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Compact Torus Injection Experiment on High Temperature Plasmas
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Abstract

The compact torus (CT) injection is promising both for central fueling and density profile control on
magnetically confined high temperature plasmas. This report describes the concept of and methods for
CT injection as an advanced fueling system. In addition, it reviews the recent progress of and issues re-
garding CT injection experiments.
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Table 2 Status of accelerated CT experiments.

CT Device Affiliation Features and Accomplishments
RACE LLNL (USA) + Demonstration of CT acceleration
(Closed) - High speed >2,000 km/s, U, =40kJ
+ Scaling of compression and focusing
MARAUDER | US Air Force Phillips Lab. | - High density CT (1-2 mg), 9MJ bank
(USA) (Operating) - CT compression
CTF /CTF-II | CFFTP/ CCFM/ UC-Davis/{ - Demonstration of CT fueling (B=1.4T)
(TdeV Tokamak) U-Sask. (Canada) - Improvement of comfinement by
(Operating) CT injection
CALTECH Caltech (USA) * Demonstration of CT Helicity
(TEXT Tokamak) (Closed) injection on the ENCORE tokamak
+ Study of electrode materials
CTIX UC-Davis/CFFTP (USA) | : Multi-pulse operating
(DDT Tokamak) (Operating) (0.2 Hz, 1,000 pulses )
+ Study of CT propagation in a guide tubd
USask-CTI U-Sask./CFFTP (Canada) |- H-mode trigger by CT injection
(STOR-M Tokamak) (Operating) - Tangential injection
TRAP Univ. of Whashington - FRC-type CT injection
( =) (USA) (Operating) -High 8 CT (1.5X 102 m?, 200km/s)
HIT-CTI Himeji Inst. of Tech./JAER] - CT injection into H-mode, relatively
(JFT-2M Tokamak) (Japan) high Temperature (=2.2keV), and
(Start Operating) high field (B,=2.2T) plasmas
LHD-CTI Himeji Inst. of Tech./NIFS| + First CT injection into a helical device
(LHD Stellarator) | (Japan) (Proposed)
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Fig. 1
acceleration, and focusing and injection.
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Schematic diagram of CT Injector, consisting of three stages : formation and compression,
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(b) Pulsed gas injection and plasma production
by gas-breakdown
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(d) Isolated CT formation after reconnection

Fig. 2 Formation scheme of spheromak-type CT by a
magnetized coaxial plasma gun.
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Table 3 Comparison of formation and acceleration capaci-
tor banks between each CT injector.

HIT-CTI grT-2m)| CTF  (rdev) [US-CTI (STOR-M)

For. Accel. | For. Accel For.  Accel.
Charging voltage (kV) 20 40 10 40 20 20
Capacity »F)| 144 924 | 800 100 20 20
Stored energy *&J)| 288 739 120 80 4 4
Rising time (us)] <10 <10 15 7 2.8 3.4
Max. current kA)| 350 400 380 400 180 140
Switch Ignitlon Ignitlon| Ignition Railgap | Ignitlon Ignitlon
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Fig. 3 Schematic diagrams of the CTF machine (a) and its electric
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Current path
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circuit (b) [9].
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Fig. 4 Schematic diagram of the HIT-CTI machine.
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Fig. 5 CT ring trajectory (axial displacement vs time) as
determined by magnetic probes (horizontal bars), by
accelerator voltage and current data (solid curve),
and by 0-D force-balance calculations for M=8 pg
(dashed curve). Note the shift of peak B, to the
back of the ring during strong acceleration (t=
16-18us) [1,6].
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Fig. 6 (a)Axial(B,) and azimuthal (By) fields measured at the
surface of the outer electrode at z =124 cm, (b)
Axial (B,) field and line-averaged electron density

measured along a diameter at z=124 cm [6].
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Fig. 7 A comparison of the data with a TRAC simulation.
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meter data (f) are shown [17].
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Fig.11 Time history of a tokamak discharge (By= 0.07T)

with spheromak injection ; time-scale relative to in-
jection ; each trace is a single discharge. Plasma
current : (a) with a left handed spheromak injected
into a left handed tokamak, (b) left into right, (c)
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Fig.12 Time history of tokamak parameters for the central
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electron density at r/a = 0.1, (b) line averaged
electron density at r/a = 0.7,(c) plasma current, (d)
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Thomson scattering electron temperature in the
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Fig.13 Time history of tokamak parameters for the CT fuel-
led case at B, = 1.4 T : (a) line averaged electron
density at r/a = 0.1, (b) line averaged electron de-
nsity at r/a = 0.9, (c) plasma current, (d) loop vol-
tage, (e) central chord soft X-ray signal, (f) main
plasma viewing bolometer signal, (g) Mirnov coil
signal, (h) carbon IV line monitor signal and (i) Zex
[33].
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Fig.16 Time histories ofi(a) plasma diamagnetic energy
and (b) energy confinement time for the CT fuelled
discharge shown in Fig.15 (CT) and for the CT in-
jector gas valve only fuelled discharge (gas) ; and
(c) the Ha signal after CT injection. The CT injector
is fired at 802 ms in all cases [33].

L, WED TdeVEBRTEIAMPICL > TTFA4 AT
TyarvEERBILTWERW, E51Z, Fig 130F
O X—F 2L 5@ EEOWER, CT AMKRICHEE L
Wi RLTWiR\W[33]. SZAMMIcE LT, M
I TIAIBDY VT ATV DEE O SAATR R
b, ZOERBUESTONIER, CT AHEWETK
XV ERE SN TWVA[33]. Zh b DOERRE
B 5, TdeV EETO CT AHHC X AR OB AT
FAGBBEE I o TRV ElNbd s, L LD
5, R Raman K& CT ASERP D RX—F ¥ 7&K,
PR TR Z M & BRI A TB L 2 L E
THAHIEEBHBLTWA[25]. & ZAMMIZH$ 5%
EELT, EADEL D CT AFEBOBBTIIERA
METHILY VIATYyaA—=T 4 Y IIHPBENRTVS
[35]. L& L, BZAMBIIZ0HENEWD, CT
LTSN BES 5720, BERNIICEYESR
52 ENBEDEBRBRIOARBINTEY[5,24], #
D7HEBEORALZZL2VTHA). BEOHED
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B CT AFTEEICHRY, FHYORBILRBNICHRZ
THhIwIHicBbhs,

6.5 JFT-2M & TO CT ASERBIARR

R, ENTRAOREN: M h <7 EBE~DCT A
WERE LT, EB, JFT2M ¥& (R=131m a=
0.28/035m, B, =07—-22T, Te=1-22keV) THEEM
s nz[12]. HE— FAEBRTELEHEII<
7 EBE~DOCT ABERLE LTHRMIZER S Tw
5. AREBIX, CT AFNC X 50 ER OB FHE3E D JE
WEZEZZVT TR, BE - BRAROHIMOW iM%
KL, EEEHLADHEOENR S EHIME LTV
¥/, CTEERTIATHTO CT BHHAILNS
FETH 5.

Fig. 16 13 1REg TR CTHIFE L7 HIT-CTI 35 % KT
WOMNIF7-HTH 5. 4, SEFOFHERFEOE, Ha

HERIEEEWNIOOBEAFOT7 1 77 R IRES R
W, R—FORESOMBEDDD, TTIKEAFD
EBPORBTAI LIk o,

O CT EEORFERT, WE 100 km/s 2L L,
W RIER 4kG, 102 OF — TV OFEHETHEELZ LD
CT LN T WS, 72, NI INORHOAEE
B (B=13T) Ti&, CTO NI~ TCOREHIEHE

Fig.16 Schematic diagram of the HIT-CTI machine instal-
led on JFT-2M.
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TVIVIAATTERREEIN, Ph~vrobas ¥R
BohmeKaicd s e, BRECL - TEMESN
CT7IXEA R, LTFHEFMICTT I HL) RE
BREWETAHEZ S, ZoHEBICO>wTIZFE#F £
B> TELTRRAGRBRVPE SN TS, 72, OH
TITARNDAEIZLY, 759 AvERTEINF—DHE
m, REHER, —FRBEREORD R EOIFF Ly aifisk R
PRFONTVSE., BIE, SOICHLLARSG-OOKHE
FHElOEMPED LN TBY, SHBOBENIEEICHE
INTw3

7. ITER "D CT A4t

ITER # 3 R&D 2B W T, 15GW OBF4H I8
T— %18 57:01213 1x10° m 3 P L OB ERSSES
ENTVBIEDD, R FHIEIC X 288857 —0
IO TERETH A, T2, 79Xy VTOR
FEaH#L %35, Greenwald BERR LR -2
THUADMERED X WHE— FEEDODIZIE, Ul
BAORFRMRBIIATREEFEMTH 5.

ITER TEFS RBBRE Y A 7 2, FAEA
(DT—200 Pam®s L T—50 Pam®s™), #.LM#E LR T A
ALy b AS (DDT—100 Pam®s™, T—50 Pam®s™)
BIOEaAVF 1 ao vy I THERESATWA[36].
CT A§Hd ITER THE S N/zhs, KB A< TO
EREB VI EhS, JT-60U 2 JET EHEBTOREBRD L
EMNEE SR TS, CFFTP 7 V— 7%, CT A4
ETIE, 10%0BER, 20Hz O HELEET, 13
ay MO CTHRFE N.=5x10°M%2M8E35%&, DT
OB L 20Pam®s™ £ %0, XLy FAS LD D
A7 THEL L3l LTV 5 [37]. Table 4 ICEE5t 3L
72 ITER I CT ASHEE DK /5 A — 7 ZmRT. Kb5id
BRI, B EROLDIZE ST S CT NS
A=, B A X, RIS, BT — R
CT BREFEIR TOMTER, PHETER, PJ)FT2n
YR, HEEEE L BB L L OKERIC
DT BRI L MET & 4T - T 5 [30,37].

ITER 7% U REIZE CT ASHEE2 BT 2 5650%E
RoMER, 1) BEEEHIMIo ol yva s vEo
R BRI O, EHCT 2K EICBRETE LD
PEID. 2) B CT AFERE CIIRBHIHERIVN &
V. D2HTHE. 1) IZonTiE, BizEa S VI
S TEREBICHBEENAS LWL ICTERETLED
HENTWAE, T/, 2) 12200, FREEDND TS X
<8 JFT-2M—3 -4 m?, TdeV—13m®) & KL T,
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Table 4 |ITER CT injector parameters [37].
Number of injectors 1
CT radius 0.1 m
CT length 0.2 m
CT density D + T) 9 x 1022 /m3
CT mass 22 mg DT (26 Ty)
Ner/Niter 03%
Fueling rate (D + T) 53 x1020 Ipulse
Fueling frequency up to 20 Hz
CT injection speed 300 km/s
CT kinetic energy 100 kJ (120 Ty)
Frac. of gas trapped in CT 75%
Frac. of gas leaked to tokamak 25%
Formation section r/L (m) 0.75/2
Accelerator section r/L (m) 0.30/2
Transport section r/L (m) 0.1/5
Total CT injector length (m) 12
Total power consumption 8MWe (10 Ty

KEEERE (ITER—2500 m® JT-60U—70 m®, LHD—30
m®) TRABMWICAZX LAY, EHEO CT ASTixiE
BEHBENCOFENIMIMFETE LW, BEY AT 4
REDIAEDRLUTEEZR CT AFEEOFMNHEIRE
SERREE A, A, 02Hz TOCT ASTO#YELE
#7543 UC-DAVIS TOEERR[S] TEHENT B, &
WAL v F 2 FOBEELR EICHERD D, S5HICRW
B oE#RIZIE, BEE, KRBRHAY AU A F0FHD
WE & Twa[37].

8. HhENE

Pk, CTHIRZRELCELZFOLENS TCT®
iR 77 A AND AFHFEOBUR & 3L 2o TS
BRATD, bAoA AN EORE LADIIZED
U oABE, CT AFOKIIIE, Deep Fueling ®
BEN % T iE D LR ES AN X %8 THER
REeBA 7BV LAOWBEOERTHAH. HE-F
REBKY T —DT I AT~D CT ASHZWH = E5
T Thb. it, CTAFICLY) M7 OB LA
DU L %5 L) ZERBESHENTBY, 20
BRI DhoTwwndon, CT AFHIf
THRUNOTD 72BN FRENRTWE D EHFL
Twhb., 72, TEEBBERLLS XEf FEEBRS
5 A< OMEMERHL 122V TORBEDOF—< i34 D
WEHERE KWIZEZ 5, 5%, RO M= 7R
YAV TOERTIZIOHEDF — <20 T H BB
MEPLEINDETHAH. FLDITELZLEHIZ, CT
ASHIRLE WA~ HOTREEZ D 5, Bhicin

a7 b b—-FADOERT T XD KETEER
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Fi, &H

TWa, Ihhrbdbbdbo iD= HMHADOTA
FTTORERZEN, ERIIBRENS ZEE2HRFLT
wa,

COBHETLOHIIHIz- T, CFFTP ® RT. Ra-
man i+, HREFHIMEHFOKBHEHEKE LUK
MWEBITERZ I LD LTS JFT2M 7 v— T D5,
R R SR o LHD st R o CT A4t 7
V=T DK, o EZFETERO/NHEMKS X
URKER»SI, BEZBEBLCCHHIEZEEEL
I ARV AR D Sl
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