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CMPJTER CODE DETERMINATION OF TOUMBLE ACCEL CURRENT AM) WITASE LIMITS 
DURING STMTUP OF M 80 kV MFTr' SUSTAININS NEUTML 1EM SOURCE 

D. J . Nayhall end R. 0. Eckard* 
Lawrence Llvernore Laboratory, Llveraore, CA 943SO 

He have used • Lar/imce Llvermore Laboratory 
(ILL) version of the Wf 1cn source extractor design 
computer code to determine tolerable nccel current 
and voltage limits oV.-Ing startup of a prototype 80 
kV Mirror Fusion Tej'. Facility (NFTF) sustaining 
neutral beam source. Arc current Units are also 
estimated. The sojrce extractor has gaps of 0.236, 
0.721, and 0.1KS M, The effective Ion mass 1s 2.77 
AMU. The measured optimum accel current density Is 
0.266 A/cs.*. Tne gradient grid electrode runs at 
5/6 V, (»cc:'l voltage). The suppressor electrode 
voltage Is it.n for V, < 3 kV and -3 kV for V, s 
3 kV. Tha 'jccel current density for optimum beam 
divergence Is obtained for 1 * V, s 80 KV, as are 
the bene Jlvergence and emtttance. The getlmm 
stemv raise current density (0.285 A/cm*, 78 A) Is 
7% above the measured optlmumvalue. For 2.5 s V,< 
60 !.V, the optimum current density 1s always greater 
than predicted by the planar diode perveance 
relation. Allowable accel current density and 
voltage are determined for two types of beam 
divergence degradation about the optimum: Incidence 
of the beam onto the suppressor electrode and a 30* 
increase In divergence. An allowed accel 
current-voltage parameter space for tolerable bean 
divergence 1s derived. Ranges of beam divergence are 
determined. The temporal variation of the allowed 
accel current-voltage parameter space Is calculated 
versus arc current rlsetlme from 20-2O0ji sec. The 
variation of the allowed parameter space 1s also 
calculated for various accel current-voltage delay 
times . This Information Is expected to be useful in 
designing of the Sustaining Neutral Beam Power 
Supplies. 

Introduction 

An LLL (Lawrence Llvemore Laboratory) CDC 7600 
version HEWH0LF41 of the Lawrence Berkeley 
Laboratory (LSL) HOLF's3 Ion source extractor 
design computer code 1s used to determine tolerable 
accel current and voltage limits during startup of * 
prototype 80 kV NFTF sustaining neutral beam 
source.*i 5>* This Information 1s expected to be 
useful 1n the design and operation of the Sustaining 
Neutral Beam Power Supply System (SNBPSS). 

Extractor 6r1d Configuration 

The extractor grid electrodes are shown In Fig. 
1 , which shows optimized ion beam trajectories for 
accel voltages V, of 1 and 80 kV. The electrode 
sheses arc computational approximations to the actual 
shapes, ».'.1ch are more rounded. The entrance grid is 
triangular and has e rounded top. The gradient and 
exit grids ere circular; the suppressor grid is 
teardrop-shaped. The entrance-gradient grid gap is 

0.236 cm, the gradient-suppressor grid gap Is 0.721 
i. and the suooressor-exlt grid gap Is 0.155 cm. cm, and the suppressor-exit grid gap 

u 

•**otr1e pSTbrntd under the auspices of the U.S. 
Department of Energy by the Lanranct Lltrarapni 
Lrtwrtory under contract nuater H-740S-ElnWJ. 

Fie. 1: Extractor Orld Conflneritton 
And Optfnw Ien l ean For » , - » k» and 1 kV 

The) potential at the plasm surface Is taken as 
30 V (renter than that of the entrance grid. Tte ion,. 
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temperature is token at 8.15 aV. 7 Tha effective 
la* Mat I t taken at 2.77 Mtl , which corresponds to a 
anelat mixture of 67* 0 \ 20* •£ , and 1W 
DJ*. Th» plasma turfact potential. Ion 
f m t i a t u r e . and effective Ion natt ara constant for 
al l computations. The radiant r i d volteae I t 5/6 
»,. The auapreftor voltage I t 0 for V, < J kV 
aid -3 kV for V, * J kV, which I t a specified 
SWPSS operational looda. The dattrad alactrtc f iald 
at the plasma surface is 300 V/cm. The measured 
optimum eccel currant density for this .irototype I t 
0.2*6 A/eei* at SO kV, which corresponds to an eccel 
currant I , of 71 A.* 

Optimization Procedure 

At each Investigated accel voltage, the plasma 
surface is made straight and placed at a t r ia l 
position. The code Is requested to move the surface 
to a shape and position for a surface electric f ield 
of 300 v/cm. Since previous experience has shown 
results to be fa ir ly insensitive to the electric 
field value,'fields between ~ 100 end 600 V/cm 
are taken as evidence of good surface optimization, 
typical acceptable surfaces are shown in Fig 1. 

Next, the plataa surface I t fixed. The code Is 
requested to vary the accel current density J , for 
minimum rms been divergence. I f the surface E f ield 
stays In the acceptable range, the results of this 
optimization are taken as valid. In this Banner, 
optimum accel current densities md beam divergences 
are obtained for V, • 2.5, 10, 40 and SO kV. At 
V, • 1 kV, the optimum computed been hat 
trajectories which strike tha gradient and suppressor 
grids. This result Is rejected as conducive to 
sperkdown. Therefor*, the accel current density 1s 
reduced by trlal-and-error until the Intermediate 
grids are Jutt cleared. This bean 1s then defined as 
optimum for 1 kV. Figure 1 shows the trajectories 
for this 1 kV bean. J , • 2.23 x 10-* A/ca?, 
which corresponds to I a • 61.1 mA for the 10 by 
45.6 ca entrance grid array at 60* transparency or 
273.6 cm* fiee area. The rms divergence a e n i n • 
35.7 mredtens. 

Optimization is tried at V, - 500 V, but the 
beat edge strikes the gradient grid for 1 x 10" 8 s 
J , s 8.5 x 10-s aya.2 \z.7li A 5 I , =5 23 mA). 
The plasma surface 1s always convex — instead of 
concave, as desired. I t may be necessary to change 
the desired surface E f ield for a focused ben at 500 
V. 

Computed Optimum team Results 

Figure 2 shows optimum accel current density and 
accel current for V, • 1 , 2.5, 10, 40, end 80 kV. 
Estimated optimal arc currents l t n are also 
shown. This estimation attunes a strictly linear 
relation between tha accal art arc currents. The 
proMrtlonallty I t taken at v.,.5 arc A/accel A from 
asperlmaRtal shot 8170, 1/19/79 at V, - 88 kV, I„ 
• 80 A B The crosses on Fig. 2 Indicate the 
expected accel current from the plans- diode relation 
wit., fixed eiectrode spacing and Ion mass, I . e . , 
Ia2 ' le i ( * t f / * a l ) 1 > S > normalized to tha 
7FA accel current mptlamm at 80 kV. Tha dots 
indicate the expected I , for the tame relation 
normallied to the measured current of 71 A at 80 kV. 
The larger difference between computed and planar 
mode values at 1 W Is probably due to redefinition 
of the optimum beam for Intermediate grid clearance. 
The computed 80 kV optimum J , (0.28S A/a?, 78 A) 

I t 7.14* above the measured value (0.266 A/cm?. 71 
A), measured accel.current "elues from shots 7854 
and 7857 of I /18 /7t s are alto thorn in Fig. Z. 
Accurate measurements have not been made for V, < 
12 kV. The computed optimum net txima divergence Is 
shown In Fig. 3 vs V,. 
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Fig. 2 Computed Optimum Currents 
and Accel Current Density 
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'Defined range of 
tolerance 

30% over optimum divergence ' 
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Fig. 3: Optimum RMS Divergence And Defined 
flange Of Tolnreble Divergences 

Determination of Tolerable Degradation in Olvermence 
and correspontilna Accel Current" 

Tin maxima tolerable degradation In rms baa* 
divergence 1s chosen as 30* of the optimum value&s 
a t n . * The tolerable divergence is thai 48 mx 
• I . ? i e a 1 n , which is shown in F l j . 3. Overdense 
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and underdense accel currant, densities which 
correspond to that* divergence l l n t t i ara rtetemlned 
at 10, 40, and » kV by trlal-end-erri? trajectory 
evaluation. Underdente J . Un i t . are found 
similarly for 1 and 2.5 k?. The overdente Ha l t for 
2.5 kV Is taken at the point of suppressor grid 
clearance, which 1s below 1 .3*8 . (« . Because of 
the redefinition or the optimum, beam for 1 kV, the 
overdense Hn' t 1s the optimum bean. The 
corresponding accel current Units are shown In Fig. 
4. Plecewtse linear approximations to the acr.el 
current limits for I s V . s 10 M are shown. The 
lower Unit 1s extrapolated out to 85 kV. (The 
previous experimental values are also shown In Fig. 

6 10 20 
Accel voltate - kV 

Fig. 4: Allowed Accel Current 
Versus Accel Voltage 

The computed percent variation of the allowable 
accel current jirtut the optlmua Is shown In Table 1 . 
This variation Is ~. + 5% at 80 kV and ~ -SO* at 1 
kV. The computed variation at. 80 kV agrees 
qualitatively with the experimentally derived rule of 
thumb that the accel or arc currents can vary s» 
about +_ 10X for useful source operation. 

Table 1 

Variation of Allowable Accel Current 
About the Optlmua 

(kV) X Variation In I , 

80 
40 
10 
2.5 
1 

+4.73. -5.10 
+5.07, -7.S5 
+13.J, -7.61 
+10.3. -2».2 
+0. -S8.9 

Computed Variation of Allowed Accel Voltaae With Arc 
current mse t i e * 

In the planned scenario of source startup 
operation, the arc current is to be brought wp to I ts 
desired steady pulse value 300 Mac before V, 1s 
applied across the extractor entrance and exit 
grids. Just before this amplication, I , - , Is 
decreased or 'notched" to a valve * 600 A. I,-*, 
wi l l then rise back ik. to Its steely pulse value, as 
determined by the arc current notcMr circuit and the 

arc chamber conditions. At I - . c r i tes , V ( I t to 
hi applied and properly contra!Ted to wrolwce an 
acceptably -11 focused bean during and after the arc 
current Hue. 

Fig. 4 Is taken to constitute e computed 
approxMita allowable Ia-V{| parameter apace for 
tolerable source operation. I t I t used to determine 
the allowed ranee of V, at \wt_ rises to Its 
steady pulse value at a constant ra t * , liven In i t ia l 
and final arc current! are chosen and the 
corresponding arc current rise rate dI>r C /dt Is 
calculated for a given rlsettaoTp.. At succeeding 
tines, I a I t calculated from the previously assured 
linear relation. The corresponding accel voltage 
Units ere then read from Fig. 4. 

Example results are shown In Fig. 5 for 20 s 
TR s 200(4 sec. The arc current Is notched to 6O0 A, 

the minimum presently specified for hTTF operation. 
I t rises to 2535 A where I , » 78 A. The In i t ia l 
allowed accel voltage range Is 25.4-28.9 kV. Fig. 5 
Indicates that for proper source operation during 
bean startup, ( I . e . correct I , -V, matching), the 
accel voltage, which Is In i t ia l ly 0 at t • 0, must 
Instantaneously Jump Into the allowed range. This Is 
clearly Impossible; some f in i te tine 1s required for 
V, to r i te Into the allowed band, after which 1t 
should rise at a slower rate with an acceptably 
focused bean. 
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Fig. 5: Accel Voltage Limits Vs Rltetlme 
f:r 600 A In i t ia l Arc Current 

Experimental operation suggests the desirability 
of delaying the V, rise with respect to the I w c 

rise by up to tens of Msec. An example of a V, 
waveform for a 10Mtec d a l i y r j I t shown In Fig. 5 
by the dashed l ine. V, rises uniformly to the 
nlntaw allowed value f/32.5 kV) fo r i • - 200jnec at 
20M tec after Init iat ion. The In i t ia l V. rlsetlne 

m i I t 10M sec. 
Fig. 5 I t used to calculate constant In i t ia l V. 

rise rates to the allowed voltage bands far two delay 
tines T j and in i t ia l V, r1set1netTai from 
2-50M tec. The arc current r i te timer a. 100 

lands of required Msec. Results are shown In Fig. 6. 
in i t ia l dV<tt are shown at the bottom. The bends 
overlap as r m exceeds 25Msec. I , at the tine 
of V, matching is shewn at the top, as are the 
corresponding constant In i t ia l accel current r i t e 
rates. 
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• 1g. 6: I n l t U I Constant Accel voltage 
And Current Rise Rates For 100 H See 

Arc Current Rfcetfiee 

Conclusions 

The experlnental points 1n Filg. 4 she* that the 
10 k¥ source operates acceptably with ,m In l t lk l 
(» , c 60 kV) » , - ! , parameter S P K I much wider 
then that predicted by the cDonitatlons. The lot 
Test Stand I I I 8 allowd a veiy rapid Init ial rise of 
'arc m i 'a i an Ini t ia l V, rHetlme of~60 

Msec, and a total V, rlsetlate of~400jusec. The 
computations should be repeated with the a 1 lowed 
divergence defined by InclplMt bean Incidence onto 
the tnterwedlte grids. A closer match between 
experiment and computation amy then result. 
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