETEZEX
N+e— N*+2e 1
O+ee O*+2e b X

kb(;l'/J \&Ki2D




(=221

60

BftaRItan

193]
o
T

.Y
o

N
o
T

molefraction[%]
(&%)
o

30000

1 25000

1 20000

| 15000

temperature[K]

| 10000

1 5000

diatance from shock front[mm]

0.9

AN N
BiEERICEL
60 ' 1 7800
(0]
i
20t T 17750
%0 17700
o~
S 30
g 0 1 7650
5
g 20
{7600
10
i 17550
0 B R I
-0.5 -0.4 -0?500

diatance from shock front[mm]

temperature[K]



PERTERENISRS
sBL\BSD., §5L\BSD

Hiroyuki SHIRAISHI

Department of Mechanical Engineering,
Daido University, Nagoya, JAPAN

H28%3H2H WRKXZF



Introduction:

1-D STEADY PRESSURE PROFILE BY ZND MODEL

Beam-supported Detonation (BSD) is denominated LSD/MSD
after an irradiated beam

Flame Zone IglitiTl Delay

|p}ﬂr

Shock Wave Front
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Do

X

(a) Chemical Detonation Wave
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Absorpt
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ﬂShock Wave Front
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(b) Laser/Microwave-supported
Detonation (LSD/MSD)

2¢ In LSD/MSD wave exothermicity is supplied not by chemical reaction
but by radiation absorption
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The Plan for MSD Calculation
(more realistic than 1-D model)

1st Stage

T

breakdown

2nd Stage

BEAM

This process
cannot be calculate
by 1-dimensional
model.

\

MSD Wave

Multi-dimension and
History of Laser Power
should be applied to
numerical model.

MSD wave propagates through an axi-symmetric tube.
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NUMERICAL MODEL AND ASSUMPTION

(1) The plasma is electrically neutral having no
charge separation.

-An argon gas at room temperature Is
applied for propellant. Even if the gas is
lonized and a plasma iIs generated, it has
no charge separation.

- Ambipolar diffusion is considered.

H28%3H2H WRKXZF



NUMERICAL MODEL AND ASSUMPTION

(11) Chemical reactions considered are ionization,

bremsstrahlung and inverse bremsstrahlung.

lonization
Ar+e- < Ar' +e +e”,

Inverse Bremsstrahlung

Ar - +e +hv— Ar" +e",

Bremsstrahlung

Ar - +e- > Ar" +e” +hv.

H28%3H2H WRKXZF



NUMERICAL MODEL AND ASSUMPTION

(111) The thermal non-equilibrium is considered
as .

" Electron temperature T,
(electronic mode,
electron-electronic excitation mode)
-Heavy particle temperature T,
are considered.

H28%3H2H WRKXZF



Fundamental Equations

axisymmetric Navier-stokes equations
ouU 8F 8G OF, aG H

&axaraxarr

+S (where i indicates Ar, Ar*, e)

jo 8 ,OU2 +p PV —puvV+T,,
2 2
m mv m + p N T,
G = (E )/ H=|-(E+pN+| r U+, V+i My ﬂ+ZD.h.%
U=| E F= (E+D)J - +p o e o g o
aT, p;
Ee EeU EeV KeEJFZj:Djhe,jairJ
U -V _
pi pl IOI —in+Di%
or
_ My P T, aT, op;
F,=| 7 ,U+7,V+K, PV Z:D,hJ Ew G, = rrxu+rrrv+/ctra—r“+lc F Z:D,hJ arJ
oT, 6p 5
Zle D i oT, /%
o Z“@X Koo T 2uDih 5
ap o
D 22 Li
i D. XL
OX i or
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S:Source Terms

4 0 \
0 -Qs: Radiative absorption due
to Inverse bremsstrahlun
S= QIB _QB - g
Qe +Qis — Qs QIB = | (X’t) X (Kea + Kei)
N W. ) /: Laser Intensity,

K -Absorption coefficient
( )ea : Electron-Atom Collision
(  )ei : Electron-lon Collision

Qg: Energy loss due to bremsstrahlung

n.number

QB — 1426X 10_40 neniTej/z { W / m3J density

H28%3H2H WRKXZF



Qee: Energy Relaxation Term

ou 8v v, E.+p,
= — + W
e

where Q; :the relaxation term between heavy particles
and electrons

3 Ve i ° 4
Q _ZpezR (T _Te) _Zne,i Ii
iI=h.p. i I=ion
v : effective collision frequency |AA . lonization potential
r

H28%3H2H WRKXZF



Scheme for FDM

- Semi-implicit Harten-Yee
(non-MUSCL modified-flux-type) TVD scheme is
applied.

- Viscosity Terms are solved using an alternating-
direction implicit (ADI) difference scheme.

Radiative energy transfer terms Qz, Qg and
relaxation term Q- are treated implicitly .

H28%3H2H WRKXZF



Governing Equation for Laser Intensity |

Axisymmetric Model

d(l1A)
dn

=1(r,x,t) x AxK

A : Cross section area of Nozzle
K : Absorption Coefficient
n : Direction of laser beam

H28%3H2H WRKXZF



Schematic View of AXxisymmetric Tube
32" |EPC (Wiesbaden 2011) (Type 1)

Laser Intensity /¢
S0mm (at Tube Exit)

S0mm

Transparent Wall

Hot Spot

A hot spot (area) is set up to imitate the initial plasma,
which is generated by dielectric breakdown.
- Laser Intensity is constant; History is not considered.

H28%3H2H WRKXZF



(2) Calculation Results for Tube Type 2

H28%3H2H WRKXZF



The Plan for MSD Calculation
(more realistic than 1-D model)

1st irradiation

This process
cannot be calculate
! by 1-dimensional
model.

BEAM

breakdown

2nd irradiation *

Multi-dimension and
History of Laser Power
should be applied to
numerical model.

MSD Wave

This shape must be refined!
H28%3A28 HEAZ




Schematic View of AXisymmetric Tube
(Tube Type 2)

N
_E
=
&)
_ ; ' &
tOOmmM‘
Parabolic reflector Computational Grid (51x 140)

Parabolic reflector for 1st irradiation

H28%3H2H WRKXZF



Initial Conditions for 1st irradiation

Laser Hot Spot | Other Area | Hot Spot | Cross Section Radius
Intensity (Initial) (Initial) | Radius of Laser Beam

I, = latm, 0.0latm, 50 mm 150 mm (at Inlet) —

2 KW/cm? | 15000 K 300 K 150 mm (parallel)

1

Hot Spot H2843H82H HRAZ

Local Laser Intensity I/l



Final Status of 1st irradiation

Electron Number Density (x10%4m-3) Pressure (atm)
Time=278usec.

2 zones propagate separately — MSC




Radiate Conditions for 2nd

irradiation

Laser Intensity
I, = 20 kW/cm?

Casel

Wavelength :
100pm

Cross Section Radius
of Laser Beam
150 mm (parallel)

Case?
Wavelength :
250um

L—H—HKFFIT. BTERE—E,

—1RITH,

H28%3H2H WRKXZF




Calculation Results of Tube Type 2

Casel (100pm Microwave) Time=527usec. (2nd:250usec. )

Case2 (250pum Microwave

Qoo

0 Coe
000G
00

Electron Number Density (x102*m-3) X% Pressure (atm)



Calculation Results of Tube Type 2

Casel (100um Microwave

Local Laser Intensity /1,

Time=527usec.
(2"9 jrradiation:250usec. )

Time=527usec.
(2nd irradiation:250usec. )

Laser absorption is almost 100%.




Temperature
distribution along
symmetric axis

Casel (100pm Microwave)

Time=527usec.

Case2 (250pm Microwave)
Time=527usec.

20000,

< — T
o
> [E—
=10000(- Th
D
o
=
(¢b]
) \
84 05 06 07
Position along symmetric axis [m]
20000——— ——— — —————
X — T
o
= Th
10000
(¢B)
o
=
(¢<b]
|_
02 0.5 0.6 0.7

WEW—E. FAL—Y—%THLMSD?

Aition along symmetric axis [m]
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Initial Condition for Analysis

I, =5 kW/cm?
24
. <10 ] ' I ' T T T T
Hot Electron Seeding I i ]
(1.0% number density) O?E 1r Ar _
—_ i ne
b L -
— Laser Beam g -
y 2 p0<_ 'z 805__ )
> 7z I
zZ

Room Temperature Gas 300K

% 20 40 60 80 100

Pngitinn Imml

ZNTIE. IRTCRCHIZHE, LAL -

|

— 01 -
E L
BHEEAAT ARSI TENLR, | S |
EEL\?I“*_:/HT/IZH:@%@L\O % 0_05- _
= i

H28£|E3HZE ﬁ:‘?‘:ﬁ? 0- I I L L
0 20 40 60 80 100

Pac<citinn TImm1
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Why Microwave Propulsion is studied?
Experiments on LSD wave
(1)Yamaguchi, et. al (Univ. Tokyo, 2008)
- Atmospheric Air(1.013 X 10°Pa)

LSD-threshold
CO2 laser :3.7MW/cm? (velocity : 2.5 X% 103m/s)
Nd:glass laser :1.1 X 103MW/cm? velocity : 6.5 % 103m/s)

(2)Endo, et. al (Hiroshima University,2008)
*0.1~1.0MPa Air
Velocity: 10,000~70,000m/s
-Laser Intensity: 1,000~ 10,000MW/cm?

H28%3H2H WRKXZF



Section 11 (15:40 — 16:00)

Developing an LSD wave Simulation tool based on a 1-D
Laser-induced Discharge Model

Joseph A. Ofosu, Rei Kawashima, Kimiya Komurasaki,
Kohei Matsui, and Toru Shimano

The University of Tokyo

Komurasaki Laboratory

1st Beamed Energy Discharge & Engineering Applications Meeting,
The University of Tokyo, Tokyo
March 2, 2016
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= |SD & LSC DISCHARGE STRUCTURE
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= OBJECTIVE
= SYSTEM OF EQUATIONS
= COLLISION FREQ. & THERMAL CONDUCTIVITY
= JACOBIAN AND EIGENVECTORS

= SOLUTION METHOD
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BACKGROUND = LASER DETONATION PROPULSION

/A\ Space BEAMED ENERGY LAUNCH SYSTEM
Vehicle /4
(SSTO)

CHARACTERISTICS
» Major propellant is air
» Simple propulsive structure

» Off-board reusable energy source

ADVANTAGES

> Potential low-cost system?
The Earth 2 Eqmpment

» Resource-saving alternative
Laser Propulsion Concept » Low-emission & High payload ratio
March 02,2015 1st BEDEA Mtg-2016

1. Katsurayama, H., Komurasaki, K., Arakawa, Y., Acta Astronautica 65 (2009) 1032-41



BACKGROUND = IMPULSE GENERATION PROCESS

L

Laser beam N ‘ t

Blast wave

Blast wave
expansion

Freshair
refill

3

3. Rocket Mode
[Fuel: on-board propellant]
(Altitude: >~40 km)

(o)}
o
I

2. Ramjet Mode
[Air is compressed]
(Altitude: 7~40 km)

Altitude, km
S

N
o

1. Pulse-jet Mode [Fuel: Atmospheric air] (Altitude: 0~7 km)

Modes of Operation?
March 02,2015 1st BEDEA Mtg-2016

2. Katsurayama, H. et. al., J Space Technol Sci Vol. 20, No. 2 (2004), 32-42



LSD & LSC WAVE DISCHARGE STRUCTURE

' < RP LASER

Shock front
plasma plasma

RP LASER

Shock front

Laser Supported Detonation (LSD) Laser Supported Combustion (LSC)

» Plasma and shock fronts » Plasma and shock fronts
propagate together propagate separately
» Isochoric heating of plasma » Isobaric heating of plasma

» Efficient transfer process > Inefficient transfer process

March 02,2015 1st BEDEA Mtg-2016 5



OBSERVED LSD WAVE CHARACTERISTIC

Shock-induced

effect?

OR

Velocity, km/s

Discharge-induced

effect? /

ik 1.5 2 25 3 35 4455556
Laser intensity, S/p, 10° Wm/kg

March 02,2015 1st BEDEA Mtg-2016



PHOTOIONIZATION-INDUCED PRECURSOR-DRIVEN LSD MODEL

+ hv
Ar d
e hv

2. PHOTOIONIZATION 1. PHOTON EMISSION
D }ecursor
3. AVALANCHE IONIZATION 4. PRECURSOR FORMATION

Propagation Mechanism of LSD wave

March 02,2015 1st BEDEA Mtg-2016 7



PHOTOIONIZATION-INDUCED PRECURSOR-DRIVEN LSD MODEL

Charge conservation

dne
dt

I

on,
ot

on
) — Ur <a—ze> = Vefflle

Vett|Zs — Zp|

LSD wave

U =
8 In(ne(zp)/ne(zp) )

velocity

¢
Ne(z¢) = —.
e \4f UR
Photon flux

Precursor

) =27Tfoo

Veff

j5/1
0

mfp [, exp(— z/ Amfp)

dzdv
hvegs

Nesa Full IB Absorption
absorption g & N ,
’ Avalanche
Ne(Zp) f-------2 lonization (Al)
Ne(Zy) |-/~ .
, ;:>UR
£
[ -
= -
=
N -
$ =
ne(zf) ————————— e — 4 O S i S
|
—>
A

Veff = Vi — QRN

March 02,2015

Recombination Coefficient, ag

Art4+e - Ar + hv

Art +e” = Ar**— Ar + hv

Nt+e~ - N + hv

N*+e” => N*> N

+ hv

1st BEDEA Mtg-2016

(radiative )
(dielectric )
(radiative )
(dielectric )



OBJECTIVE OF THIS STUDY

» Develop a numerical tool for the simulation of the LSD wave using
the 1-D laser-induced discharge model

» Validate the discharge model by comparing simulated results with
experiment

March 02,2015 1st BEDEA Mtg-2016 9



STEADY STATE SYSTEM OF EQUATIONS

Moving grid equation

Ueg = Ue — Ug (Electron fluid velocity relative to grid speed)

du
g . . . 0
—2 = alu. —u a: numerical coefficient
Electron number density conservation
a(neueg) 5 v;: ionization coefficient
e Ville — VRNe vgr. recombination coefficient
Momentum conservation
d(D.n.) Assumptions
e'*e
ox = " TNelle 1. Negligible magnetic and electric fields
2. Zero mass approximation
oT, on
A
kT, -
D, =——— Vior. total collision frequency
MeViot k : Boltzmann constant

March 02,2015 1st BEDEA Mtg-2016 10



STEADY STATE SYSTEM OF EQUATIONS

Energy conservation
& . electron internal energy

d oT, K :thermal conductivity
_is + —_K—t)| = (aipl — €2S01) : -
B €elleg T Pelle ax | NeldB €evcol a;g: |B absorption coefficient
€. . energy transferred in inelastic collisions
Sco1: Number density loss in inelastic collisions

o8 = 3/2 n kT,

(3]
n.k?T, Z + 0.24
K=a(Z)—— 7) = 3.22554
meveoe | | ¥4 1+ 0.24Z
Radiative transfer
0l B ;
P d1B

The vector of conserved variables is defined as :

Q = (Mer MNeleg, & DT

The vector of primitive variables is given as :

V = (ne; ueg: Te; I)T

March 02,2015 1st BEDEA Mtg-2016 11
3. Ramis, R., Eidmann, K., Meyer-ter-Vehn, J., Huller, S., Computer Physics Communications 183 (2012) 637-655



HYPERBOLIC SYSTEM

Addition of pseudo-time derivative term

ong a(neueg) 1 a(neue ) 0(Dgng)
+ = ViNe — VRN’ g e =
0ty 0x > Vior Ot T Tox (e
aee 0 dT, 1 9 0l
6t i e €elleg T Pelle — KE = ne(arpl — €eScol) Ug atp + . = —amgl

tp: pseudo-time term

System of equations in a vector notation form

aQ n 5F G _g Q: conserved variable vector, F: convective flux vector
atp 0x Hx G: diffusive flux vector, S: source term
n.u 0 —— 2
nsu VtotDene —NaUV
Q=| .| F@=|¢u, +Pu | 6= o |.5= §eto§
e ereg ere —Ka ne(“IB — €e col)
I Ugl 0 —agUgl

March 02,2015 1st BEDEA Mtg-2016



COLLISION FREQUENCY & THERMAL CONDUCTIVITY

Collision frequency

Viot = nnﬁcot(Te) )

Vi = Ny f (Te) )

Vexc = nnf exc (Te)

ftot = <0totue,th> ) fi= (Uiue,th) ) Jexe = <0-excue,th>
o cross-section?
Thermal conductivity & thermal flux limitation
1
aTe K max kT /2
€ r_ th max — ~'e
o 0x K SMax 4 K|VT,|" th = fNeKTe (me>

f: flux limit factor

Averaging process to obtain K’ at interfaces

max

th,j —

3

3
- fk /2 (Tle,j +Tle,j_1

mel/z 2

) <Te,j /2 + Te,j—l

2

3/2>

int
K;

1 1
chell/Te,] /2 + I<]C_6}_1/Te’]_1 /2

1
To; 12+ Tojq

2

[

2

1/2>

March 02,2015
4. Hayashi, NIFS-DATA-72, 2003

1st BEDEA Mtg-2016
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JACOBIAN & EIGENVECTORS

Jacobian & eigenvalue matrices
0 1 0 0 _f (o /kTe ..
4= OF f2 0 0 O ; f ¢
F % y _Tzaeg T2 U 0 ) - U, T — Ek'f
0 0 0 wu Ug 27 2
A5 2
Right & left eigenvector matrices Uz = 5 leg THalEE
1l Y2
ﬁ . —f f , ﬁ_l _ 1/2 1/2f
aq bl 1 a, b2 1
1 1
Ueg +1 Ueg — f teglUy — f2 fleg — Uy
=T. ! b; =T ) =T. , = =
i > u, +f 1 2y, —f 92 = "2 f2 —u,? 2722 _y,2
Wave strength
AW = ﬁ_ldQ All “hat” values mean Roe-averaged quantities
. \/W o V1NeLUegL + V1MeRUegR F o VNeLTer, + VNerTer
- L’teR» N ’ —
N i N Vel + VMeR © V1NeL + VMeR
March 02,2015 1st BEDEA Mtg-2016 14




SOLUTION OF THE SYSTEM

Computation of convective flux-Roe’s method

cell-centred state differences at a cell j,

AQj,L: Q] nE Qj—l’ left ofcellj
AQjr=Qj+1 — Qj, right of cell j

using the minmod limiter function

(0, AQ;L-AQ;r<0

AQjE fminmod(AQj,L:AQj,R) =9 AQLL, |AQj’L| A |AQLR|
AQjr,  |AQjL| > |AQ)g]
Q) L, AQjL= AQjr
extrapolated states to a cell interface j+1/2,
1 1
Qj+1/2,L =Q;+ EAQ]" from cell j

1
LQj+1/2’R — Qj+1 — EAQj_I_l' from Cellj +1

. . Ax
Q,+1,, denotes the state at spatial position x; + i/ 2
March 02,2015 1st BEDEA Mtg-2016 15



SOLUTION OF THE SYSTEM

Computation of convective flux-Roe’s method

Roe’s flux at interface j+1/2,

NN

Fj+1/2»L =F (Qj+1/2»L) {

—

1
(DRoe,f‘l‘l/z 73 (FJ'+1/2:L i j+1/, R B E AkMWkrk

Time stepping scheme
Provisional update of integration for cell j, at atime t = n,

At 3 5
Q;=0Q} - e [Res}l i (G (Te’jj+1 /2) —G (Te’jj_l /2)>] + At[s(Q7)]

ReSj — ¢Roe,j+1/2 - q)Roe,j—l/z and Te,jil/z - (Te,jil/z,L + Te,ji1/2’R)/2

Second stage of the integration for cell j, to a time t = n+1,

Q1 = {Q] <Q] = —[Res + (G (Te o /2) G (Te*, ,-_1/2)>] + At[S(Q’})]>}

March 02,2015 1st BEDEA Mtg-2016 16




CURRENT & FUTURE WORK

» Code debugging

» Non-dimensionalization of the system of equations

» Incorporate a radiative transfer equation for uv emission from

plasma

March 02,2015 1st BEDEA Mtg-2016 17
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EXTRAS

Characteristic variables/ Wave strength

/ (f — ﬁeg)d;l; — NedUeg \ f = ’kTe/Tne
_ R - 5 A
AT = R-1do (f+ ueg)dne + Nedueg T, = EkTe
y g _ 2f
d dueg + (2)dT, 5. 2
[<x> e+ Oty + () ] ip = S+

dl

3 R S
X = Tz(ﬁeg2 i fz) + gTz(fz — uy?%), y = Tz(ueg - uz)» zZ = Ekne(fz —uy%)

Ambipolar diffusion

D /’liDe + ‘UeDi e 1 D e Ti
amb — ) Ui = ) i—
Ui + Ue m; nnfi—n,tot m; nnfi—n,tot
5
e 1 7 e T : >l
Nyl = = const,, n,D; = = const.
mj fi—n,tot mj fi—n,tot
March 02,2015 1st BEDEA Mtg-2016

5. Dimitris, P. L., Demetre, J. E., J. Appl. Phys. 73 (8), 15 April 1993, p. 3671



Collision rate coefficients EXTRAS

4.0 15
y =-2.5912691406E-05x° + 5.1160341258E-04x° - 1.6151216300E- -
4 03x* - 2.8818746518E-02x* +2.2379935077E-01x> + m'f’}
;w 6.6500737648E-02x + 6.1312594562E-04 B
: 1
7 30 =
= H
= 810 |
g 2
2 b5}
g g
020 f 0
2 ®
B =
© =]
H 3]
> 2
g 205
2 :
2 1.0 r g
El g
) Data 5
Approximation =
00 ™= L : 00 -
0.0 2.0 4.0 6.0 8.0 0.0
Electron temperature, eV
6.0
y =-1.0020263284E-04x5 + 3.1357800519E-03x5 - 3.7395062094E-
o 02x* +1.9514673036E-01x3 - 3.0260081061E-01x? -
ME 2.3644351793E-02x + 2.5465567114E-01
E
540 |
2
2
(=]
g (ou) =
g
g
Z£20 [
g
g
=
B Data f(g) —_—
= Approximation
0.0 bomemnaa :
0.0 2.0 4.0 6.0 8.0
March 02,2015 Electron temperature, eV 1st BEDEA Mtg-2016

y =-1.7099268632E-06x¢ + 1.2250659603E-04x° - 2 8415787965E-

03x* +2.9096965249E-02x3 - 1.1339919819E-01x +
1.9170221996E-01x - 1.2004480735E-01

Data
Approximation
______ ;.0 N 40 6.0 8.0
Electron temperature, eV
«© 2¢
f(&)a(e) [—de
0 m
1/2
2 £ —&
n eX —
e KT, \ kT, P\kr,
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Analysis of Comb Shaped Plasma Front Propagation
in Millimeter-Wave Discharge under Atmospheric Pressure

HEHE: MNEA BT

47146058 P HT KR #h

2016/3/2 WBINMEZRLE—BRE—AMCHEINDNELZO T RAER RS



e
VA P4

1. B

SVIRAEDMIRBIS - HiIkREE

2. BUEGFRFL
‘Maxwell 52X B FOILEGHER
3. al5H R
BT A0, BEIREN B TAERRIKEE

4., %k

SREGERE, B RBUEERAE By F IR RGERR

2016/3/2 BRI TR X —BRE — N HRSN D ELZ 0 T30 e



2016/3/2 BRI TR X —BRE — N HRSN D ELZ 0 T30 e




VPR DR R

p

/

10

FEE
MR

/ I/—‘H“—jiﬁ“?ﬁ

75 A= g EE[km/s ]

0

2016/3/2

E—2ADNT —EEGW/m?]

B . A. M. Cook et al. (2011)

QY PHAEL —F — A
IR HEA AL R3S

PE10.6 um ‘
OB DR RS
il
wd e v v | ZIELTOS R RERE
1 10 100 1000

FH1RINEHTRNF—BRE —NMIHESNDSBEEZO L ERIGH e



1.1 5

MIRREIET 2 A

IVEBCEM R 2R EE A TR LIS X< |
100mm order : S
1o 2R i RIENE
QUY& G— 170 GHz
— o o > S }°17_§.§
759N FE—L %% /WcTa g GW/EE
‘ & IEEE]
100 ns

IV

) >
TR

2016/3/2 BRI X — BB — MM HRSN B ELZ0O TR0 e 2



l;llﬁ

=
- H 3

ERIRREE 7 oA~

R 75 A< ORI X
TS5 A DR

< D,
< - N R
< D,

J@fﬁﬁ ®
< e I oA
< @

| B ROBEN |

BUEGT R K AR E O BB, &U“ﬁﬁﬁ

2016/3/2 B1RIME TR X —BRE— M FHRSN B ELZO T30 e



2B R TR

2016/3/2 BRI TR X —BRE — N HRSN D ELZ 0 T30 e




2 B3 5 R
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Maxwell’s equation

TR ERIA

\7><H=e—t+]e j> FDTD Jo = —en, v,

= dve  eE
AN i ot m, ‘m’e

/

0FE
0
oH
5 VXE = —,uea
Diffusion equation
0n,
ot

effVMe) = NVefs

Dote: HENPLBUREL «J P. Boeuf et al. (2010)&[RIUC k% WS

Veff - /fj./’":u

L M PER BEL -, OAETHY y

JIREL « TAIT AT IZXORE

)

Ref. 2
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52 DTS Ex. A. L. Vikharev et al. (1988)

Q. Zhou et al. (2011)

Veff = Vaq
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&5 14 GHz- 300 GHz MW Gyrotron BIREDH# it

—  Enms [t
OFHEDEE | | __min sec. orCwW
ol (300 | JAEA Collab.
§(170) JAEA-ITER
Ol154 ollak LHD U. Tsukuba
g(m) Collab. Effort
g 77 ollak LHD )
S35 Hel. J Collabwith
A ) 1 Collab.wi
U128 ,\?Sl:'&?a} Universities
\14 Under Design | Y,

0 05 1 15 9
Po Power (MW)
@ EREKREH. (14, 28 & 35 GHz) 1 MWLELE Gyrotron for GAMMA 10/PDX (i X)
QUEST (. X) , Heliotron J(GEK), NSTX-U(FY2RPUK). TA OO EHEAE (EKR)
@ = AR ¥ (77, 154 & 300 GHz) over 1 MW ECH Gyrotron for LHD (4B & %
FHEAT) and REF.



@G> Schedule of Gyrotron Development in PRC

PRC ——
Gyrotrons -2009 2010 2011 2012 2013 2014 |2015L1[F
77 GHz #1 >
7 GHz #2 Plasma Exp. S
1D 27 GHz #3 Plasma Exp. S
154 GHz #1 Plasma Exp. >
154 GHz #2 Plasma Exp. >
Plasma Exp.

154 GHz #3 Fabricatjon = — >
G-0/PDX | 14 GHz #1 DeSigA= ===t == — >
QLI:EJST 28 GHz #1 Operation Test Q.U.ES_-LEXD >
PPPL | 28/35 GHz #1 Rabrication >
Drmo | 300 GHz #1 Operation Test >

— T, > 10 keV with n

e_ave

=2 x 10" m= (LHD). Total injection power > 5 MW.

— | of 66 kA was non-inductively attained with 28 GHz injection (QUEST).

— TE3, 45/ 0.5 MW /299.84 GHz was achieved. (PRC/JAEA Collaboration).

— Dual frequency, 1.25 MW at 28 GHz and 0.87 MW at 35 GHz was achieved (PRC).®




N LHD Gyrotron RIS DK R
PRC =

@® Achieved performances of 77 GHz & 154 GHz gyrotrons for LHD
Tube No. Short Pulse Operation Long Pulse Operation
77GHz#1 (1.4 MW 0.2 s)/1 MW S s 0.29 MW 60 s/0.13 MW 935 s
7TGHz#2 (1.3 MW 0.4 s)/1 MW S s 0.24 MW 1800 s
77TGHz#3 (1.9MWO0.1s)/I.8MW1s 0.3 MW 1800 s/0.22 MW 4500 s
154GHz#1 1.25 MW 4 ms/(1.16 MW 1 s) 0.35 MW 1800 s
154GHz#2 1.2MW1s 0.2 MW 1800 s

(power-pulse width) : two-step anode-rise voltage control

@ Achievements of High Power ECH Experiments
— 154 GHz: 1.16 MW for 1 s
4.4 MW into LHD plasma with three 77 GHz tubes,
contributed to T, of 20 keV.




N 28 GHz 1 MW Gyrotron for GAMMA 10
PRC =—
@®Design Parameters of First tube
7z = Frequency: 28 GHz
petesr Bl 1 Oscillation Mode: TEg
| Output: 1 MW
Sapphire Pulse Length: >1s
Window CW for 0.3 MW
> TOutpUNgin Efficiency: 35% (w/o CPD)
RE Beam Electron Gun:  Triode
Mirrord, L | Collector: w/o CPD
g (= Output Mode:  Gaussian
Mode Conv\ i [ Helght 2413 mm
Weight: 700 kg

Electron
Gun
(Triode)

|
Lt I

& 0
NIRRT
|\

ectron n

— Demonstrated more than 1.25 MW (2 ms) & 0.6 MW for 2 s.
Both are limited by the DC Power Supply. ®




Setup of RF Test Stand in PRC

Gyrotron

Transmission Lines

PRC =
@®Window Temperature

Viewing Port | Measurement

Oil Tank with

Anode Control Unit

Dummy Load
(0.3 MWY/5 s)

Teflon tube Sapphire window

BaF: viewing port
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ﬁ@@ Dual-frequency over 1 MW demo. of First 28 GHz Tube

PRC =

@®Installed 28 / 35 GHz window for dual-frequency test
on First 28 GHz tube

; 1000 - 50
4 ® Po[kW] ( o ; —
Z 800 [ o i 40 2
0 1 N
l Y \\ t
a 600 \\ 30 g
| \ (&)
; ] r O \ c
O 400 . 20 O
o \ G
\
S 200 e 100 =
(o} L
aed \
- \\
O 0 0 \
0 10 20 30 a0 50 \

Beam Current Ik (A) \

\

— Achieved MW-level dual frequency performance.
0.9 MW/ 35 GHz corresponding to 1.2 MW oscillation power.
(from transmission efficiency 72%) @



Application to QUEST Experiment
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— The successful result of high EC non-inductive driven current

around 60 kA has been obtained.
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@G> Application of 28 GHz Gyrotron

PRC ——
@ After Successful Results of 28 GHz MW tube,
— multi-purpose gyrotrons D BEIFEFITHELE. NSTX'U(PPL)

EEDEDHERE

O More than 1.5 MW a few seconds operation in 28 GHz
— for ¥LE AGAMMA 10/PDX ( ITER level high heat flux exp. )
— for NSTX-U (Z')> XA+ KPPPL) (EBW heating / current drive)”

O 1 MW level operation in 35 GHz range

— for Heliotron J (FR&RKZE) (EBW heating / current drive)
O 0.4 MW CW operation in 28 GHz

— for QUEST (A KZ) (EBW heating / current drive)
O 1 -2 MW in ms multi-pulse operation in 28/35 GHz

Sfor vV OETS XTHE  (REAE) r S

New 28 / 35 GHz dual-frequency gyrotron with the following targets:
(1) 2 MW 3 s at 28 GHz (for NSTX-U and GAMMA 10/PDX)
(2) 0.4 MW CW at 28 GHz (for QUEST)
(3) 1 MW 3 s at 34.8 GHz (for Heliotron J)
(4) 2 MW #ims-%/\)L A at 28 & 34.8 GHz ©)
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Next Step of New 28 / 35 GHz Gyrotron Development
e — PR e
Olssue: the laminar flow decline of the electron beam in high beam current
— to obtain the better laminar flow of electron beam in front of the cathode

rotron Cavity (V,=80kV)

g a=0.9 | A
| ®a=1.0
i Collector > doc 12 P e
@®Design Parameters of New Tube R = fe=t —
28 GHz 2 MW Dual-frequency Gyrotron E :
for GAMMA 10/PDX, QUEST, NSTX-U . ; ;
Frequency 28 GHz 34.77GHz — Collector (@] °
Output Power  2MW 0.4MW 1MW gﬁ;‘gﬁ?"'k | o ; 28 G H’Z
Pulse Width 3s CW 3s - O )
Output Efficiency 50% (with CPD) M4 | 0 8
Beam Voltage S0KV TOKV 80 kV BPY - Q ')
Beam Current  70A 204  40A [M3 . DC Break | 3 34B79cemammnqyuqrr§;n:[ A
MIG triode . e g s3]
Cavity mode TEss TE106 (M1 = | 8a-10 3
Qutput mode Gaussian like ‘ Radiator \2_/ | aa-12
Output Window Sapphire Double Disk Cavity ' o Iy i ©
Collector Depressed Collector ‘ E (b} ;
Sweeping coils p— I Beam Tunnel | < !—;
LMIG T : o) I
26GHz /35GHz 0 80
— Determined from the selection rule Beam Current (A)

TEg 5 (28 GHz) & TE, ¢ (35 GHz) and optimized the cavity,
2 MW calculated outputs at both 28 & 35 GHz are obtained.
We started the fabrication.
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O14 GHz gyrotron for GAMMA 10/PDX and QUEST in the near future

Design Study of 14 GHz Gyrotron

PRC ——

— For a fundamental heating at the mid-plane of GAMMA 10 central-cell
— The optimal frequency for an EBW experiment in magnetic field at QUEST

@®High qualit

Radial Direction [cm]
(™)

o
e Cathode

Electron Beam¥raject0ry of 14 GHz Gyrotron

Anode

Body

electron beam

30 40
z(e™) L
Axial Direction [cm]

14GHzTE, , V,=75kV (wgz1=75)
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Z/7 sl
l
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— 1 MW/ 14 GHz/ TE,, cavity desigh accomplished.

70

@®High efficiency mode conversion

Ephi Cylindrical Field Intensity (dB)

_1 Mode Converter

[

O Improved Points

@ Magnetron Injection Gun (MIG) and Cavity:
to improve the effective pitch factor a
degradation in high beam current.

@ Internal Mode Converter and Mirrors:
to minimize the electric field at the window
edge and diffraction loss.
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o> 300 GHz Challenge for Demo Reactor
PRC ——

@300 GHz Test on the Tsukuba T.B. @Power Profile at the Window
] OExperlment

Dummy Load | /, -~ '~ Appeared 300 GHz/ TE;;, ;
| .+ from the burned pattern
-+ And frequency measurement

Sub-THz
Gyrotron § '
s rvre e 2 sz 15 (Vi=80KV, Sio2=1.98mm)
600 30
| = 500 L 25
> 400 A u 20 &
13T SCM P Tl - =
Z 300 15 2
z .
2 200 ° 10 E
5 100 oPokW] | | 5
mn[%]
0 ' 0
0 10 20 30 40

Beam Current I, [A]

— ~ 0.5 MW for 1 ms ( n =19 %) achieved with V, = 80 kV.
(Joint Exp. with JAEA). @
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@G> Summary (1)
PRC =—
@®Development of High Power Gyrotron for LHD
— Three 77 GHz gyrotrons and Two 154 GHz gyrotrons have demonstrated
4.4 MW injection into LHD plasma contributing to producing
the electron temperature T, of 20 keV.
— T, > 10 keV with n, _,. =2 x 10'° m3, Total injection power > 5 MW.
@®Development of 28 GHz Gyrotron for GAMMA 10
— Dual frequency, 1.25 MW at 28 GHz and 0.87 MW at 35 GHz has been achieved.
— I, of 66 kA has been non-inductively attained with 28 GHz injection in QUEST.

@®Development of 14 GHz Gyrotron for GAMMA 10 and QUEST
— 1 MW/ 14 GHz/ TE,, cavity design has been accomplished.

@®Development of 300 GHz Gyrotron for DEMO Reactor
— ~0.5 MW for 1 ms ( n =19 %) has been achieved with V, = 80 kV.
(Joint Exp. with JAEA).

University of Tsukuba is challenging to 14 GHz - 300 GHz Gyrotron
development for present & future Demo ECH and obtained MW level or
over 1 MW in 28, 35, 77, 154 and 300 GHz. @
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a6 Summary (2) and Future Plan
PRC ——

OBased on Above Successful Results,

— 28/35 GHz tube will be applied to QUEST for EBW experiment,
to GAMMA 10 for high heat flux and high potential experiment
& to U. Tokyo-Microwave propulsion collaboration project.

— Fabrication of new 28 GHz / 35 GHz dual frequency gyrotron is in progress.

— Development of new 154 GHz / 116 GHz dual frequency gyrotron for LHD
will be started.

— Development of 28/35 GHz / 1.5-2 MW / a few sec. gyrotron for GAMMA 10
and NSTX-U will be started.

— Improvement of 300 GHz gyrotron for Demo will be started.
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