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REVIEW OF SCIENTIFIC INSTRUMENTS VOLUME 75, NUMBER 4 APRIL 2004

Operation of a 0.2-1.1 keV ion source within a magnetized
laboratory plasma

H. Boehmer, D. Edrich, W. W. Heidbrink,? R. McWilliams, and L. Zhao
Department of Physics and Astronomy, University of California, Irvine, California 92697

D. Leneman
Department of Physics and Astronomy, University of California, Los Angeles, California 90095

(Received 4 November 2003; accepted 12 December 2003; published 16 Margh 2004

To study the physics of energetic ions in magnetized plasma, a rf ion beam is inserted into the 1 kG,
~3eV, ~102%cm 3 plasma produced by the upgraded LArge Plasma DevigdPD). The
commercial 100—-1000 eV argon source normally operates in an unmagnetized microelectronics
production environment. Successful operation in the LAPD requires numerous modifications,
including electrical isolation of the source housing, relocation of the matching network for the rf,
reduction of the gas pressure, pulsed operation to avoid overheating, and care to preserve current
neutralization in the presence of a strong magnetic field. With these modificationsp@ eV,
milliampere beam that propagates axially morentBam isobtained. ©2004 American Institute of
Physics. [DOI: 10.1063/1.1646766

I. INTRODUCTION As illustrated in Fig. 1b), the properties of the source
also are characterized on a small@!3-m-diam, 3.6-m-long
Fast ions(Fls) that have energies much larger than thetestbed at the University of California, Irvin@JCI). This
thermal, bulk-ion population are pervasive in astrophysicaltestbed is a mirror machine; the ion source is mounted along
space, and fusion plasmas. Unfortunately, FI physics studiagie axis beyond the field coils in a region with a strong field
are challenging in both space and laboratory plasmas. Deyradient. Background electrons for charge neutralization of
tailed measurements of the plasma properties, the Fl velocihe beam are produced by a filament source. Laser-induced
ties and spatial profile, and the spectrum of any waves ofluorescencéLIF) of the argon ionsand an energy analyzer
instabilities are required for a full characterization. In spacediagnose the ion beam.
the spatial scales are daunting. In a hot fusion plasma such as The ideal source for this experiment has the following
a tokamak, the plasma profiles are well characterized, but thgroperties.
high temperatures complicate measurements of the fluctu
tions (particularly at the most relevant, relatively long, spa-
tial scale$ and FI properties are inferred indirectly from ex- ) ; . .
ternal measurements. The objective of the work reporteéiz) Oper:i\tlmn at Va{'ab"‘f‘, angles with respect_ to the figld,
here is to develop a FI source that can be inserted into a .05 (v1/v)=0°=70%, and operation in fields up to 4
i . . kG.
relatively cool laboratory plasma that is accessible to probe;
4

%i) A wide energy rang€100—1000 eV to study the energy
dependence of transport.

and FI diagnostics. This source is being employed in studie 3; X‘S!Iriirzp Ee;?s(;E;rtegfxt:gr;arﬁlg;i[teestési;rﬁ%t;?:With LIE
of wave—particle interactions and of collisional and phy 9 '

fluctuation-induced transport of Fls. (5) Modest energy spread<10%), small divergencé<3°),

The upgraded LArge Plasma DevickAPD)! at the and a 2 mmspot size in one direction in order to mea-
University of California, Los Angele8JCLA) is well suited sure plasmacinduced *?e_a’?"' spreading accurate_ly_.
for laboratory studies of FI physics. The 1-m-diam, 18—m—(6) Modest gas Ioaq to minimize beam-neutral cglhsmns.
long cylindrical vacuum chamber is sufficiently large to con—(7) Sz:éi” r?)\L/J(:I';jaII ;Zriat-ong]Tr:g"f]eeut??ngte;gzauon of the
fine FI orbits. The excellent plasma reproducibility and au- 9 P ' g ’

tomated data collection facilitate thorough characterizationrpage gre demanding requirements. We briefly investigated a
of the properties of both the FIs and the background plasma.,mpact barium source based on ion emission from a tung-
The apparatus is illustrated in Figial. The background ar-  gien syrfacd but the beam current was inadequate. We then
gon plasma is produced by a 75-cm-diam cathode at one eng,chased a commercial rf source from Veeco Instruments/
of the LAPD. The plasma is confined by a uniform 1 KG |5 1ech# that is normally used for plasma processing of
solenoidal field. At the other end of the device, a source ig;jjicon wafers. This source is a rf Kaufman solraeith

inserted into the plasma and injects Fls on orbits that spiral ,tinued proprietary development that extends improve-
toward the.distant c_athod_e. A gridded energy analyzer deteci§onts reported by Readet al® After modification, the lon

the Fls at intermediate distances from the source. Tech source meets most of the ideal requirements. The most
notable deficiency is that operation is limited to angles of
dElectronic mail: wwheidbr@uci.edu x=25°in a 1 kGmagnetic field.

0034-6748/2004/75(4)/1013/7/$22.00 1013 © 2004 American Institute of Physics

Downloaded 29 Mar 2005 to 128.97.43.7. Redistribution subject to AIP license or copyright, see http://rsi.aip.org/rsi/copyright.jsp


http://dx.doi.org/10.1063/1.1646766

1014 Rev. Sci. Instrum., Vol. 75, No. 4, April 2004 Boehmer et al.

(a) LAPD Chevron
lon Gun Gridded Analyzer Seal
B N \ TN Gas &
° . Orbit Insulating Electrical Feeds

[ \ ANANANAANAANAN

< Flangs =¥ Gate Valve
< \ } Plasma LAPD f Shaft = /MatChlng Circuit
-\ Source * | Vessel 4 Vacuum Feedthroughs
¥ lon Source
(b) UCI Testbed Analyzer lon Gun
g |
Laser ] -
/‘ﬁ__/_\%() LIF FIG. 3. Mechanical installation of the ion source in the LARDLt to scalg

T Mirror

Filament the quartz chamber. Some of the ions that are produced in the

FIG. 1. (a) Schematic illustration of the apparatus at the LAPD. The ion gun!f discharge reach the two grids of the accelerator system.
is 15 m from the heated barium-oxide-coated cathode that forms the backrhe grid closest to the rf discharge, called the screen grid, is
ground plasma. The injected Fls spiral toward the cathode on helical Orbitﬁiased positively relative to the cylindrical metal shroud that
in the uniform solenoidal field(The plotted orbit is the projection of the .

orbit of a 1000 eV argon ion witly=25°) An analyzer on a probe drive houses the source. The second grid, called the accelerator
measures the beam profile at various distances from the(guhICI test-  grid, is biased negatively. The source normally produces a

bed. The ion gun is outside the field coils of the mirror machine in a region3-cm-diam beam. For some experiments, a rectangular mask
with a flaring magnetic field. The energy analyzer is 0.8 m from the source[eduCeS the beam cross section.

A filament creates a low-density background plasma that provides neutral .. .
izing electrons for the ion beam. A laser beam is injected along the symme- 1 h€ source is inserted into the LAPD vacuum chamber

try axis to excite atomic transitions in Fls with velocities that satisfy the through a rectangular vertical poffig. 3). The source is
resonance condition; fluorescence photons are collected by a mirror P'ac%pported on a 1.5-m-long, 1-in.-diameter stainless steel
close to the gun. shaft; a chevron seal at the vacuum flange allows the shaft to
) ) _ ~ slide and rotate to alter the vertical position and orientation
This article documents the performance of this rf ion-qf the source. For efficient rf power handling, the matching
beam source when embedded in a magnetic field. Section Hetwork must be near the discharge chamber, but the capaci-
describes modifications relative to normal source operationg,s in the matching network overheat in vacuum. Accord-
To minimize the neutral pressure in the experimental champ,giy the matching circuit is mounted in a sealed reentrant

ber, the source is operated at relatively low pressure, whiclsy The vacuum feedthroughs for the electrical connections
raises the energy of the extracted be@ac. Il). Successful 516 mounted on the matching circuit box and the box and the

operation in a strong magnetic field requires a neutralizingnerior of the steel shaft are at atmospheric pressure. In ad-
electron currentSec. IV). The effective angle of the beai  ition, compressed air flows through the shaft to provide
can be increased by operation in a nonuniform field, but thig, ther cooling. The entire apparatus presents a large electri-
introduces additional complicationtSec. V. The final sec- ¢4 perturbation to the LAPD plasma. To reduce this pertur-
tion (Sec. V) discusses possible improvements to the source,atjon, the apparatus is electrically isolated from the vacuum
chamber by a Teflon™ flange.
Il. SOURCE DESCRIPTION AND BASIC OPERATION The matching network consists of a 170 pF capacitor
The main elements of the source are the gas injector, §1at is in parallel with the series combination of a 25 pF
quartz discharge tube that is surrounded by a rf coil, an@apacitor and the source inductance. The shield cable for the

accelerating gridéFig. 2. The rf power ionizes argon gas in T Power is electrically connected to the source can. In this
configuration, the source resonance occurs at 18.55 MHz
(Fig. 4). Because it is desirable to increase the rf frequency

1cm
Mgk H relative to the electron cyclotron frequenégec. 1V), the
Af]f;yfggr ~ RF Power resonant frequency is higher than the nominal operating fre-
(not to scale) i guency recommended by the manufacturer of 13.6 MHz.
F — @ The dc power supplies that bias the screen and accelera-
,JE | tor grids are referenced electrically to ttfloating potential
A — of the source caffFig. 5). A dc break electrically isolates the
Grid N sooen orig GridBiases  rf power. Signals that monitor the source performance are

L isolated inductively. The rf power is modulated in amplitude
FIG. 2. Schematic diagram of the lonTech rf source. Argon gas bleeds inté© av0|q overhea‘ung. _ o
the quartz discharge chamber, where it is ionized by the rf waves. lon  Typical signals during operation in the LAPD are shown
current is extracted through the screen and accelerator grids. An optiongh Fig. 6. The background plasma is formed by biasing the

aperture mask can alter the beam profile. Electron current to the screen grEjAPD anode relative to the cathode. The density increases
helps maintain charge neutrality in the discharge plasma. An energy analyze ’

with a positively biased collector cup, a negatively biased screen, and 8UrMNg l:hiS “active” phase of the discharge and the ma).(i'
“grounded” screen and shield cap measures the ion beam. mum discharge current reaches 7.2 kA. After the active
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phase, the density steadily decreases in a plasma “afterglovxF'G- 6. (a) Line-gverage electron density from a_microwave interferometer
phase. Active plasmas are formed at  repetiion rate of 1 HASSA 11 TAe o e AP, T o, erecrietr vl et
Both the LAPD plasma and the source rf discharge are sussorward power to the ion gun with rfc) Energy analyzer signal witfsolic)
tained at low power between active pulses. The high-poweind without(dashed rf. Conditions:B= 1 kG; peak discharge current of 7.2
phase for the rf discharge is initiated when the anode bias iA: argon chamber pressure of X30"° Torr; screen voltage of 390 V,
applied and persists 70 ms. If the full power is applied con-2ccelerator voltage of 10V; rectangular mask; gas flow to gun of 1.33
. . . sccm; y=22°; source ak=0 cm andy= —6 cm (relative to the symmetry
tinuously, the source overheats within a minute and ceases gqis); analyzer ax=7 cm, y=0 cm: axial distance from the source &
operate. The LAPD plasma and the rf discharge share re-2.24 m; analyzer biases ef42 and 72 V.
sponsibility for this thermal overload: at the UCI testbed,
continuous full-power operation is possible, while at UCLA,
the source will restart if the rf is turned off for 10 min. The aligned along the magnetic fieldy&0) (so that external
purpose of the low-power phase is to maintain an ampleAPD electrons flow readily into the discharge chamber
supply of seed electrons for the rf discharge, improvingUnder some conditions with the source parallel to the mag-
source reliability. netic field, a beam is transiently extracted ewethout the

In a normal plasma-processing operation, a “plasmaapplication of rf power; apparently, some of the gas in the
bridge neutralizer” supplies electrons to maintain charge baldischarge chamber is ionized by the LAPD plasma. Current
ance outside the source. Within the source, the positive exdalance is an important consideration for operation at steep
tracted ion current is balanced by a negative current to thangles ofy (Sec. V).
screen grid. Indeed, at the UCI testbed, the electron current The gridded energy analyzer illustrated in Fig. 2 is the
to the screen grid is a reliable monitor of the ion currentprincipal ion-beam diagnostic. The analyzer housing is usu-
extracted from the source. This is not always the case at thally referenced to the potential of the vacuum vessel. A 0.46-
LAPD, however. The dense LAPD plasma often alters thecm-diam mesh with transparency of 29% is biased nega-
charge and current balance in the source, particularly early itively to ~—45 V to repel electrons. The collector cup is
the pulse(when the density is highor when the source is usually biased positively te-72 V to repel thermal ions and

reabsorb secondary electrons. It also is possible to increase

‘ the cup bias ta>1 keV to measure the beam energy. The

e analyzer is usually aligned nearly parallel to the magnetic
EE | (Fiowiieer < agon  fiEld, facing the source. At the LAPD, it is mounted on a
[ _r_m_| computer-controlled probe drive to measure two-dimensional
‘ z planes gf the beam profile. 'I(;:y)pical sign@hgth and without
isolation Tsolation 7 rf power are shown in Fig. €). Large negative signals are
L’*Amr‘ L’ﬂ”ilj often observed early in the discharge when the plasma den-
Current Voltage  Current | Voltage | | 'pG Break sity is large. These signals are independent of source condi-
Reflected Power tions and are probably caused by electrons that “leak
ol [ g | M%ward Power through” the repelling mesh when the Debye length is
S : small_er than the openings in ?he mesh. Later .in the (_jischarge,
— : the dlﬁgrence between the with-rf and no-rf signals is caused
| oo | [ e by the ion beam.
luse Measurements_ of 'Fhe beam profile=0.32 m from the
source are shown in Fig. 7. For these data, the source is at an
FIG. 5. Electrical configuration of the gun. angle y=20° with respect to the 1 kG axial magnetic field.
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FIG. 8. Energy analyzer signal versus horizontal position of the probe in the
UCI testbed for various values of the rf power. The inset shows the FWHM
of the profile versus rf power. Screen voltage of 50B¥ 1.5 kG; chamber

(b) pressure of X 10~* Torr; y=0; no mask.
5] B 000
Il 005 X . X L.
=:-:: tion is achieved when the current to the accelerator grid is
— minimized. In a study at the UCI testbed, the divergence of
e the beam decreases as the rf power is increéSigd 8). The
. 0.3 divergence also depends on the screen bias. In a LAPD ex-

periment with accelerator bias ef10 V, rf power of 80 W,
x=22°, and a 0.5-cm-wide rectangular mask, the beam width
30 cm from the source is 1.6 cm for a screen bias of 390 V,
but increases to 2.1 cm f&f gz eer 250 V.

The flat, collimating mask employed in these tests has
not been optimized. We tested another mask with a 0.16 cm
slit in two configurations: with the slit 0.8 cm farther from
the source and with the slit 0.8 cm closer to the accelerating
grid. (The flat mask is 0.9 cm from the accelerating grid.
With the more distant, narrow mask, the source performance

-12 -10 -8 -8 -4 was unreliable in the LAPD, perhaps because neutralizing
X {cm) electrons could not reach the screen grid. With the mask
_ ) close to the accelerating grid, arcing occurred in the presence
FIG. 7. (Color) Contours of energy analyzer sign@ wA) (a) without a .
mask andb) with a 0.5 cmx3.0 cm rectangular mask for the conditions of of a baCkground plasma. In contrast, the flat, 0.5-cm-wide
Fig. 6. The dimensions of the apertures are shown. The background signal Bollimating mask had the desired effect of limiting the cross
the absence of rf has been subtracted from the data=0.32 m; t section of the extracted beam without any adverse impact on
=45 ms. source performance.

The plotted data are from relatively late in the dischaie lll. BEAM ENERGY AT RELATIVELY LOW PRESSURE
ms) when collisional scattering of the beam by the back-  The energy of the beam ions is the sum of the screen
ground afterglow plasma is expected to be negligible. Thegrid potential, which biases the rf source plasma above
plane of probe data is acquired twice: once with rf power inground potential, and the energy of the ions reaching the grid
the source and once with the rf power off to obtain back-through the source plasma sheath. The accelerator grid po-
ground signal levels. Without a mask, the beam profile igential serves three functions: as a barrier for background
circular with a full width at half-maximunfFWHM) that is  plasma electrons, as an accelerator—decelerator stage to in-
about 50% larger than the source aperf{lfig. 7(a)]. Figure  crease the extracted ion current, and as an aid in shaping the
7(b) show the profile with the rectangular mask in place. Atplasma meniscus at the screen grid holes which, in turn, is
the source, the mask is oriented horizontally, but the bearrmportant for beam focusing. The accelerator grid potential
profile rotates as the FIs spiral along their helical trajectoriesdoes not change the beam energy.
The FWHM of the beam profile is about twice as wide as the  The beam energy is measured using two techniques. At
mask. the UCI testbed, with the source oriented parallel to the field
Beam divergence depends on several factors. The plasnig=0), a ring laser with a variable frequenéynanufactured
boundary at the openings in the screen grid can be convex tay Coherentinjects axially antiparallel to the beam. Meta-
concave, depending on the grid biases and the plasma potestable argon ions in the 3G, state are excited to the
tial. The source manufacturer states that maximum collima4p®F,, state when the Doppler-shifted wave frequency
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o5 129 1 T ' T voltage on the energy analyzffFig. 9b)]. When the bias
& 100 fo (8 Laser-Induced Fluorescence voltage exceeds the beam energy, the beam ions are repelled
E by the collector and the analyzer current drops. The deriva-
T tive of the analyzer current as a function of bias voltage can
2 60 fm be interpreted as an energy distribution of the beam. The
> maximum derivative is interpreted as the beam energy.
wer Figure 9c) summarizes the various measurements. In
I one set of LIF measurements, the inferred energy increases
i o . . . . linearly with screen voltage foV . eeniS 40—1000 V with a

o 200 400 600 800 1000 constant energy offset of 130 eV. In another set of measure-

SGREEN YOLTAGE () ments, the energy offset increased 35 eV when the gas flow

through the source was reduced t®0% of its previous
value. The energy offsets inferred from the analyzer mea-
surements at the UCI testbed wj=0 are similar to the LIF
values. The offset increases with decreasing source pressure
and with increasing source powéFig. 9b)]. With the
source aty=20° at the LAPD for the conditions of Fig. 6,
4 the energy offset measured by the analyzer is 80 eV. Similar

.......................... offsets and energy spreads were previously reported for a
; ; ; ; capacitive rf source with similar grid structufe.
© A,\}KEYZER éﬁ% VOLTS}SCSE V) 400 500 Collisions between the beam ions and argon neutrals at-
tenuate and scatter the beam. For our experiments, which are
conducted on length scales approaching 10 m, it is important
to minimize the neutral pressure in the main chamber. To that

(b) Energy Analyzer Data

o
o

50 W, 1.2e-4 Torr

——
-~

-y

°
L
]
1
)
\
)
)
\
-

o
®
L

ANALYZER CURRENT (uA)

°
IS

1200

v | LJ
(c) Inferred Energy

71000 e More LIF Data < . . .
C end, the source is operated with the lowest gas flow that is
& 800 Fig. (a) -7 compatible with reliable performance. Without a collimating
o . . . . .
Yook mask, a gas flow of 1.7 sccm is typical. With the collimating
w mask, the flow can be further reduced to 1.3 sccm, which
2 so00f gives a gas pressure in the LAPD main chamber of 2.3
@ X 107° Torr. These flows are much lower than the manufac-

BRar= A7 turer's recommended flow for plasma processing applica-

ok’ ' . ' ' tions of 6—-12 sccm.
o 200 400 600 800 1000 The low gas pressure increases the electron temperature

SCREEN VOLTAGE (V ) . o
V) T, in the discharge chamber, which increases the energy off-

FIG. 9. (a) Frequency shift of the maximum intensity fluorescence light asSet. This can be understood using the formalism developed
a function of screen voltage. Gun parameters: 1.5 sccm gas flow and charpyy | ieberman and Lichtenbef“g]’he total energy of ions

—4 . (. . . . .
ber pressure of 210 © Torr, 90 W forward power,—15V accelerator  raaching the screen grid from the rf discharge chamber is the
bias.(b) Current from the gridded energy analyzer versus bias voltage on the

collector cup folVoyeee= 250 V for various values of rf power and chamber SUM Of the ion energy entering the sheath, which is associ-
gas pressure. The vertical lines indicate the inferred beam energy for two dited with the Bohm velocityEg= 35T, and the sheath po-
the curves(c) Beam energy measured by L{fectanglesand by the energy  tential, V= %Te IN[M/(27m)]=4.7T,. (The mass ratidvi/m
analyzer(X). The solid rectangles use the data(@. The open rectangles =7.3x10* for argon) Thus. the total ion energy at the
are from other measurements &= 700 V, rf power of 70 W, and . . ' .

chamber gas pressures of 2.5 and>41® “ Torr. The point marked screen g”d surface IEj=Eg+Vs=5.2T,. Lieberman and
“LAPD” is for the conditions of Fig. 6. The dashed line indicates equality Lichtenberg assert that the electron temperature can be esti-
between the screen voltage and the beam energy. mated by equating the volume ionization to the total ion loss

to all surfaces. This yields a transcendental expressiomfor

w(1+v,/c) matches the frequency of the atomic transitionthat depends on the gas pressure and the geometry of the
SE/#. Excited ions subsequently radiate a photon when thefischarge  chamber. For chamber pressures of 2
relax to the 42Ds, state. A mirror placed close to the source X 10 ° Torr, the expected energy offset is25 eV, consis-
collects this fluorescence light. Scanning the laser frequencignt with the manufacturer’s claim. However, if the gas pres-
yields the ion velocity distribution function. The peak of the Sure is four times lower, the predicted energy offset increases
distribution is shown in Fig. @). As expected, the frequency 0 =120 eV, which is comparable to the measured offset
shift increases with increasing screen voltage because th€ig- 9b)]. Evidently, the reduced gas pressure needed to
parallel velocity increases. The energy spread of the accelefdinimize charge exchange losses of the beam in the main
ated beam ions can also be obtained from the measuremeng§lamber produces a significant upshift of the extracted beam
the spread in parallel energy is a few electron volts in the lal$N€ray-
frame. An advantage of the LIF technique is that, in contrast
to probe measurements, the diagnostic does not perturb th% EFFECT OF MAGNETIC FIELD
plasma. The ion gun performance in various magnetic field con-
The energy can also be measured by varying the biaBgurations was tested at the UCI testbed. To avoid ambigu-
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FIG. 10. Current to the gun’s screen grid as a function of magnetic field in
the UCI testbed for various values of rf powgr0; chamber pressure is (b) )
5x10"* Torr. (] Discharge
Chamber
\J

ities due to beam focusing on a collector target during opera- (\J

tion at different angles and magnetic fields, the screen grid
current was used to determine gun performance. For the tes
bed conditions, this current is a direct measure of the emittec

N S

’,
/4

ion current, since for each emitted ion an electron has to be H\ Volume that
collected at the screen grid to maintain charge neutrality in- ,,;,’" Contacts
side the gun plasma. In Fig. 10, the gun symmetry axis is Screen Grid

parallel to the ambient magnetic fiely=0). Initially, the 6. 11. (3 C o th " function of iic field
. - . C e -1G. 11. urrent to the gun’s screen grid as a function of magnetic fie
screen current increases with increasing magnetic field b n the UCI testbed for various values gf Rf power is 65 W; chamber

cause a mOde?’t magnetic fielB% 10 G) reduces e_leCtron pressure is 4 10~ Torr. (b) lllustration of the reduced plasma volume that
transport and increases the source plasma density. On tlign contact with the screen grid when the electrons are strongly magnetized
other hand, at higher magnetic fields, the cyclotron motiornd the source is at an angle pf45°.

becomes counterproductive. With the cyclotron frequency

much larger than the rf frequency and with the rf-inducedggtect on source operation. If the accelerator bias is reduced
electric field perpe_nd|cular_ to the magnetic field, t_he average, allow more LAPD plasma electrons into the discharge
electron acceleration during one cyclotron orbit becomegamper, the source operates more reliably. If the accelerator
small. Increasing the rf power level can partially compensatgyias is increased, the discharge is completely extinguished.
for this effect(Fig. 1,0)' ) i Apparently, at large angles in a strong magnetic field, both
When the gun is rotated perpendicular to the field, thepe piasma electrons and the discharge electrons are too
gun performance rapidly degradgsig. 11@)]. One factor  highy magnetized to reach the screen grid, so that the cur-

that influences this degradation is the reduction of the plasmg, ¢ needed to preserve charge neutrality in the source is lost.
volume that is in contact with the screen grid since the elec-

trons are strongly magnetized at high fielégy. 11(b)]. (The
electron gyroradius is-1 mm at 100 G. This plasma vol-
ume becomes considerably larger at low fields, where th&- USE OF A GRADIENT FIELD
diameter of the electron cyclotron orbit becomes comparable
to the plasma dimensions. ConsequentlyBat20 G, the

screen grid current is essentially the same yoof 0°-45 discussed in Sec. lll, source performance degradés asd
[Fig. 11(a)] b J
iExperir.nents at the LAPD suggest that it is difficult to x increase. A possible remedy is to create the Fls in a lower
o . . field region at modest, then launch them up a field gradient
maintain a neutralizing electron current when the source is al

. . . into a higher field region. If the first adiabatic invarigat
a large angle with respect to the field. In these experiments, 5, . . .
=p /B is conservedd; is the velocity component perpen-

stable operation af=0° is established, and the source is . .
then gradually rotated until the source performance is interSjICUIar 1o B), then the pitch of the Fis decreases as they

mittent. Source performance is readily monitored using ei-nove into the higher field region according to the formula
ther the screen current in the LAPD afterglow plasma or the 4, | By v |2 Bu—BL
visible light emitted by the discharge chamber. Depending on > VNB\% ) "B
plasma conditions, intermittent operation occurs at angles - -

betweeny~20° and 30° wheB=1 kG. At this angle, mod- where the subscriptsi and L represent the values in the

est(~10 V) changes in the accelerator bias have a strondpigh- and low-field regions, respectively. For example, if the

For studies of FI transport, source operation in strong
fields (=4 kG) at steep angle§y<70°) is desirable but, as

@

v
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L routine for assumed values of the source profile and diver-
I gence(Fig. 12. In a gradient field, a larger spread in gy-
rophase is predicted for a source of finite extent. The mea-
sured profile in the gradient field is at a position that is close
to the expected location and is more elongated in gyroangle
than the profiles in a uniform field, as theoretically expected.
According to the modeling, the average pitch angle of the
beam increases from 22° to 28° for these conditions. Based
on the data of Fig. 11, we had hoped the beam would become
more intense, but this is not observed.

GRADIENT FIELD

Model

_
o
T

Observed

VI. FUTURE IMPROVEMENTS

A rf plasma-processing source has producedl® mA,
0.2-1.1 keV argon ion beam at an angle yz£20° with
respect® a 1 kGmagnetic field in the LAPD device. This
source is suitable for studies of collisional diffusion of fast
ions.

The major limitation of this source is that the pitch angle

I is presently limited togy=25°. This limit can be relaxed by
‘10_10' E— '(') — '1'0' T employing a field gradient, although this tends to increase

HORIZONTAL POSITION (cm) the spot size of the beam. Increasing the radius of the dis-
charge chamber might enable more electrons to reach the

FIG. 12. Calculatedx) and measured locations of the ion beam in a uni- gcreen grid at larger values gf(Fig. 11), which might ex-
form field and in a gradient field a&tz=2.2 m for the conditions of Fig. 6. t?nd the operational range
K .

For the gradient field case, equally spaced contours of the analyzer sign . . -
are shown; for the uniform field case, the location of the largest signal is The collimating mask could be optimized further for

indicated by the® symbol. Parameters for the calculation: Ener§p0 eV;  transport experiments. A smaller opening might further re-
x=21° linear field gradient of 0.2 kG/m. The initial distribution employed  strict the flow of neutral gas into the chamber and reduce the
In the Monte Carlo calculation s also shown. spot size without significantly weakening the extracted

UNIFORM FIELD
<— Observed

VERTICAL POSITION (cm)
o
T

¥~ Model
INITIAL

oS
2003
X

P R T T T S TN T T T S T T S ST SN T (N T T SO SO T T N N

X

beam.
field strength is doubled so th&, /B, =2 and the initial For some exp_erin_"nents, a more intense source is needed.
pitch angley, =30°, Eq.(1) indicates that the pitch angle !f the pulse duration is shortened, the peak power could be
xu increases to 45°, increased without causing overheating.

Figure 12 shows the results of an experiment to test thii\
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