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Multiple aperture extraction systems are commonly 
used to produce high current ion beams. One dis- 
advantage‘of such systems is the dilution of the bean 
britihtness bv the grids. Typically, for the seven 
bea,Glets fro,; a hexagonal array with a central aper- 
ture, the beamlets occupy only one-quarter of the area 
of the ellipse enclosing .them. Beamlet steering by 
aperture displacement is commonly used in neutral beam 
injectors to' reduce the size of the beam. For real- 
istic beams. tvpical of high current-density extraction 
systens, be~ami2t.s can be-stacked in phase space to 
reduce the effective emittance of the beam. This paper 
presents the concept of the technique and the experi- 
mental verification. In initial tests, the enittance 
of a 150 nA hydrogen beam from three in-line apertures 
was halved usinq the technique. The reduction was not 
from reduction -in tlhe source size as this decreased 
less than eight percent. 

Introduction 

llultiple aperture extraction systems are often 
used to achieve very high current ion beams. These 
systems have one major problem for accelerator appli- 
cation - the bri,:htness is diluted by the or-ids. 
Although the indi;idual beanlets have a very >small 
emittance, the effective emittance of the total Seam 
depends to a large extent on the physical dimension of 
the array. Measllrelnents at Chalk River and at GSII 
made on ieven aperture arrays (six apertures in a hexa- 
gon plus a central aperture) show that the beam fills 
less than one-ouarter of the phase space area of an 
ellipse enclosing the beamlets. This disparity 
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increases as the beamlet emittance improves. Beamlet 
steering is commonly used in neutral beam injectors to 
superimpose beamlets in real space. Beamlet steering 
can also be used to "stack" beamlets in phase space to 
reduce the effective emittance of the total beam. The 
next section of this paper describes the concept of 
beamlet stacking. Results of some preliminary measure- 
ments are given in the subsequent section. 

Description of the Concept 

Figure 1 shows a measured emittance plot typical 
of an ion source with three in-line plasma apertures. 
The nornalizel effective enittance of the pattern is 
7.6 n rm-mrad, however the sun of the enittances of the 
individual beamlets is only 1.0 x mm-mrad. Even with 
seven beamlets in a hexagonal array plus a central 
aperture, 7545% of the enclosing enittance ellipse 
(depending on the orientation of the array relative to 
the emittance scan) is devoid of beam. Inspection of 
Figure 1 suggests that, if the positions of the indi- 
vidual beamlets could be displaced judiciously, the 
effective emittance could be reduced. 

Figure 2 shows the geometry considered, and 
representative emittance diagrams. For simplicity, we 
consider two bealnlets of radius t-1, convergence angle 

PI. spaced a distance "d" apart emanating from a 
source. The beams drift a distance E(f- >> d) ts an 
observation plane, where the centre-to-centre spacing 
remains at d, and each beamlet has a radius r2, and 
divergence 32. In this treatment, space charye is 
neglected (therefore ~1 = ~2 = ~3) and the 
emittance of each beamlet is small but non-zero. The 
bearnlets at the observation 
from a point source or waist 
the observation plane, where 

plane appear to errlanate 
a distance "m" back from 

'2 m =- 
% 

(11 

To achieve beamlet stacking, the beamlets at the 
source plane are deflected so that their ax2s intersect 
at the plane a distance "II" back from the observation 
plane (the "crossover' plane). The required deflection 
angle is 
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Fig. 2 Geometry and phase space plots of two beamlet 

system. 
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other as the virtual waist of each beamlet is behind 
the source. This arrangement always gives a larger 
beam at the observation plane. The one case that will 
not stack is when the beamlets have a waist at the 
source plane. 

and the displacement of the beanlet centres at the 
observation plane is 

(31 

Figure 3 shows the beamlet trajectories and phase 
space plots with the correct convergence for stacking. 
To estimate the emittance of the system, we can take 
the "emittance ellipse" for each beamlet to be a paral- 
lelogram with a ful‘l width (in the x direction) of s(n 
< dl. and a vertical extent of 28. For the unstacked 
case: the area of the parallelogram enclosing the phase 
space area of the two beamlets is 

EO = 28th +d) 
(4) 

= 2 b6 + 2ed. 

For the stacked beamlets, the area of the 
emittdnce parallelogram is 

ES = ZE(8 tu) 

(5) 
= 2E6 f 20'5 

To minimize the effective emittance of the stacked 
beamlets, a must be kept small. Thus the beamlets 
should be kept close together at the exit of the 
extraction column (to keep "d" small), and the beamlet 
waist should be far from the extraction plane (to keep 
(s,-n) large). In practice, the minimum value of "d" 
wi 11 be set by the space required for shaping of the 
area around the plasma grid aperture (to give good 
beanlet optics) and for the aperture displacement 
required for steeriny. 
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Fiy. 3 Geonetry and phase space plots of stacked 
beamlets. 

The diverqence at the edqe of the stacked beam 
has increased fFom the original value of g to (~+a). 
The beamlet A"S"has been shifted in the neyative 'x' 
direction a distance "p" from its original position of 
+ d/2. Thus, the radius of the stac!ted beam has 
changed from its initial value of (d/Z + r2) to 
(p-d/2 + rf)., Depending on the values of & and n 
(which is erived from the beamlet parameters r-3 and 
BZ), the radius of the stacked beam can be larger or 
smaller than the radius of the unstacked beam. How- 
ever, the orientation in phase space has greatly 
reduced the effective emittance. 

The above discussion has considered beamlets that 
are initially convergent - however the same arguments 
apply to the case of beams that are initially divergent 

In this case, the beamlets are angled away from each 

Experimental Measurements and Discussion 

The preliminary measurements reported here used 
an extraction system with three 5 mm dia apertures in- 
line soaced 7.6 mm centre to centre (for the unde- 
fleeted case). Figure 1 shows the phase space plot for 
the 7% contour of the beam which includes 94% of the -_ __ ..~ 
total beam. Normalized emittance for the entire beam 
was 7.6 71 mn-nrad and the emittance of an individual 
beamlet was 0.34 TI nun-mrad for a 2% contour enclosing 
93% of the beam. 

Considering the two outer beamlets and following 
the analvsis of the previous section, the apparent 
waist wai a distance of 53 cm back from the plane of 
the ernittance measuring unit. The distance from the 
exit of the extraction column to the plane of the 
emittance unit is only 57 cm. Thus a deflection angle 
of 190 mrad would be required to stack the heamlets 
properly. This calculation does not take into account 
the effect of space charge which is significant even 
for the well space-charge neutralized beams considered 
here. As this deflection is far in excess of what is 
possible with the extraction array used, a lesser 
deflection angle was used to demonstrate the concept. 
If the full deflection could be used, a four-fold 
reduction in the normalized emittance of the beam 
should be achieved. 

Figure 4 shows the phase space plot measured with 
the outer apertures in the plasma grid displaced 
inwards to a spacing of 14.0 mm (from the undisplaced 
15.2 mm). To reduce the effect of small changes in the 
beam on calculations of the deflection angle, the 
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Fig. 4 Measured phase space plot of partially stacked 
beans. 
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signed to move the beamlet waist further from the base 
of the extraction column to permit full stacking of the 
beamlets. Also the effect of space charge, neglected 
in the treatment above but certainly of importance in 
lowemittance, high-current beamlets, is being con- 
sidered. 
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analysis was based on the 10% contour, rather than the 
2% contour normally used. The "x"s on Figs. 1 and 4 
show the extent of this contour. From an analysis of 
the change in divergence of these end points, the 
steeriny angle is 51 mrad; the change in position of 
these points gives a steering angle of 54 mrad. This 
is fairly good agreement considering the stepwise 
nature of the emittance measurements. 

The emittance of the beam enclosed by the 2% 
contour decreased to 52% of its original value after 
stacking. If we consider the beam enclosed by the 10% 
contour, the emittance enclosed by the four-sided 
figure defined by the end points decreased to 70% of 
the unstacked value. The effect is not from the 
decrease in effective source dimension as this 
decreased only 8%. 

These preliminary measurements indicate that 
beamlet stacking by beamlet steering can reduce the 
effective emittance of beams from multi-aperture ion 
sources. The extraction column geometry is being rede- 
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