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Summary 

Using a computer code, bombardment of the electrodes 
resulting from ionization, charge-exchange, and back-
ion emission from the neutralizer cell is studied in 
the positive-ion extractor region of a Lawrence 
Berkeley Laboratory/Lawrence Liverctore Laboratory 
(LBL/LLL) neutral bean source. Ion and electron tra
jectories are presented, grid dissipatiens estimated, 
and proposals made for future cesignt,. 

Introduction 

A major source of Inefficiency in a neutral beam 
Injector is the power loss at the accel-decel grids.1 

Although defective grid alignment can be the cause of 
excessive grid dissipation, other lactors can cause 
grid loading in ion sources with p< *." *et g >ometry, 
e.g., ionization and charge exclude ivi the beam path 
and secondary electron emission at the electrodes. 
This paper Is a study of those detrimental effects in 
the ion extractor of an LBL/LLL neutral beaB source. 

Neutral Beam Source 

The LBL/LLL neutral beam source has three basic 
components: 

• An arc discharge that generates a plasma; 

• An extractor that accelerates the positive ions 
out of the plasma; and 

• A neutralizer cell that transforms the ions into 
a beam of neutral particles. 

With 105 slits, each 0.2 cm wide and 7 cm deep (see 
Fig. 1), the extractor grids deliver 70 A of 20-keV 
deuterium ions to the neutralizer cell. The extractor 
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consists of the spacing between accel G2 and. the ex
tractor grid, plus the spicing between G2 and decel 
grid G3. To extract positive ions from the plasma, the 
accel grid is maintained at -22 kV relative to the 
plasma source. The extractor grid, Immersed in the arc 
discharge plasma at zero potential, is contoured to 
form beamlets that are initially convergent. Subse
quently, under the effect of the beam space charge and 
of the divergent flflld crested by the accel grid, these 
beamlets become quasi-parallel. 

In the neutralizer cell, the primary beam ionizes 
the background gas, generating electrons that provide 
the positive beam with space-charge neutralization. 
The decel grid, which conceptually marks the boundary 
of the neutralizer cell, Is biased at +2 kV with 
respect to G2 to prevent electrons from flowing out of 
the neutralizer cell. Unfortunately, the bias, which 
has little effect upon the primary beam, draws low-
energy ions back Into the extractor toward G2. 

Depending upon the efficiency of the arc discharge, 
some quantity of neutral gas flows out of the plasma,, 
through the grids, and into the neutralizer cell. 
There, it provides the required gas density to neu
tralize the high-energy beam via charge exchange. As a 
consequence, a significant background gas pressure it 
always present between the grids, creating some prob
ability of charge exchange with the beam in the ex
tractor region. However, the gaps between these grids 
are so small that only an insignificant percentage of 
the primary ions is neutralized before the ions gain 
full energy. Nevertheless, this process introduces 
some low-energy background ions and electrons into this 
region which ultimately establish the grid loadings. 

The background gas densities shown in Fig. 1 were 
estimated by subtracting the gas molecules in the ion 
beam from the measured flow into the source (i.e., 
34 Torr-A-s"1) and by using elementary conductance 
formulas to estimate the pressure between each grid. 
The neutralizer cell pressure was reported to be 
3 x 1 0 - 3 Torr, while the neutral gas temperature was 
assumed to be 1000 K throughout the system. 

By introducing particles of suitable charge into the 
potential distribution of the extractor region as cal
culated by the DART1 computer code (see Fig. 2), the 
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Fig. 1. LBL/LLL 20-keV deuterium ion beam extractor 
(showing one of the 105 7-cta-deep extractor 
slits). 
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Potential distribution in the presence of 
the primary ion beam. 



trajectories of the low-energy ions and electrons in 
the presence of the primary beam were simulated and 
their energies determined at any point of Impact. 

Background Currents and Trajectories 

The major source of G2 current consists of ions 
drawn out of the neutrslizer by the bias on the decel 
grid. Because the computer code was not developed to 
evaluate the interaction of the beam with its back
ground gas, the ions were assumed to originate with a 
uniform current density of 0.05 A*cm~2 from between the 
laterals in the plane cf G3. This value wag estab
lished from rough estimates of the ion density and tem
perature in the neutralizes 

Fig. 3. Ions drawn out of the ne 
terminating at G2. 

itralizer cell and 

The ions, following trajectories shown in Fig. 3, 
arrive at G2 with an energy of 2 keV. At this energy, 
the coefficient of secondary electron emission is 
assumed to be 0.4 electrons per incident ion,1* and the 
resultant electron emission IK ibout A.A A. Starting 
on the G2 surface where the ion trajectories terminate, 
the trajectories of the corresponding secondary elec
trons are shown in Fig. A. We calculated that 0.2 A 
flowed to CI, 1.0 A to G3, and the remaining 3.2 A into 
the neutralizer cell. 

Trajectories of secondary electrons created 
by the bombardment of C2 with ions drawn out 
of the neutralizer cell. 

Low-energy ions in the path of the primary beam 
provide a second source of grid current. These ions 
come from ionization of the background gas caused by 
the primary beam, and from charge exchange with the 
high-energy beam loos. They arc drawn to the grids by 
local fields too weak to perturb the primary been. 
Thus, if 0£ were the ionization cross section of t>« 
background gas, and O 1 0 the electron-capture cross 
section of the ion beam, the background Ion current 

generated over any fraction of the beam path length AX 
would be 

M T (°< n> 6X II A, •"i T u10' "b ' 
where n^ is the bad*ground gas density, and 1„ is the 
portion of the primary ion bean current flowing chrough 
the region of interest. 

For computation, the beam path was divided loi.̂ l-
tudinally into specific lengths AX and transversely 
into N sections, each carrying on^-Ntn of che primary 
beam current. Average background ion currents gen
erated in each of these beam regions were calculated 
from the cross sections shown in Fig. 5.5»6 The power 
associated with each of these currents is the product 
of the current times the potential difference (per 
Fig. 2) between its pointB of origin and termination. 
The average impact energy was taken to be the sum of 
the power at any specific electrode divided by the 
incident current. The gas density is shown in Fig. 1. 
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Fig. 5. Ionization and charge-exchange cross 
sections of deuterium ions in deuterium gas. 

By evaluating typical ion trajectories for each 
section of the beam, it was possible to determine the 
disposition of the ions created in several regions of 
the primary beam path (see Fig. 6). Ion trajectories 
originating in different portions of the beam path are 
shown in Fig. 7. 

Fig. 6. Disposition of low-energy ions created in 
various regions of the primary beam path. 
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(a) Originating in Region I. (d) Originating in Region 4. 
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(b) Originating in Region 2. (e) Originating in Region 5. 
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(c) Originating in Region 3. (f) Originating in Region 6. 

Fig. 7. Trajectories of low-energy ions created by charge exchange with the high-energy beam along the bean 
path. 

Ke found the total background ion current to be 
2.4 A., or a^proxiaatoly 3.5% of the primary bean. Of 
this 2.4 A, about 1.2 A were intercepted by G2 and 
0.1 A by G3; the remainder flowed into the neutralizer 
cell. As before, w e studied the secondary electrons 
^mission caused by ion impact with G 2 . The average ion 
Impact energy van 2,8 keV; therefore, we took the 
secondary electron emission coefficient to be 0,5 elec
tron! per Incident ion.'' By analyzing the trajectories 
shown In Fig, 6, we estimated that 0.1 A of electrons 
arrived at Gl, 0.2 A at G 3 , and 0.3 A went into the 
neutralizer. 

Finally* for each section cf the beam we established 
the trajectories of r**<* electrons created by ionization 
of the background gas. W e found (Fig. 9 ) that the 
electrons tended to remain within the primary beam. 
Borne fraction of the e l e e t i m s flowed into the neu-
ttallzer cell and flome into the arc discharge. The 
n u l l percentage that Intercepted Gl is of little sig

nificance because chose electrons, having originated 
close to the grid, carried little energy. 

Trajectories of secondary electron created 
by bonbardnert of Gl with ions originating 
in the primary been path. 



(a) Originating in Region 1. (d) Originating In Region 4. 

(b) Originating in Region 2. (e) Originating in Region 5. 
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(c) Originating in Region 3. (f) Originating in Region 6. 
Fig. 9. Trajectories of low-energy electrons introduced by ionization along the priaary beam path. 

The various currents flowing through the extractor 
in the presence of the primary beam and the jjower 
delivered by these currents to each grid are listed in 
Table 1. These values compare reasonably well with the 
data gives in Ref 7. 

Filament Radiation snd Grid Loading 

Although photo-lonlzation and photo-emission are net 
japcrtent In the extractor, radiation from the arc 
filaments is a major cause of Gl heating. If we assume 
that the radiation is uniform over the inner surfaces 
of the arc chamber, then, while the filaments are on, 
Gl i.% subject to approximately 3 kW of thermal lot Ur«, 
This Is significant because neither Gl nor G2, with n 
maximum temperature rise of 100*C at th» mid-span of 
chair lateral wires, can continuously dissipate more 
than 0.5 ktf fa*; thermal conduction, while G3 can handle 
only 0.02 kV because of its small lateral-wire diam

eters. With the grids running hot at 1500CC, they can 
radiate only 1.5 W. However, when pulsed, their 
specific heat capacity (neglecting conduction and radi
ation) 1B such that 1 kJ of incident energy wilt cause 
a 16'C rise in CI, a 16"C rise in G2, and a 400'C rise 
in G3. 

Operation with a 1-8 filanent pulse therefore will 
cause the Gl temperature to Increase about 50*C. Mean
while (refer again to Table 1), a beam of 10-ms dura
tion subjects G2 to 0.25 kJ for a 4"C rise and G3 to 
0.03 kJ for a 12*C rise. However, a 130-ras beam will 
cause the G2 temperature to increase less than A0°C and 
G3 leas than 120*C. In fact, by allowing for thermal 
expansion and by restricting the pulse repetition fre
quency, a modified form of the present grid design 
should be capable of operation with a 500-ms beam pulse. 
Continuous operation, however, requires a major re
design, probably including water-cooled grids. 



Table 1. D i s t r ibu t ion of cu r ren t and power. 

Distribution of eurr«nt a ;r J but ion of paver 

Source of current Type of current J t ™ v a t j j " ° 

G? C3 S e u t r a i i z e r 
acctl a t d e c e l a t c e l l a t 

-22 i.V - 2 0 kV - 2 0 kV 

Gi 6 2 G3 S e a t r a J l z e r 
a t r a c t o r a c c c l a t d e c e l et c e l l a t 
a t D kv - 2 2 kV -2D kV - 2 0 kV 

(WW) (kU) <kV) (kK) 

Arc plasM IOP» Primary ion beam f - J o . o : 
[ealttad 

70.5 
{20 keV) 

Meucralirer c*U 
lam, 

Neuerdlfzer ions n.o 
(2 keV) [emitted] 

02, secondary 
electron emission 
caused by 
neutralJitr ictia 

Secondary 
electrons 

-0,2 
Ul keV) jemittedj 

-1.0 
(2 keV) 

-3.2 
(2 ketf) 

3«ckf.rouB6 locta 
produced by 
ionization amJ 
charg* exchange 
with primary beam 

Background lent 0.1 
i->.l keV) {8.S keV 

C2, secondary 
«luetrofi emission 
caused by 
background inns 

Secondary 
electrons 

-0.1 
(2-' kslf) 

r o.6 i 
Umi ttedj (2 kev> 

-0.) 
(2 fceV) 

Instantaneous -0.3 17.2 -1.1 

2.0 6,' 

3.4 0.* 9.2 

0.4 0.6 

35.4 3.0 

aAverage energy of charged particles upon arrival noted in parenthesis. 

Additional cements 

It can be seen from Table 1 that the major grid 
loading occurs at C2, primarily because of ians origi
nating in tfce neutralize* cell. By ionizing the back
ground gas, Che prinary bean creates s plasma vhosi 
potential corresponds roughly to that of che decei grid. 
Thus, the G? bias relative to C2 holds back the elec
trons in th(* neutralizes while accelerating the ions 
toward G2, 

Although It is possible to minimize this current 
either by reducing the current In the primary beam or 
by dropping the gas density in the neutrallzer (the 
latter entailing a proportional Increase in the length 
of Che cell), neither approach is desirable. Another 
alternative Is to Increase the diameter of the C3 
laterals, thereby reducing the area available for emis
sion of the background Ions. However, the Ion current 
flowing out of the- plasma Is not uniform, so that any 
reduction in the lateral-to-lateral spacing will reduce 
the ion current, but not necessarily proportionately. 
Unfortunately, this could not be slstulated on the com
puter without a major revision of our code. 

Meanwhile, es can be suntiaed froa Fig. 6, the 
Increased size of G3 would entail an Increased power 
loading. This Bhould be no prohlem, however, if the 
proportional change in current Is not greater than the 
corresponding change in tha diameter of the lateral 
wire. 

For higher voltage operation, a reduction In the 
primary beam current density Is necessary. Because the 
lonlsatios cross section (per Fig. 5) Increases almost 
linearly with beam energy, th* ion density In the «*u-
trallscr goo* up accordingly, thereby supporting a 
larger Ion flow to C2. Indeed, at 120 keV the ioniza
tion rate is four times that at 20 ieeV, and tha grid 
Soading » U 1 be almost four times greater, Thia can be 
overcome either by dropping the baas density or by 
making a major change In tha grid design. Such a 
change would entail an increase In the relative slae of 

the grid laterals, thereby causing a reduction in the 
average current density drawn from the source. 

Finally, it is important to note (per Tahl<; 1) how 
jaach power is carried by the almost insignifieaat elec
tron currents flowing to CI. Although not serious at 
20 JcV, these currents become Important at higher 
voltages. For example* at 80 kV the electrons will 
load Gl with a dissipation equal to that on G2. 
Although the grids say stand up to this, the allowable 
beam pulse length and pulse repetition frequency may 
have to be reduced. To minimize this effect, It may be 
advisable either to shield the grids from the filament 
radiation or to develop a low-temperature filament. 
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