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ABSTRACT 
Reduction of the start-up 

voltage on large tokamaks is desirable to relax 
design constraints and cost" Pre-ionization at 
the electron cyclotron resonance IS a 
candidate for reducing the in i t i al loop voltage. 
The present experiment demonstrates that 
relatively little microwave powet� (1-10% of 
ohmic heating power) is reguired to lower start­
up voltage re9uirements by 50%" Solutions of 
zero dimensional start-up e9uations indi cat e the 
effect is due to the high start-up de n s ity which 
ir)creases the conductivity time vari at i on 
(generating a back EMF) and not just due to an 

initially low conductivity" Comparison of the 
code with other experiments will be presented. 
Supported by U.S.D.O.E. 



I N T ROD U C T ION 

MUCH OF THE MAT ER IAL IN THIS 

POSTER IS TO BE PUBL ISHED IN NUCLEAR 

FUS ION. PREV IOUS WORK BY HOLLY AND 

W ITHERSPOON WAS PUBLISHED IN NUCL EAR 

F U S ION VOL. 1 9 No. 11 (1979). THE U N I QUE 

FEATURES OF THIS NOTE ARE: 

1: N EW D A TAW I T H VL R ED U C T ION 0 F 5 3 % , 

2. A N E X P LAN A T ION 0 F T 0 K A POL E II IS 

PRO B L EMS WIT H RED U C E DCA PAC I T'O R 

BANK VOLTAGE. 

3: A COM PAR ISO N 0 F THE Z E R 0 - DIM ENS ION A L 
CODE WITH OTHER PUBL ISHED RESULTS. 

4: A 1� U P D ATE 0 NTH E D IRE C T ION 0 F 

FUTUR E RESEARCH. 
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TOKAPOLE II PAR.A..l..ffiTERS 

Major radius: 50 em 

Minor cross section: 44 x 44 cm square 

Toroid yalls: aluminum. 3 cm thick with po1oidal and toroidal insulated gaps 

Vacuum volume: 600 liters 

Vacuum surface area: 6 square meters 

NUDber of internal rings: 4 (copper, 5 cm diameter, supp0rted at 3 points) ,. 

Ports: 2 -19 em diam, 5 - 11.5 cm diam, 22 - 4 cm diam, 13 - 0.6 em diam 

BT on axis: 5 kG (extendable to 10 kG by the acquisition of additional 

capacitors) 

L/R time of BT: 20 msec 

Available OR voltag e: 125 volts 

Poloidal flux: 0.15 webers 

Available energy (poloidal + toroidal f ields) : 216 kJ (72 - 240 �F, 5 kV 

Base vacuum: 3 x 10-8 
torr 

Pumping system: 1500 l/sec turbamolecular pump 

1200 l/sec, 100 K cryopump 

capacitors) 

Preionization: 5 kW, 2.45 GHz; 10 kW, 8.8 GHz; 10 kW, 16.0 GRz 

Hoop Current: "- 250 kA 

Plasma Current: 40 kA 

Electron Density: 2 x 1013 
em 

Electron Temperature: 100 eV 

Ion Temperature: 40 - 80 eV 

-3 

}Iinor Radius of Current Channel: "'- 7 cm 
(To Separatrix) 
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30 40 50 

R (em) 

POL 0 I D A L f1 A G NET I ( FLU X P LOT A S (A LeU L ATE D . 

BY AN f1HD EClUILIBRIUM (ODE. THE FOUR 

CUR R E N T - ( A R R YIN GIN T E RN A L R I N G S P RO V IDE 

THE DIVERTOR FIELD. THE FLUX PLOT HAS BEEN 

EXPERIMENTALLY V E R I FIE D THROUGH INTERNAL 

r'1AGNETI C PROBE MEASUREMENTS I 
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THE SEQUENCE OF EV ENTS FOR A TYPICAL 

TOKAPOLE II DISCHARG E WAS AS FOLLOWS: 

1: H 2 WAS P U F FED I N TOT H E TOR 0 I D. 

2: THE l\ BAN K WAS FIR ED T 0 C REA T E 

A PUR ELY TOR 0 I D A L FIE L D. 

3: E C R H PRE - ION I Z A T ION PRO D U C E D 

A NEUTRAL DOMINATED PLASMS, 

4: THE POL 0 I D ALB A N K WAS FIR E D � 

DRIVING CURR ENT IN THE INTERNAL 

RINGS AND THE PLASMA . 
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ECRH can 

, vOltage 
as 507. .. 

reduce loop 
by as much 

W E MEA SUR E VL = I RAT THE P LAS MAC E N T E R 

WITH A PROBE. THE PRE-IONIZED PLASMA 

HAS T E ,- 1 - 5 EV AND NE,.., 2 x 10 11 CM -3. 

6 



1D 
• 

(kAmps) 

VLOOP 
(Volts) 

- -With ECRH - No ECRH 

100 

I 2 ,, --- , 
..... ..... 

20 

10 

, 

30 

15 

ECRH Pulse 

/ 
I 

., 
, 

, 
� 

I 
I 

, 

, 
I 

, 

, 

.. -. � ... ....... ., - --, ., � - .... - - -., .. - - - :.,....----......;;;....;.---
/ 

, 
I 

I 
I 

.,. . ..... ,"-'. ., . 
\.,. 

... ... 
, \. 

200 400 600 800 1000 

7 



The applied voltage 
can be reduced with 
ECRH. 

TOKAPOLE II HAS INTERNAL RINGS WHIC H 

PRODUCE A FOUR NODE POLOIDAL DIVERTOR 

CON F IG U RAT ION. THE CUR R E N T IN THE S E R I N G S 

IS DR IVEN BY THE SAME TRANSFORMER AS THE 

OHM I C P LAS MAC U R R E N T. THE R I N G S T A K E ON E 

HALF THE FLUX PRODUCED AT ANY SETT ING ON 

THE CAP A C IT 0 R BAN K S. CON SEQ U E N T L Y) W HEN 

THE BAN K VOL TAG E I S RED U C E D 0 U R V E R TIC AI L 

FIELD IS REDUCED AND HENCE THE DISCHARGE 

C H A R ACT E R 1ST I C S ARE C HAN G E D. 

DESPITE THIS DIFFICULTY WE CAN REDUCE 

THE APPL IED VOLT AGE FROM A NON-ECRH CASE 

AND GENERATE A LIKE DISCHARGE AT THE LOWER 

VOLTAGE WHEN ECRH PRE-IONIZAT ION IS USED . 

AT THE LO�JER VOLTAGE) WHEN NO ECRH IS 

USED THE IN ITIAL LOOP VOLTAGE IS SL IGHTLY 

H I G HER AND THE DIS C H A R GEl S V E R Y SUB - S TAN DAR D, 
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AN ALTERNATIVE PERSPECTIVE 

The data presented measures 

� = IR at the location of 
the plasma. Pre-ioniza­
tion also allows a 

reduction in the applied 
voltage in the external 
circuitry_ Preliminary 

f measurements under 

non-optimized conditions 
sove similar discharges 
for: 

No ECRH 
16 

.. I 

2i15 
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ECRH 
10 

1 .. 6 



ECRH pre-ionization 
is gualitatively 
different than 
pre-ionization by ICRH 
or hot f i 1 amant. 

THE FOLLOWING SCHEMATIC DISTORTS THE 

TIME DEVELOPMENT OF THE LOOP VOLTA G E  FOR 

S EVE R A L CAS E S. 0 URI 0 N G A U G E H E L PS T H E 

DISCHARGE BEGIN BUT LEAVES T HE I N ITIAL 

VL A T TH E V A C U IJ M V A L U E. A SMA L LAM 0 U N T 0 F 
I C R H (-1 0 KW) HAS ABO U T THE SAM E B E H A V lOR. 
L OW DEN SIT Y (NE - 2 x 1 0 9 CM -3) E C R H SEE M S T 0 

PRE V E N T VL FRO M R EA CHI N G ITS V A C U U M V A L U E 
BUT THERE IS AN INITIAL SPIKE . THE SPIKE 

IS REDUCED AS THE PRE-IONIZATION DE N SITY 

A P PRO A C H E S 2 x 1 0 11 CM-3• T HIS D E N SIT Y 
BEHAVIOR IS PREDICTED BY OUR MODEL. 
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SCHEMATIC LOOP VOLTAGE BEHAVIOR 
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The following eguotions are 

solved by a second order 

Runse-Kutte routine_ 

v = L IR v -v L d I 
d t 

11 R (n:- n. p T .. ) _ (3/2) nTe VoL "t. t 

d n n 

dt - -tj 

with 

L - ,&..I, R. (1 n � R. - � ) 

� ) ::: H�_s1. R. ( Tl �)� + L 3nJ 
a & n 7. 

t. I n o < (J \/> 

Theory predicts 
favorable scaling 
to reactors. 

IIITHOUT PREIOHIZATION 
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Zl.1 IIITH PREIONIZ ATION 

!lll 
TillE (USEC) 

lOOP VOLTAGE VERSUS TIME WITH AtlD I!ITHOUT 
PRElotllZAT ION USING THE CODE FOR A DEVICE 

OF REACTOR PRO P O RTIOtI S • . 
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dR , th d t 
IS e 

parameter 

important 

PH Y S "j CAr "Ex prAN A T 1011 

THE Tlr�E VARIATlorl OF TilE RESISTAriCE 

DUE TO TilE I II I T I'AL PlASI1A DEHSI TV RESULTS' 

I II A L A R G E C H A fI GEl II THE CUR RE II T WIT H T I f1 E .; 
THIS MAKES TilE BACK EMF OF TilE PLAS11A 

LARGE AriD RED U CES THE" LOOP VOLTAGE: 

SCHEl1ATICAllY 
INITIAL t\e 

!!! � 0 dt 

Theory and 
agree well. 

experiment 
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EXPERIIIEIITAl POIIITS 

ST ARTUP ELECTRON DENSITY (cm-3) 

MAXHIUI1l00P VOLTAGE DURltlG STARTUP, VERSUS 

DE H SIT Y 0 F THE "p RE I 0 N I Z £ 0 P lAS 11 A, 



Theory compares well 
with other experiments 

DEVICE 

WT-l 

TOKAPOLE II 

Ff -!1 

ISX - B 

. ." 

EXPERIMENTAL 
LOOP VOLTAGE 

26.4 

29 
lL�.6 

15 

1:9 
, 

i 
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THE 0 RET I CAlL I NIT I A L 
LOOP VOLTAGE � (CM -3) 

18.5 10 11 ? 

30.2 10 9 
16 2><10 II 

16 3><10 12 

8.2 5x10 J2 



L A U N C H SIT ( C 0 f1 PAR I S"O N A:N jj 

M U L TIP L E S bUR t E' E X PER I MEN T 

jl. PRE SEN T L Y M I C R 0 H A V E P 0 R T S ARE 
AVAILABLE ON THE VERTICAL MID­

CYLINDER AND THE LOW FIELD SIDE. 

THERE ARE NO DETECTED DIFFERENCES 

IN THE LOOP VOLTAGE REDUCTION 

FOR I I THE R L A U N C H SIT E. 

PLANS FOR FURTHER STUDY INCLUDE 

A) A-LAUNCH SITE ON THE HIGH FIELD 

SID E. 

B) A M I C R 0 H A V E A B S ORB E R TOR E Due E 
REF LEe T ION IS S  U E S. 

2. A SEC 0 N D K - BAN D MAG NET RON HAS BEE N 

OBTAINED AND SOME PRELIMINARY 

RESULTS INDICATE: 

A) T H U S FAR NE"- 2xl0 11 \'1 I T H BOT H SOU R C E S 
FRO M THE T \1 0 L A U N C H SIT E S RUT 
THE DENSITY CONTRIBUTIONS ADD 
LIN EAR L Y. 

B) M a v I N G THE RES a N A tJ C E Z 0 N E SAP ART 
DID N 'T A L T E R THE DEN SIT Y ADD I T ION. 
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A PLASMA GUN AS AN ALTERNATIVE SOURCE 

A P LAS f1 A GUN W ILL S 0 0 N B E M 0 U N TED 0 N 
T 0 K A POL E II FOR PRE - ION I Z A T ION AND 
REF U ELI N G STU DIE S. D E PE N DIN G 0 NTH E ; 
PAR TIC LE T R AP PIN G., A �I IDE R RAN G E a F 
DEN SIT I E SAN D T E M PER A T U RE S MAY BE": 
AVAILABLE. 

EXPECTED GUN 

TE 

TI 

NE 

No 

. . .. . � 

PARAr�ETERS 

30 EV 

100 - 300 EV 

ON 

2x10 II - 3xlO14 

10 -5 - 10 -4 TORR 
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ALIERING IHE APPLIED. 

y'O L T  AG't w A V {FOR M 

IHERE ARE PLANS 10 MODIFY OUR APP L IED 

VO L I AGE W A V E FOR M I 0 S IUD Y ANY 

IMP R 0 V E MEN I S IN MACHI N E 0 PER A I I ON 

W H I C H �1 I G H IRE S U L II PRE SEN I L Y W E 

APPLY AN ABRUPI VO L IAGE AT IHE MAXIMUM 

V A L U E 0 F A QUA R I E R S IN E W A V E FOR M. U N D E R 

CONSIDERAIION IS A VO L IAGE WAVEFORM 

W H I C H G R A D U A L L YIN C REA S E S FRO M Z E R O. 

C 0 U P LED W I I H E C R H PRE -ION I Z A I ION � I HIS 

MAY B E USE F U L FOR FUR I HER B REA K D ',0 '\\rN 

S IUD I E SI 
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CONCLUS IONS: 

1. A MODEST AMOUNT OF ECRH POWER APPLIED 

JUST BEFORE THE ONSET OF OHMIC HEATING 

IN/A TOKAMAK CAN SIGNIFICANTLY REDUCE 

THE I NIT I ALL Y R E QUI RED L 0 0 P VOL TAG E. 

2. COM PAR ISO N WIT H A Z E R 0 - DIM ENS ION A L 

CODE INDICATES THAT THE EFFECT ARISES 

FROM THE INCREASED INITIAL ELECTRON 

DENSITY WHICH ENHANCES THE TIME 

DERIVATIVE OF THE PLAS MA CONDUCTIVITY 

IN THE NEUTRAL DOMINATED START-UP 

P LAS M A. 

3. THE COD E PRE D I C T S A F A V 0 R A B LEE X T RAP 0 L -

ATION TO LARGER MACHINE SIZE. 
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