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Experimental techniques to provide active neutralization for space-charge-dominated beams as well
as to prevent uncontrolled ion beam neutralization by stray electrons have been demonstrated.
Neutralization is provided by a localized plasma injected from a cathode arc source. Unwanted
secondary electrons produced at the wall by halo particle impact are suppressed using a radial mesh
liner that is positively biased inside a beam drift tube. Measurements of current transmission, beam
spot size as a function of axial position, beam energy, and plasma source conditions are presented
along with detailed comparisons with theory. ZD04 American Institute of Physics.
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I. INTRODUCTION consists of an initially non-neutralized beam passing through
a finite thickness of plasma and dragging along plasma elec-
Final focusing has been a subject of intense sttitly trons for partial charge and current neutralization.
from the very early days of heavy ion fusi¢HIF). Neutral- An earlier experimeRf examined the charge neutraliza-
ized ballistic transportNBT)*"**is presently being studied tion of a heavy ion beam by electrons drawn from a localized
for propagating intense heavy ion beams inside a reactafource as the beam was focused. The electron source was a
chamber to an inertial confinement fusiGiCF) target. A glowing tungsten filament placed in the beam path, enabling
recent HIF driver study demonstrates that stringent final- the supply of thermionically emitted electrons inside of the
focus requirement$~*°can be met, provided that active neu- peam. The experiment demonstrated the beneficial effect of
tralization is implemented to overcome the formidable spacgharge neutralization on a heavy-ion beam, and these results
charge of the intense ion beams. Other beam transpoflere confirmed in a series of electrostatic particle-in-cell
schemes under consideration include self-pinchedpPIC) simulations.
transport®*°and discharge chanér® transport. To quantitatively ascertain the various mechanisms for
In the NBT scheme, the individual beams focus outsideneutralization, the Neutralized Transport Experim@MitX)
of the target chamber and enter through ports in the chambeyas constructed at Lawrence Berkeley National Laboratory.
walls. These beams are focused and directed such that th@y this experiment a high quality beam is passed through
intersect before striking the target and then strike the targefell-characterized plasma sources. The objective is to pro-
as they are expanding into an annular configuratfofihe  vide sufficiently detailed experiment data to validate simula-
target chamber is filled at low pressure with a gas such agon code predictions. Here, we are presenting initial results
flibe. A volumetric plasma is produced as the flibe gas isof neutralization from localized plasma plug on the NTX. In
partially ionized by the beam as well as by x rays emitted bythis article we describe the neutralization physics, NTX
the hot target. beamline system, techniques to control stray electrons in
The volumetric plasma is not adequate to provide thesacuum transport, and beam neutralization using a plasma
necessary neutralization. Therefore, additional plasma, thglug.
“plasma plug,” is externally injected near the chamber entry
port, through which the beam passes. Chamber transport us-
ing annular and solid plasma regions in the transport cham!- PHYSICS OF NEUTRALIZATION
ber have been examined numerically by several The plasma plug provides electrons that neutralize to
investigators.*®*The general concept studied in this paper>90% the charge of a convergent beam. Typically/zn,
>1, wheren,, is the plasma density ang, andZ are the ion

apaper UI2 2, Bull. Am. Phys. Sod8, 333(2003. beam density and charge state. Ideally, the plasma is in elec-
nvited speaker. trical contact with a conducting boundary at large radius,
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3 lows for the beam to be focused to a small sfbt2 mm
radiug. Severalr—z LSP simulations were run using the
1.8 | i NTX geometry with a nominal 255 keV, 24 mA singly
16 | | charged potassium ion beam, assuming the beam envelope is
L circular. The beam enters the neutralization pipe Q) with
—~ 1.4 Myl bd a 2 cm outer radius and a 20 mrad convergence angle. Figure
5 1 shows the beam envelope radius for three simulations with
o 12 ¢ " perfect neutralizatioriballistic), no neutralizatior(vacuunj,
% 1 and a MEVVA source-generated plasrdasma plugy de-
B ’ scribed in the next section with a maximum'4ém2 den-

n 08 sity. With no neutralization, the simulation gives a 1.64 cm
E 0.6 i N\‘\ B radius at this distance. With the perfect neutralization, we
S ""\v.‘ calculate yield a 1 mm rmsspot at focus £=100cm). In-

04 ! “'\ cluding the MEVVA plasma yields a spot only slightly larger
‘k“‘u\ than ballistic (1.35 mm atz=100cm). In this case, the
0.2 W plasma electrons provide a source of comoving electrons
0 with a 96% effective neutralization.
0 25 50 75 100

IIl. DESCRIPTION OF NTX BEAMLINE

Distance (cm
{om) NTX consists of three major sections: a potassium

FIG. 1. A comparison of the beam envelope for simulations with perfectSource chambéf, a magnetic transport section with four

neutralization(the lower ling, no neutralization or vacuurtthe top ling, pulsed quadrupole?é), and a 1 mlong neutralization drift

and a MEVVA source or plasma plugniddie ling. section with a plasma plui}.Figure 2 shows a sketch of the
NTX beamline. A thorough description of the design and

enabling a continuous supply of electrons. Stationary plasm(éharaCte“Zat'on .Of t.h'SZNTX beamline _has been §ubm|tted
ecently for publicatiori? We now describe the major sec-

can only provide an ion beam electron neutralization down td!
some minimum space-charge potential. The key scaling pél_ons of NTX.
rameter for beam transport is the dimensionless perveange lon source
defined as the ratio of the beam space charge to kinetic en-
ergy (K=21,/1,82, wherel ,=B;y,m,c/eZ is the Alfven
current with a beam of currem, velocity g;c, and relativ-
istic factor ;). ProvidedKm;/Zm,>1, electrons from this
plasma can accelerate in the beam space-charge potential
the beam velocity. This condition limits the minimum re-
sidual space charge potential to a@?.” Previous neutral-
ization experiment§? have provided, to some degree, con-
firmation of this limit.

Plasma neutralization in NTX was simulated with the
PIC codeLsP.***The low emittancde~307 mm mrad of The section consists of four pulsed quadrupole magnets
the NTX beam at the entrance to the neutralized region alseparated by short drift regions. The quadrupole fields are

The K" beam is produced on a standard hot-plate
source®3 with the perveance being determined by passing the
beam through a metal aperture after the diode. Pulsed power
i%oprovided by a Marx generator that was used in the Mul-
tiple Beam Test ExperimentMIBE-4).3* A timed crowbar
switch on NTX produces pulses with 0.54% rise time and

a 10 us “flat top.”

B. Magnetic beam transport

Quadrupoles  Cathode arc  RF plasma source

Plasma,plug : .
Source chamber ax \ Diagnostic box

Finakfocus
agne’

FIG. 2. A schematic of the NTX beamline setup.
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FIG. 3. (@) A schematic of the 1 m long neutralization section with the location of the plasma so(scése neutralization section on NTX, arid) the
cathode arc plasma source.

chosen to obtain a beam with 1 m focal len@20 mm radius  with densities in the 1—10"cm™2 ranges and that the

and 20 mrad convergence angé the entrance to the neu- plasma density is proportional to the discharge voltage up to
tralization region. The choice of a 60 cm half-lattice period2.5 keV.

and 2.4 m total length is a scaled version of a driver design.
D. Optical imaging technique for beam profile

The non-neutralized and neutralized beam were recorded
using modern optics. We have used glass and ceré@8k

Figure 3 showga) the schematicfoa 1 mlong neutral- aluming as scintillator materials. Charge neutralization was
ization section indicated the location of the different plasmaProvided by a high-transparenc$0%-90% transmission
sources(b) the neutralization section on NTX, ar{d) the metallic mesh placed on or near the surface of the scintilla-
cathode arc plasma source. We now present results using tk- By applying a negative bias to the mesh, stray external
cathode arc plasma source referred to as the MEVVA p|asmglectrons were decelerated and deflected away from the scin-
p|ug throughout the artic|e_ The p|asma density Of theti”ator, I|m|t|ng their Contl’ibution to the Optica| image to
MEVVA p|asma p|ug can be estimated by noting that the ionnegligible IeVelS. Time'resolved beam'induced images on the
current is given generally by =zenuv,, wherej; is the ion scintillator screen were captured with a Roper Scientific
current densityz is the average Charge state numbhﬁ), e gated intensified CCD camera VieWing the scintillator
is the elementary charge, is the ion number density, ang ~ through a vacuum window, and images are processed using
is the average ion velocity (1.5410° m/s) in the direction the public-domain program ImageJ.
of the collector, which is here identical with the plasma flow
velocity. With an area of collection of about 1®m?, one  |v. BEAM TRANSPORTATION IN VACUUM
obtainsn;~1.8x10°cm2 for the average plasma density
inside the metal shield at about 2@8 after arc triggering, at
a pulse-forming networkPFN) charging voltage of 2.0 keV. As a preliminary step to characterize beam transport in
We find that the NTX cathode-arc source produces plasma$e NTX final-focus system, a 255 keV beam was injected

C. Plasma source and focusing section

A. Uncontrolled neutralization
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Drift tube
Inner wall
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FIG. 4. Beam images for a 255 keV beam measured 1 m downstream
transported through a tube of diametar 15 cm and(b) 7.6 cm.

) ) ) ) ] FIG. 5. Cylindrical metal mesh of outer diameter 6.3 cm was installed inside
into a 15 cm diameter pipe from the exit of the final focusa 7.6 cm diameter beam drift tube.

magnet ® 1 m downstream, ensuring that electron emission

from the walls was negligible. Later, in order to use the beam

with a matching system of the MEVVA plasma plug and thebe trapped near the mesh. Figure 5 shows a high bea_m trans-
final focus drifting section, it was transported through aférence cylindrical tube shape metal mesh that was inserted
nominal 7.6 cm diameter beam. Figure 4 shows beam imagd8to the 7.6 cm beam tube. The thickness and longitudinal
for a beam transported through tt@ 15 cm and(b) 7.6 cm  length of the mesh were 2.2 mm, and 58.2 cm, respectively.
diameter tube. A smaller spot size, roughly 50% less in di-Outer and inner diameters of the mesh tube were 6.3 and
ameter, was measured for transport in the 7.6 cm diametér-88 cm, respectively, thus maintaining bettemtteas mm
tube, which did not agree well with the calculated peamradial electrical isolation from the beam tube wall. Figure 6
transport in a vacuum. This smaller size was due to the cagNows a pattern of beam profiles corresponding to energies

ture by the beam of free electrons from the wall that partiallyfor vacuum transport ie) WARP calculation, theb) 15 cm
neutralized the beam. diameter tube an¢c) 7.6 cm diameter tube using the mesh

bias of positive 1 keV. Using the mesh bias, the measured
beam profile was in general agreement with WARP for
vacuum transport. Figure 7 shows the measured beam profile
lons from the poorly matched beam front and halo ionstor varying mesh bias. In Fig.(@, the lower line with solid
in the main pulse of the beam can strike the outer wall of thejrcles shows that a beam diameter of 2.4 cm was measured
transport tube. A single ion impact can produce thousands Qfjith 0 Vv across the mesh bias for 255 keV beam energy. A
secondary electrons depending on the energy and angle gkam diameter of roughly 3.75 cm was also measured by
incidencé*®with ions of grazing-angle incidence producing applying +500 V across the mesh for the same beam energy,
the largest secondary electron yiéldOnly a small fraction  shown by lines of solid diamonds and cross symbols, respec-
of the beam ions striking the wall are needed to provide gjyely. The line with hollow circles shows a measured beam
space-charge-limited supply of electrons from the wall. If thegigmeter of 3.75 cm using a mesh bias+#6250 V. A larger
secondary electrons are not stopped, they are attracted to thgam diameter of 4 cm was measured with a mesh bias of

beam potential and can provide some degree of beam neu-1 kev for the same 255 keV beam energy, as shown by
tralization. Halo scrape-off will be drastically reduced using
the 15 cm pipe. Also, for a larger wall radius, the wall elec-
trons can spend only a small fraction of their time within the
beam. The electrons are moving at their greatest velocity 2
while passing through the beam, further decreasing thei
beam neutralization. Thus, the neutralization fraction from
these electrons will scale no better than the ratio of the bean
to wall radii. A wall radius comparable to that of the beam ,
will provide some sizable degree of neutralization and pre-
vent the observation of expected “vacuum transport.” The
secondary electrons are produced with mean energy roughl
that of the ionization potential of the impacted wall atoms— ¢,
typically 10 eV. The distribution of electrons in ionization
events also has a high-energy tail falling off as the square of
the energy. Thus, if we place a highly transparent wire mesk
sleeve within the drift tube and bias it with potenttal 0 eV, _ )
we can expect to collect these secondary electrons and prEI_G. 6. Beam profile for_ vacuum transport for 240-310 keV beam energies
. . . _." ffom (@) WARP calculations(b) experimental measurements for transport
vent them from moving into the beam path. Given a positiveinough a 15 cm diameter tube, angd) experimental measurements for
potential, electrons produced on the mesh itself will tend taransport through a 7.6 cm diameter tube using mesh biaslokeV.

B. Control technique of uncontrolled neutralization
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FIG. 7. Beam diameters corresponding to beam energies were measuredanxlaeis and(b) y axis by varying mesh bias, arid) a comparison of beam
size for a 255 keV beam transported through a 15 cm tdbeed lines for thex-y axis) and the mesh included 7.6 cm diameter t(&aid lines for thex-y
axis) with bias 250 V.

lines of hollow diamond and solid triangle symbols in the of 255, 268, and 287 keV, respectively. These were end-to-
figure. The positive 250 V bias on the mesh provides aend measurements of a beam image, without the deduction
smooth trend of beam shape, regardless of beam energiesah any cutoff value that was used for statistical error reduc-
the range of 245 to 300 keV. tion in Sec. V. For a 255 keV beam, a difference of 6 mm in
Beam diameter measurement by varying beam energidseam diameter was measured between the two cases. This
was performed in a 15 cm diameter vacuum tube separatelgifference was smaller for a more energetic beam. For ex-
where the possibility of a wall—electron effect was negli-ample, for a 288 keV beam, a difference of 2 mm in diameter
gible. There was no mesh or plasma inside the tube thawvas measured for the two cases. For a higher-energy beam
could influence measurements of ion beam transport irisay 300 keV, the radial distance of the beam from the wall
vacuum conditions. Figure(@ shows a comparison of beam was larger than the lower-energy be&®%5 ke\), and neu-
diameters for transportation through the mesh embedded 7t6alization was not significant. By using the mesh and an
cm diameter tube with a bias &f250 V and 15 cm diameter appropriate voltage across it, we were still achieving a
vacuum tube. The dotted lines with hollow circles and tri-slightly smaller size than “expected” for an un-neutralized
angles represent beam diameters that were measuredxn théeam. The difference in the two cases, as we inferred, was
andy axis, respectively, for a beam of energies 240—-310 ke\ue to the 58.2 cm mesh liner in the 7.6 cm diameter tube
transported through the 15 cm diameter tube. Diameters afias not long enough to cover the entire 1 m long drift tube.
4.53, 4.0, and 2.68 cm were measured in xhexis for the  As a result, partial neutralization occurred beyond the ends
beam of energies 259, 268, and 298 keV, respectively. On thef the mesh. However, the mesh was a significant develop-
other hand, the lines with solid circles and triangles represemnnent in overcoming uncontrolled neutralization of wall elec-
beam diameters that were measured inxlandy axis, re-  trons.
spectively, for a beam of energies 244 to 290 keV transported  Currents corresponding to positive and negative voltages
through the 7.6 cm diameter tube. Beam diameters of 3.7&cross the mesh were measured during a 255 keV beam
3.15, and 2.41 cm were measured in ¥haxis for the beam pulse. Figure 8 shows experimental data of current measure-
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FIG. 9. Measured beam current. The solid circles are the symbols of cur-
FIG. 8. Current in mesh varying mesh bias during a 255 keV beam pulserents, measured at the entry oktth m finalfocus section or on the other

way at the exit of the magnets. The solid diamonds in the line are the

symbols of currents, measured at the end ef thm drift section and the

. . symbol hollow circles represent MEVVA plasma plug neutralized beam cur-
ments in the mesh. A negative current of 6.56 mA was mea> we P P plug neutralz .

sured at a zero potential across the mesh, which shows that
secondary or wall electrons movement exist and only that

electrons which were directly striking the mesh wire were

measured and inferred that uncollected electrons remainin® €ntrance of the neutralization drift section. All measure-
around the mesh. A positive 50 V potential was appliedents overlap each other and show 100% beam current

across the mesh to collect these all electrons; a current ¢fansport in the system. There was no significant beam loss
negative 30.72 mA was measured. Voltages such as negatiV the drift section, and full beam current was transported
250 V and negative 500 V were also applied to the meshpefore neutralization and during neutralization.

however, no significant current was measured. It was in-

ferred that a higher negative potential, like negative 250 V,

across the mesh was able to completely stop radial inwarB- Neutralized beam

and outward motion of electrons, but leaving uncollected  The ion beam was neutralized using plasma electrons

electrons. Therefore, collection of all the electrons around,;, the MEVVA plasma(described in Sec. Il T A series

the mesh, using & 250 V potential, was a better choice. o neytralized beam spot size measurements is underway
However, the presence of a higher mesh bias has some effeghy, \arious conditions and parameters. Figure 10 shows a
qf the physics of plasmg _n_eutrallzanon. For a positive pOte”Viewgraph of beam images for(a) non-neutralized an¢b)

tial, plasma electrons initially accelerated up to the beanmy o tralized beam of energy 255 keV. In both cases the
velocity as they leave the plasma, are then accelerated up fuam was transported through a 7.6 cm diameter (thee

an energy corresponding to the mesh bias. The quiesceffesh pias was-250 V). The rms beam radiugising higher
comoving plasma electrons now have a velocity many timeg,4 jower cutoff valuesof the non-neutralized beam was

that of the beam. As the mesh potential increases, these eleg, 7 mm (end-to-end eye view rms radius was 16.4 ym
trons become more inefficient at neutralizing the beam poz. 4 the rms radius of the neutralized beam was 1.26 mm.
tential and a larger beam focal spot is expected. For a nega-

tive potential, the plasma plug electrons are largely excluded
from the beam in the region of the mesh yielding no neutral-
ization.

V. BEAM NEUTRALIZATION
A. Beam current

Beam current was measured at the exit of final fdais
the diagnostic box in Fig.(®)] with and without plasma, and
at the entrance of final focuat the end of final focus mag-
ned. In order to measure beam current, a Faraday cup wa 031003004
used. The cup was biased with4e500 V and its internal
guard fing was biased with a negative 900 V. An electro IG. 10. Beam images for a non-neutralizéeft) and neutralizedright)

trap was installed in front _Of the Farad_ay cup. Figure 9 Show%eam of energy 255 keV. In both cases beam was transported through a 7.6
beam currents as a function of energies for beam aperture ah diameter tubéthe mesh bias was 250 V).
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FIG. 11. Axial beam envelope variations in tf@® 7.6 cm drift tube(the . . . )
mesh bias with+250 V) and (b) theoretical calculatiotiwithout mesh. FIG. 13. (a) Neutralized beam radius versus plasma discharge voltape;
comparison between experiment and theory of the radial distribution profile.

These measurements show that a vacuum transport beam
was compressed approximately 90% of its volume by beanTo ascertain the head to tail variation of the pulse, a 255 keV
neutralization. beam was transported through a meshless 7.6 cm diameter
The variation of the neutralized beam radius with axialtube through plasma produced with 2 keV discharge poten-
position was measured at the diagnostic box by varying théal. Time slices of 100 ns width were recorded with 253 gain
scintillator position over a range of around 15 cm. Figure 1land delays between 4.6 and 128 in intervals of 0.2us. It
shows axial beam envelope variations(a an experiment was observed that the beam head and tail have halos. We
using mesh with+250 V inside the 7.6 cm drift tube ar{t) inferred that the longitudinal forces due to the beam space
a theoretical calculation without mesh consideration. Thougltharge were increasing the velocity of the beam head and
the discrepancy in beam radius is less than a millimeter, thislowing the beam tail. Although the beam radius looks flat
difference might be due to the absence of mesh in the calcder a time delay of 6—1Js, a closer examination shows that
lation. However, we are very close to understanding the neuthe beam radius variation was of order 0.2 mm. This might
tralized beam envelope for the final focus. be due to shot to shot variation of Marx voltage, as shown in
The radius of the neutralized NTX beam was also meawave the forms in Fig. 12), or the variation of charges
sured for various beam energigroduced using the Marx accumulation in the capacitor tank of the MEVVA plasma
crowbar pulse systenmand for various time delays in image plug high-voltage system.
recording. Figure 12 show@) the variation of a neutralized The neutralized beam radius was also a function of the
beam radius corresponding to beam energdiesthe beam MEVVA plasma discharge voltage. Figure 13 sholasthe
pattern from head-to-tail by varying the time delay of imagebeam radius versus the plasma discharge voltage (lana
recording, andc) the variation of multiple Marx wave forms comparison between experiment and theory of the radial dis-
for a same condition. For the energy variation, sensitivity totribution profile. The basic size of the beam spot is similar in
chromatic variation is a result of magnetic quadrupole opticsboth casegexperiments and theoryvith differences attrib-

a) b)

FIG. 12. Shows(a) variation of the
neutralized beam radius corresponding
to beam energies(b) beam pattern
from head to tail by varying the time
delay of image recordindg) the shot-
‘ to-shot variation of Marx wave forms.

N Beam radius (rrr\r)n)
[$,] N [4,]
| ————
——e—— |
75.4/
\

]3]

\
\
1
242 247 252 257 262 \
Beam energy (keV)

P00 LOOO©
HOONOOO-2DNWD

]

-300E-06 2.00E06 7.00E-06

Downloaded 22 Mar 2005 to 198.35.5.151. Redistribution subject to AIP license or copyright, see http://pop.aip.org/pop/copyright.jsp



Phys. Plasmas, Vol. 11, No. 5, May 2004 Results on intense beam focusing and neutralization . . . 2897

1200 - 14
A
a) o 1000 [Neutralized; 5, TAZ c)
> / >
s 10 g
é 800 r é
o 8 £
-_% 600 g
N e o
e o
i b =
'; 400 | 4 2
z o
Z 200 | Ballistic 2
B FIG. 14. A comparison ofa) the line
0 0 0309094-104 i - - -
000 041 022 032 043 integral profile of experimental ballis-
' Beam diameter (cm) tic beam and plasma neutralized beam;
(b) the LSP theoretical simulation for
6 012 the beams;(c) experimental ballistic
b) 14 d) beam image; an¢t) the MEVVA neu-
c 02 . tralized beam image.
58 : 88
o ® Neutralized 1 008'y
e N o015 f o=
g g 006 3 §
T3 o
L2 o > C
Dy 004 P
1% ° ;
E 8 o | 0
w g ™ s
0

-0.45 -0.33 -0.21 -0.09 0.03 0.15 0.27 0.39

Beam diameter (cm) 031003004

uted to a halo due to nonlinear focusing seen in the experivl. CONCLUSION

mental curve. Simulations show that if an electrical connec- . )

tion is maintained to the pipe wall through electron space-  S¢veral experiments have recently been carried out on
charge-limited emissio(SCLE), the beam spot shows little the Neutrahz_ed Transport Experime(MTX) at Lawrence )
variation for plasma densities ranging fromx3acf—3 Berkeley Natlona_ll Labora_toryr We have _demonstra_lted experi-
X 101%cm™2 for an initial plasma temperature of 3 eV. For a mentally that a biased cylmdncgl mesh inside a drift tube can
6 eV initial plasma temperature, which is greater thanPrevent uncontrolled neutralization of a space-charge-

1/2myw?, the beam spot size was roughly 50% larger tharfominated ion beam. Without neutralization, the NTX beam
evi| . . . .
the case with 3 eV plasni&ig. 13a)]. The sensitivity of the radius at the nomiidl m focal distance is found to be 14.7

beam spot to incoming beam emittance is calculated to b8"M With the mesh,'cr(])n;]pared with ab?Ut ]}O mm without, ml
weak with only a 30% spot-size variation for a factor of 3 PEtter agreement with the 16.4 mm value found in numerica

change in emittance. This low sensitivity to emittance indi—sr']mUIaEO”S- When th? NTX beﬁmfls n?Utrzl_lzeddby passing it
cates that charge neutralization in the NTX experimenfough a MEVVA plasma, the focal radius decreases to

should be quite close to that 96% value seen in simulation$-26—1-4 mm, compared with the 1 mm spot size found in
and not influenced by details in the emittance. simulations for perfect neutralization. Another recent experi-

ment has shown that the variation of the non-neutralized

NTX beam radius with an axial position near the focal point

qualitatively matches theoretical predictions. Finally, good
The neutralized NTX beam radius was compared withagreement is found between the radial fluence profile of a

that of an array of pinhole beamlets. Since the pinhole beameutralized NTX beam and an effectively ballistic beam

has a negligible space charge and emittance, its trajectory imade by passing the full NTX beam through a pinhole.

effectively ballistic. Each beamlet was formed by passing the

beam through a system of two cross slits. The aggregate

beamlet radius is then compared with radius of the unattenuycx NOWLEDGMENTS

ated beam neutralized with the MEVVA plasma source. Fig-

ure 14 shows comparison @) the line integral profile of an The authors are grateful to all scientific members and
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